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Carl G. Gahmberg

Carl G. Gahmberg was born in Helsinki, Finland in 1942, and graduated from high school in 1961.
He had excellent teachers in mathematics, physics and biology, got interested in the natural world,
and began ringing birds. Another interest was collecting butterflies. He even had a muskrat one
winter at home in the centre of Helsinki. Another time he had a red fox pup for a week. The fam-
ily’s hunting dogs were excited, but they did it no harm. After high school, he passed the entrance
course to the Medical Faculty of the University of Helsinki. Then followed the military service for
11 months and in 1962, he began the studies at the university. During the undergraduate studies,
he became interested in biochemistry, and he set up paper chromatography for separation of amino
acids in the bathtub at home. His mother was evidently very tolerant, permitting the strong odour
of the organic solvents at home. During the student years, he was active in student organizations
and acted as chairman of the Thorax Medical Students Society, and as a member of the board of
the Helsinki University Student Union. The student uproars in 1968 including the occupation of
their own Old Student House gave lasting memories. He finished the basic medical training in
1968. At the end of the medical studies, it was possible to spend some time in a research laboratory
of the university, and he chose to work with Dr. Kai Simons. Kai also had a medical background,
and he had recently returned from a postdoctoral fellowship in the USA. He was setting up a small
research group at the Department of Bacteriology and Immunology, University of Helsinki. The
group included Ari Helenius and Henrik Garoff. Both of them later became successful scientists.
Ari and Henrik first studied serum lipoproteins, but rather soon switched to studies on Semliki
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Forest Virus as a cell membrane model. Together with the research groups of Ossi Renkonen, a
lipid chemist, and the virologist Leevi Kéiridinen, Kai formed a consortium, which at that time was
rather unusual. The Semliki Forest virus was grown in baby hamster kidney fibroblasts (BHK21),
and matures by budding at the plasma membrane. Carl’s responsibility was to isolate the plasma
membrane from non-infected cells and characterize the molecular components. After finishing
the doctoral thesis in 1971, he got a NIH postdoctoral fellowship and joined Professor Sen-itiroh
Hakomori’s laboratory at the University of Washington in 1972. In addition to science, there was
time for crayfish and crab fishing. With Roger Laine, a fellow postdoc with Finnish ancestry, they
went deer and elk hunting, and were quite successful. In 1974, Carl returned to the University of
Helsinki, to the Department of Bacteriology and Immunology. He early on obtained some small
grants, and set up a research group. This included one technician, and two part-time students. At
the same time, Leif Andersson returned to the Department of Pathology, located in the same
building. He had been a postdoctoral fellow at Uppsala University in Sweden, where he worked
in the group of Hans Wigzell, a famous immunologist, and later rector of the Karolinska Institute.
Leif and Carl formed a close scientific collaboration, with the aim to study blood cell surfaces. In
1979, Carl got the professorship of biochemistry and pharmaceutical chemistry at the Abo Aka-
demi University in western Finland. Kai Simons obtained the distinguished A.I. Virtanen chair of
biochemistry at the University of Helsinki, but he had already moved to the recently established
EMBL laboratory in Heidelberg, Germany. He never took up the position in Helsinki, and Carl
was in 1981 appointed to the professorship and head of the Department of Biochemistry, University
of Helsinki. He retired from the position in 2010, but continued as professor emeritus after that.In
1988-1989, He had a visiting fellowship at the La Jolla Cancer Research Foundation in San Diego.

Carl G. Gahmberg, has won several prizes and awards. He obtained the Gustaf Komppa Prize
for the best thesis in chemistry in Finland in 1971, the Norwegian Anders Jahre Prize in 1981, the
150-year Prize of the Finnish Medical Society in 1985, the Ayriipiéi Prize in Medicine 1997, the
Runeberg Prize in 2010, and the Liv och Hilsa 75-year Prize in 2017. He became the Professor
of the Year in Finland in 1995.

He is a member of EMBO since 1980, the Finnish Academy of Science and Letters (1982),
the Finnish Society of Sciences and Letters (1983), World Cultural Council (1984), Academia
Europaea (1989), the Royal Swedish Academy of Sciences (2007) and the Royal Society of Arts
and Sciences, Gothenburg (2008). He acted as the permanent secretary of the Finnish Society of
Science and Letters 1992-2018.

Carl G. Gahmberg is Commander of the Order of the Finnish Lion (2002), Chevalier d Or-
dre des Palmes Académique, France (2009), Commander of the White Rose of Finland (2012),
honorary member of the Finnish Medical Society (2010), and honorary member of the Finnish
Society of Sciences and Letters (2018). Currently he is chancellor of Abo Akademi University.
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Preface

Here I have collected my most important scientific papers and written short comments on
them. All my work deals with cell membranes, and I have grouped the articles into a few
different topics. Most work deals with cell membrane proteins with early focus on glycopro-
teins, including studies on fibroblast proteins and changes in cancer, later work deals with
proteins of red blood cells and leukocytes. More recently, the research focussed on functional
aspects, notably on leukocyte adhesion and its regulation. It has been important to describe
the knowledge, when the articles were written, and what we tried to solve. I have been for-
tunate in having several excellent graduate students and postdoctoral fellows, and certainly
much of the results obtained have depended on them. Both my postdoctoral time in Sen
Hakomori’s laboratory, and the time as visiting professor in Erkki Ruoslahti’s group, have
been very important for my research. The long collaboration with Leif Andersson has been
very rewarding, and the collaboration with him continues. I have, with my colleagues, written
several reviews and invited articles, but the original articles in established science journals, are
the most important ones and described here.

During all my time as an active researcher, I have been able to obtain grants from difterent
bodies. This fact has enabled me to do research in addition to teaching and administration. The
most important research grants, were obtained from the University of Helsinki, the Academy
of Finland, the Sigrid Jusélius Foundation, the Finnish Medical Society, National Institutes
of Health, the Magnus Ehrnrooth Foundation, the Finnish Society of Sciences and Letters,
the Else and Wilhelm Stockmann Foundation, and the Liv och Hilsa Foundation.
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Introduction

As part of my Doctor of Medical Sciences thesis, I isolated plasma membranes and endo-
plasmic reticulum membranes from hamster BHK21 cells, and studied their proteins by SDS
gel electrophoresis. Cells were labelled using radioactive amino acids or monosaccharides
(D- glucosamine, L- fucose), the membranes isolated by centrifugation and characterized
using membrane markers such as Na’K*-ATPase for the plasma membrane. The amount
of contaminating membranes and cell organelles, was estimated using enzyme markers for
mitochondria, lysosomes and the endoplasmic reticulum. I realized that it was impossible to
obtain membranes of high purity from cultured cells, and therefore novel techniques were
important to study the composition and localization of membrane molecules. Furthermore,
slab gels were not yet in use, and the resolution of proteins on cylindrical gels after slicing, was
poor. Anyway, there was an increasing interest in the finding, that plasma membrane proteins,
often were glycosylated, and more so than those of internal membranes.

In the early 1970,s, Mark Bretscher, working at the Laboratory of Molecular Biology in
Cambridge, had developed a cell surface labelling technique, using *S- formyl methionyl sulfone
methyl phosphate. The reagent does not penetrate the membrane. Using this reagent, he was
able to show that the major red cell membrane glycoprotein, glycophorin A, was spanning the
membrane (1). I synthesized the reagent and showed that it selectively labelled the envelope
protein of Semliki Forest Virus (Paper 1). The reagent was, however, not easy to make, and
never became much used. However, the results on Semliki Forest Virus got me interested in
turther developing methods to label cell surface molecules. In 1970, our consortium in Helsinki
organized a cell membrane conference, and among the participants was Sen-itiroh Hakomori
from the University of Washington in Seattle. He was an authority in the glycolipid field. 1
contacted him and after I succeeded in getting a NIH postdoctoral fellowship for two years,
I went to Seattle with my family in September of 1972. After arriving, we discussed possible
projects, and Sen got interested in the possibility of studying cell surface glycolipids and gly-
coproteins using radioactive surface labelling techniques. No technique for labelling of cell
surface glycoconjugates, had been described. He told me that Gilbert Ashwell at NIH had
used the enzyme galactose oxidase to oxidise D-galactose and N-acetyl D- galactosamine to
the corresponding C-6 aldehydes in serum proteins. The aldehydes were then reduced using
tritium labelled sodium borohydride back to the original sugars, resulting in tritium labelled
glycoproteins. After learning this, I immediately realized that we could try the method to label
intact cells. The high molecular weight of the enzyme would prevent its penetration through
the plasma membrane, and only surface exposed glycoconjugates could be oxidised. After one
week, I got the first positive results using red blood cells. We were very excited.

Gel electrophoresis with cylindrical gels, was laborious and the resolution was not optimal,
but the new method raised a lot of interest. Soon afterwards, we applied it to normal and
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transformed fibroblasts, and described the loss of a high molecular weight protein from normal
cells. A great advantage of the cell surface labelling method, was that plasma membranes could
be studied without previous isolation of them.

A major technical development occurred, when Bonner and Laskey introduced the use of
a scintillator in gels to visualize weak radioactivity emitters such as tritium. Another important
development was the introduction of slab gels.

After coming back from the US in 1974, the local university repair shop made a slab gel
apparatus. I was then able to apply the new techniques to normal human red cells, and found
proteins not described before. It was also interesting to study red cells carrying rare blood
groups. Scientists at the Red Cross Blood Service in Helsinki, had described a red cell (En(a-
), lacking the MN-blood group antigens. After labelling the cells followed by gel analysis, it
immediately became apparent, that the cells lacked the major red cell sialoglycoprotein, glyco-
phorin A. Glycophorin A is a “classical”’membrane protein, because it was the only membrane
protein, which had been sequenced. Interestingly, the individual, lacking glycophorin A in his
red cells, showed no hematologic problems.

With the galactose oxidase/tritiated borohydride labelling technique, we often used treat-
ment with neuraminidase to enable labelling of penultimate galactosyl/N-acetyl galactosaminyl
residues. The neuraminidase treatment changed the molecules appreciably, and therefore I
began to look for alternative methods. Periodate at low concentrations, selectively oxidises
sialic acids, and had been used by Ashwell for labelling of serum proteins by reduction with
tritiated sodium borohydride. I found that when the oxidation was done on ice, there was
no transport of periodate into cells. After reduction with tritiated borohydride, the labelling
of the oxidized residues worked fine. This labelling method was easy to perform and became
much used.

In the 1970;,s, studies on the biosynthesis of membrane proteins were done using viral
envelope proteins as models. Because of the lack of good models, little was known about
mammalian membrane protein biosynthesis. We then found that the widely used K562 cell
line, described as myeloid, expressed the red cell marker, glycophorin A, and actually the cells
turned red after treatment with sodium butyrate. After making a crude antiserum to glyco-
phorin A, we obtained a highly specific antiserum by absorption with the En(a-) membranes.
We could then study the biosynthesis of glycophorin A, using K562 cells and **S-methionine
pulse/chase labelling.

Leukocyte membrane proteins were poorly known in the 1970s. Only the transplantation
antigens, had been characterized by immunologists and were best known. The development of
the radioactive cell surface labelling techniques, combined with fluorography of slab gels, made
it possible to study cell surface proteins at a new level. Using the new methods, we discovered
several novel leukocyte glycoproteins.

Comments on Papers 1 to 18

We used **S-formyl methionyl sulfone methyl phosphate (**S-FIMMP) to selectively label
cell surface-exposed proteins and lipids in Semliki Forest Virus (SEV). We used it as a sim-
ple membrane model. The virus buds from the host cell plasma membrane, and its envelope
contains only two major envelope proteins. These were efficiently labelled with the amino
group reactive *S-FMMP, whereas the core nucleocapsid protein remained unlabelled. In
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addition, phosphatidyl ethanolamine was efficiently labelled, which shows that it was surface
exposed. In contrast, phosphatidyl serine, was poorly labelled (Paper 1). The results show that
the distribution of the viral membrane lipids, in the membrane bilayer largely reflected that
of plasma membrane lipids. This paper was important for my subsequent career, because my
research interest shifted to study the outer surface of the plasma membrane.

After arriving to the University of Washington, I began to develop a method for selective
radioactive labelling of cell surface g/ycoproteins and g/ycolipids. Gilbert Ashwell with co-work-
ers, had published methods to label serum glycoproteins using galactose oxidase and tritiated
sodium borohydride (2). I used human red cells as a model cell. The red cell membrane, was
easy to isolate, due to the lack of other membranes in the mature erythrocyte. Notably, V.T.
Marchesi had published the sequence of the major red cell sialoglycoprotein, glycophorin A
(3),and Bretscher had shown that it spans the membrane (1). Galactose oxidase was commer-
cially available, and the labelling technique worked out well. Hakomori,s laboratory was well
equipped for glycolipid analysis, but not for proteins. I introduced SDS-gel electrophoresis
there, and we used cylindrical gels. Then we had to get a gel slicing device, which was made in
the university repair shop. The resolution of the labelled proteins on SDS-gel electrophoresis
was not optimal, but the major glycoprotein, glycophorin A, was strongly labelled after neur-
aminidase/galactose oxidase treatment, but little label was seen when the galactose oxidase
treatment was omitted. Globoside, the major red cell glycolipid, with the sequence N-acetyl
galactosamine-galactose-galactose-glucose-ceramide, was strongly labelled. In addition, ce-
ramide trihexoside, lacking the amino sugar, was labelled, whereas ceramide dihexoside was
not (Paper 2).

When we mastered the galactose oxidase/ tritiated borohydride method, it became im-
portant to study the plasma membrane of normal and transformed fibroblasts. At that time,
several normal fibroblast cell lines were available, as well as their tumour virus transformed
counterparts. Using hamster NIL cells, we published in 1973, the presence of a major labelled
high molecular weight protein in normal cells, which was lacking in transformed cells. We named
the protein galactoprotein a (Paper 3). The protein was independently reported by Richard Hynes
(4). He named it LETS (Large External Transformation Sensitive) protein. In addition, Antti
Vaheri and Erkki Ruoslahti published the same high molecular weight protein, and named it
SF- (Serum Fibroblast) antigen (5). Later, it was agreed that the protein should get the name
fibronectin. We also found that ceramide penta- and tetra-saccharides were more strongly
labelled in normal cells, than in the transformed fibroblasts. In contrast, the transformed cells
expressed on their surfaces higher amounts of short chain glycolipids. Certainly, the finding of
fibronectin was important, and it became a “classic” adhesion protein (6).

In subsequent work, we used cells, transformed with a temperature-sensitive mutant
of polyoma virus. When the cells were grown at 39 °C, fibronectin was strongly expressed,
whereas little label was observed in the high molecular weight region on gels of cells grown
at the permissive temperature of 32 °C. In addition, ceramide dihexoside, was more strongly
expressed at 32 °C than at 39 °C (Paper 4).

These findings raised a lot of interest, and several articles later appeared on the subject.
Fibronectin, was later found to be secreted from cells, and deposited as a matrix protein.
Transformed cells often express high protease activity, which explains the degradation of
the extracellular matrix including fibronectin. Ruoslahti and co-workers later identified the
minimal receptor binding sequence in fibronectin, RGD (7), and this short sequence turned
out to be recognized by several integrins (8).
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When slab gel electrophoresis and the use of a scintillator in gels became available, the
resolution of proteins on gels was greatly improved. Therefore, it was worthwhile to return
to red cells, and study their outer surface in more detail. It became apparent that the red cell
contains a number of previously unknown glycoproteins. Foetal erythrocyte glycoproteins,
were poorly labelled without neuraminidase treatment, which showed that they more sialylated
than those of adults. When membranes were first isolated, and then labelled, no additional
proteins were labelled. This finding showed that all glycosylated proteins are on the outer cell
surface. Exceptions are cytoplasmic proteins containing O-glycosidic N-acetyl glucosamines
(9). Furthermore, I proposed that cell surface proteins of mammalian cells a/ways are glyco-
proteins (Paper 5). This statement has largely turned out to be correct, but see the comments
on the Rh (D) protein below.

Red cells carrying the En(a-) blood group, had been described to contain one third the
normal amount of sialic acid, and weak MN-antigens (10). We obtained En(a-) cells from
the Finnish Red Cross Blood Transfusion Service, and after surface labelling, it was obvious
that the cells lack glycophorin A. Interestingly, the band 3 protein (anion exchange protein)
of En(a-) cells, showed an increased glycosylation, due to a higher molecular weight oligosac-
charide. This oligosaccharide later turned out to be polylactosamine type (11). Interestingly,
the son of the proband, had red cells expressing about half the normal amount of glycophorin
A, and the molecular weight of the band 3 oligosaccharide was between that of normal cells
and En(a-) cells (Paper 6). We still do not know how protein glycosylation is regulated. The
availability of En(a-) red cells, was crucial for the preparation of a specific anti-glycophorin
A polyclonal antiserum (see below).

We modified the periodate/sodium borotritiate method (12) to be used for labelling of
cell surface sialoglycoproteins. Treatment with 1-3 mM periodate for a short time at 0 °C was
enough to oxidise the sialic acids at the surface of red cells. To show that the plasma membrane
indeed was impermeable to periodate, we isolated red cell membranes and resealed them, with
the sialic acid-rich glycoprotein fetuin inside the red cell ghosts. Little *H-label was found in
fetuin after periodate oxidation and reduction with tritiated borohydride, which showed that
the technique is specific for cell surface located carbohydrate (Paper 7).

'This method was easy to use, and it did not need any complicated chemicals or enzymes.
It soon became very popular for labelling of cell surface glycoproteins and gangliosides.

In the mid 1970,s, with exception of red cells, little was known about surface proteins of
mammalian cells. Immunologists had described transplantation antigens on leukocytes, but
it was obvious that the cells must contain other, unknown proteins. We began to apply the
novel surface labelling methods to mouse lymphoid cells (Paper 8). The results revealed that
the cells express a number of cell surface glycoproteins not described before, and the different
cells showed specific surface glycoprotein patterns. In collaboration with Swedish scientists,
we studied different human leukocyte cell lines. The cell surface patterns were characteris-
tic of the different types of cell lines, and it was possible to use the patterns for diagnostic
purposes (13,14). The cell surface glycoproteins of different normal human leukocytes, were
studied in detail (Paper 9). We also observed major changes in T cell surface glycoproteins,
when the cells, were activated to grow and differentiate (Paper 10). The same was true for
B lymphocytes, B blasts Epstein-Barr virus positive and negative B lymphoid cell lines. An
interesting case was the HL-60 promyelocytic cell line. The lymphoblasts expressed a rather
simple surface glycoprotein pattern, with a major labelled protein of 160000 molecular weight.
Upon differentiation towards granulocytes, the cells expressed in addition glycoproteins of
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130000 and 90000 molecular weights. The surface glycoprotein patterns resembled those of
normal granulocytes. With present knowledge, these proteins were the CD11b and CD18
subunits of the myeloid Mac-1 integrin (Paper 11).

The CD45 antigen is a major cell surface glycoprotein in leukocytes and it was originally
characterized as a “common leukocyte antigen”. It is differently spliced in different leukocytes.
B cells expressed a major high molecular weight protein with an apparent molecular weight
0f 205000, whereas T cells expressed proteins of 160000-180000 (Paper 9). CD45 turned out
to be a protein tyrosine phosphatase (15). We showed that it activates the Fyn tyrosine kinase
by releasing the C-terminal inhibitory phosphate (Paper 12). Thus the activation of Fyn is
similar to that of Lck. Together with Japanese glycobiologists we determined the structures
of the CD45 N-glycosidic and O-glycosidic oligosaccharides (16,17).

We thought that some serum glycoproteins could originate from leukocytes, especially
during excess white blood cell proliferation during inflammation. We found release of the
serum glycoprotein, a1-acid glycoprotein from leukocytes (Paper 13). It is a marker protein
of inflammation.

We also studied platelet surface proteins, and found that treatment of platelets with
thrombin, released a cell surface glycoprotein fragment of around 80000 in apparent molecular
weight. Another protein of higher molecular weight, was secreted without enzyme treatment
(18).

As discussed above, glycophorin A was the first mammalian membrane protein that was
sequenced, and it served as a model for type 1 membrane proteins. It has a relatively large
external domain, a transmembrane domain, and a relatively short intracellular domain (3).
We studied the expression of glycophorin A in bone marrow cells, and found expression ear-
ly during red cell development, and it turned out to be a useful erythroblast marker protein
(Paper 14). When screening different leukocyte cell lines, we found that the K562 cell line,
considered myeloid, in fact expressed glycophorin A. The finding indicated that the cell line
could be erythroid (Paper 15). Murine red cell precursor cell lines, were known to differentiate
using sodium butyrate or hemin, and when K562 cells were treated with butyrate, they indeed
showed a strong expression of haemoglobin (Paper 16). The cells were then shown by Ruth-
erford et al. to express embryonic and foetal haemoglobin (19). The finding that K562 cells
are erythroid, first raised some controversy, but our conclusion was confirmed. Glycophorin
A from K562 cells was studied in detail and it expressed blood group MN activity. We now
had a cell line expressing glycophorin A, and a specific antiserum made by absorption of a
crude anti-glycophorin A antiserum with En(a-) membranes. This made it possible to study
its biosynthesis in K562 cells. We used pulse-chase labelling with *S-methionine, and found
that it took about 30 min for the protein to get glycosylated and reach the plasma membrane
(Papers 17,18). The biosynthesis in many ways resembled that of viral membrane glycopro-
teins, but it was the first mammalian membrane glycoprotein studied in some detail. Later,
we studied its biosynthesis in cell free systems, and its inhibition of N-glycosylation using
tunicamycin (20). Glycophorin A turned out to be a useful marker of erythroleukemia (21).
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Paper 1 25

VIROLOGY 60, 259-262 (1972

Exposure of Proteins and Lipids in the Semliki Forest Virus Membrane

Virions of group A arboviruses comprise
two components. There is a nucleocapsid
core, which consists of RN A and a lysine-rich
protein with a molecular weight of about
34,000 (1, 2). The nucleocapsid is surrounded
by a lipid-containing envelope, which the
nucleocapsid acquires as it leaves the host
cell by budding through the plasma mem-
brane (3). Studies of the lipid composition of
the viral membrane confirm that the lipids
are similar to those of the host cell plasma
membrane (4). Only one protein with an ap-
parent molecular weight of about 50,000 and
a carbohydrate content of 12% has been
detected in the viral membrane by sodium
dodecyl sulfate (SDS) polyacrylamide gel
electrophoresis (PAGE) (1, 2). This protein
has recently been spiit into two bands using
a discontinuous SDS-electrophoresis system
(). The structure of the viral membrane
has been analyzed by X-ray diffraction
methods, and it seems that the lipids arc ar-
ranged into a bilayered structure (6). Most
of the protein of the viral membranc is
located outside the lipid bilayer in the form
of spikes that can be removed by proteolytic
enzymes (7).

We have studied exposure of the surface
components of the Semliki Forest virus
(SFV) with the reagent 3S-formyl methionyl
sulfone methyl phosphate (**S-FMMP), de-
signed by Bretscher (8). He showed that this
reagent does not penetrate the red cell
membrane and preferentially labels two
surface proteins of the intact erythrocyte.
The reagent reacts primarily with the e-
amino groups of lysine residues in proteins,
but also with the amino groups of phos-
phatidylethanolamine and phosphatidylser-
ine.

A prototype strain of Semliki Forest virus
was grown and purificd as described pre-
viously (4, 9). 35S-FMMP was synthesized
exactly as described by Bretscher (8). SDS-

PAGE was performed as described pre-
viously (10) in 7.5 % gels. *H-Phenylalanine-
labeled SF'V either intact or disrupted in 1%
Nonidet P40 (NP40) was reacted with 358-
FMMP in the alkaline buffer described by
Bretscher (8) in a constant volume. Excess
reagent was removed by gradient centrifuga-
tion of the intact virions or by dialysis. I'or
the fingerprinting experiments the viral en-
velope was isolated after NP40 disruption
(9), labeled with 3S-FMMP and dialyzed
against 0.1 M ammonium bicarbonate buf-
fer containing 1 % NP40. For digestion intact
SFV (500 ug protein) or SFV envelope (400
pg protein) labeled with 3*S-FMMP were
incubated in 0.2 ml ammonium bicarbonate
buffer containing 1% NP40, 250 ug bovine
serum albumin and 12.5 ug each of trypsin
and chymotrypsin (Worthington) at 37° for
48 hr and fingerprinted on Whatman 3 MM
paper (11).

The lipids from the 35S-FMMDP-labeled
virions were cxtracted with chloroform-
methanol according to Foleh et al. (12).
The thin-layer chromatography plates
(Kicselguhr ¥s5 , E. Merck) were developed
with chloroform-methanol-cone. ammonia~
water (65:20:2:2 by vol.). The spots were
detected by autoradiography, seraped, and
counted in toluene-based scintillation fluid.
The derivatives of diacyl glycerylphos-
phorylethanolamine (diacyl GPE) and
alkenyl -acyl glycerylphosphorylethanol-
amine (alkenyl-acyl GPPE) had identical
mobilitics on thin-layer chromatography,
but they could be differentiated by mild
acid methanolysis (13). This cleaves only the
alkenyl-acyl derivative and gives the cor-
responding derivative of monoacyl GPE.

Figure 1A shows the distribution of the
38-FMMP label when an intact SFV prep-
aration was labeled. In this SDS-PAGE
system, the two membrane proteins move
together. The 3S-FMMP was almost totally
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TABLE 1
DistriBurioN ofF *»S-FMMP LaBepL 1IN SFVe

Sample Intact SFV NP40

(cpm) disrupted

SFV (cpm)

Envelope proteins® 65,000 120,000
Nucleocapsid protein® 100 77,000
Alkenyl-acyl GPE¢ 2,050 14,100
Diacyl GPE- 1,100 8,650
Diacyl GPSe 257 4,700

2 One of three typical experiments. The intact
and disrupted preparations containing each 100
pg SFV-protein were labeled with the same
amount of 358-FMMP in the same volume.

¢ From SDS-PAGE.

¢ From thin-layer plates.

85 + 3% more label than the proteins from
intact virions (Table 1).

To study whether there were qualitative
differences in labeling of the membrane pro-
teins from intact and NP40 disrupted virions,
fingerprints were made of the 3S-FMMP-
labeled proteins. The fingerprints are shown
in Fig. 2A and B. The peptide patterns were
quite similar. However, two peptides marked
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F1e. 1. (A). SDS-PAGE of intact 3H-phenyl-
alanine (@---@) labeled SFV which had been re-
acted with 38-FMMP (O——0O). (B). SDS-PAGE
of NP40 disrupted 3H-phenylalanine (@---@)
labeled SFV which had been allowed to react with
38-FMMP (O 0). E = envelope proteins;
C = nucleocapsid protein; L. = lipid fraction;
BPB = bromophenol blue.

recovered from the viral membrane proteins
(E). About 5% of the label was in a fast
migrating fraction (L), which contains the
lipids (10). Very little label was found in the
nucleocapsid protein (C). Thus the label does
not penetrate the viral membrane. The
distribution of the **S-FMMP label when
the virus had been disrupted with NP40
prior to labeling is shown in Fig. 1B. Results
of three experiments show that 28 + 1% of
the total label was in the membrane protein
peak (E), 18 = 1% in the nucleocapsid
protein peak (C) and 22 & 3% in the L-
fraction. When the virus had been treated
with detergent prior to exposure to the
reagent the envelope proteins contained
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P1 and P2 were constantly found in the
fingerprints of disrupted envelope but not
in the fingerprints of intact virions. These
peptides must be derived from the membrane
proteins as SDS-PAGE of the envelope
fraction labeled with 3*S-FMMP showed
label in the membrane proteins but not in the
nucleocapsid protein.

Analysis of the Folch extracts of intact
SFV revealed that diacyl GPE (about 30 %),
alkenyl-acyl GPE (about 60%) and diacyl
glycerylphosphorylserine  (diacyl ~ GPS)
(about 10 %) had been labeled. These lipids
are therefore exposed on the surface of the
virus (cf. ref. 14). Similar experiments with
SFV that had been dissociated by NP40
before #38-FMMP labeling showed 7-8 times
more label in the phospholipids (Fig. 3 and
Table 1). The ratio of labeled alkenyl-acyl
GPE to diacyl GPE is approximately the
same in both intact and disrupted virions
(Table 1). This is also the molar ratio of these
molecules in the viral membrane (63 %
alkenyl-acyl GPE and 87 % diacyl GPE)
(15). Thus the different forms of GPE-
lipids seem to be randomly distributed in the
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Fic. 2. (A). Trypsin-chymotrypsin fingerprint of »8-FMMP-labeled intact SFV. (B). Trypsin-
chymotrypsin fingerprint of NP40-disrupted #S-FMMP-labeled SFV envelope. Anode at right.

F1c. 3. Thin-layer chromatogram of #5S-FMMP
lipids. 1, Products of mild acid methanolysis of
3S3-FMMP derivative of pure alkenyl-acyl GPE;
2, products of mild acid methanolysis of 35S-
FMMP derivatives of the lipids of intact SFV; 3,
products of mild acid methanolysis of *S-FMMP
derivatives of the lipids of NP40-disrupted SFV;
4, 358-FMMP lipids of 35S-FMMP-labeled intact
SFV; 5, 358-FMMP lipids of NP40-treated 33S-
FMMP-labeled SFV; 6, *38-FMMP derivative of
pure diacyl GPE; 7, 353-FMMP derivative of pure
diacyl GPS.

viral membrane. We are presently studying
the 3S-FMMP labeling of the SFV lipids
more closely to be able to decide whether
protein shielding, assyvmetrical distribution
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(16) or other factors arc causing the dif-
ferences in labeling of the intact and dis-
rupted cnvelope.

The present studies confirm that most of
the SI'V membrane protein is exposed on the
outer surface of the viral envelope. The
fingerprinting cxperiments showed the pres-
ence of two peptides from the membrane
proteins which arc shiclded in the intact
virions. Whether these are from the parts of
these proteins involved in the binding to the
lipid remains to be determined.
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SUMMARY

Treatment of erythrocytes with galactose oxidase (EC
1.1.3.9) followed by reduction with tritiated sodium boro-
hydride (NaB?H,) at pH 7.4 allowed the labeling of galactosyl
and N-acetylgalactosaminyl residues on external surfaces of
cells with tritium (*H). Labeling patterns and specific ac-
tivities of galactose and galactosamine in glycolipids and
glycoproteins were determined after separation with gel elec-
trophoresis and thin layer chromatography. The labeling
patterns of normal adult cells differed greatly from fetal cells,
and were significantly altered when cell surfaces were modi-
fied by proteases and neuraminidase. The results of analysis
indicated that (¢) the carbohydrate moieties of two glyco-
lipids (globoside and ceramide trihexoside) and at least three
glycoproteins (molecular weight 9.5, 8.2, and 6.4 X 10%
were exposed to the external environment, but not ceramide
dihexoside, ceramide monohexoside, or other glycoproteins
with higher molecular weights; (b) the specific activities of
galactosamine in glycolipid and of galactose in glycoprotein
increased after protease treatment, although total activity of
glycoprotein did not change; (c) labeling of glycoprotein was
greatly enhanced by neuraminidase treatment, while that of
glycolipid was enhanced to a lesser degree; (d) “the relative
exposures’ of glycoprotein and glycolipid differed greatly
between normal and fetal erythrocyte surfaces. Glycopro-
teins of fetal cells had a very low label as compared to glyco-
lipid.

Enriched localization of glycoproteins and glyeolipids in sur-
face membranes of cells has been demonstrated by histochemical
visualization of complex carbohydrates in the cell coat (2), by
the high content of glycolipids (3-6) and protein-bound fucose
and glucosamine (7) in an isolated plasma membrane, and by
reactions of cell surfaces with anti-glycolipid antibodies (8, 9)
and with plant agglutinin (10, 11).

* This work wassupported by the National Institutes of Health
Research Grants CA10909, CA12710, and by the American Cancer
Society Research Grant BC-9C. A preliminary note of this paper
was submitted to the Annual Meeting of the American Association
of Biological Chemists, April 1973 (1).

1 Recipient of International Fogarty Center Fellowship 1 F05
TW01885-01.

A significant role of complex carbohydrates on cell surfaces
in controlling cell division and intercellular association has been
predicted based on the change of chemical and organizational
structures of membrane-bound carbohydrates or related enzymes
in association with “contact inhibition” (12-15), cell aggregation
(16), mitotic cell eycle (17), and malignant transformation (18—
20). Surface-exposed carbohydrates of cells are, therefore, of
great cell-sociological significance, and it has become increasingly
important to elucidate the exposed chemical structures of cell
surfaces. Labeling of cell surface tyrosyl residues has been
developed using lactoperoxidase and radioactive iodine (21, 22),
while cell surface amino groups have been labeled with #8-la-
beled formylmethionylsulfone methylphosphate (23) or with
353-labeled sulfanilic acid diazonium salt (24) ; labeling of specific
surface carbohydrates, however, has been awaiting development.
Very recently, labeling of surface sialyl residues by periodate
and tritiated sodium borohydride was described (25), whereby
sialyl residues were converted to a 3-deoxy-5-acetamidoheptu-
lonic acid.

Although the majority of cellular glycosphingolipids are found
in plasma membranes, direct evidence that the carbohydrate
moiety of glycolipids is exposed to the external environment
has not been provided. Also, nothing has been known about
the relative exposures of glycoprotein and glycolipid or about
possible change in exposure with change of surface function
and with modification of cell swrfaces by neuraminidase and
proteases. In order to solve these problems, we have developed
a method using galactose oxidase (26) and tritiated sodium boro-
hydride (NaB*H,), which allowed specific labeling of surface
galactose and galactosamine residues in glyeolipid and glyco-
protein. Application of this method to analyze the organiza-
tional state of surface carbobydrates of human eryvthrocytes
is reported in this paper.

MATERIALS AND METHODS

Cells and Enzymes

Human adult erythrocytes (A Rh*) were obtained from
citrated blood by centrifugation and were washed with phos-
phate-buffered saline, pH 7.4. TFetal erythrocytes were obtained
from an abortion case from the Division of Human Embryology,
Department of Pediatrics, University of Washington.

Galactose oxidase of Dactylium dendroides (26) was obtained
from Sigma Chemical Company, St. Louis, Missouri, with a
described activity of 37 units per mg of protein. The enzyme
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had no contamination from protease activity, which was de-
termined using “Azo-albumin” (Sigma Chemical Company,
St. Louis, Mo.) as substrate, nor any detectable neuraminidase
activity, which was determined using submaxillary mucin and
disialoganglioside as substrate. Pronase (Strepiomyces griseus,
45 units per mg) and neuraminidase (Vibrio cholerae, 500 units
per ml) were purchased from Calbiochem, La Jolla, California.
Tritiated sodium borohydride (100 mCi per mmole) was obtained
from New England Nuclear Company, Boston, Massachusetts.

Cell ghosts (plasma membranes) of erythrocytes were prepared
by lysing the cells in hypotonic PBS! pH 7.4 (isotonic PBS di-
luted 1:9 with water), followed by centrifugation at 16,000 rpm
for 20 min. The membranes were washed three times, after
which only traces of hemoglobin remained with the ghosts.

Treatment of Cells with Trypsin—Cell suspensions in PBS,
pH 7.4, were mixed with twice the volume of 0.25% trypsin so-
lution (“Gibeo” Biological Company, Berkeley, California) and
incubated at 37° for 30 min with continuous shaking, transferred
to an ice-water bath, and washed by centrifugation with a large
volume of ice-cold PBS, pH 7.0, three times.

Treatment of Cells with Pronase—To the cells was added twice
the volume of 0.5 mg per ml of pronase in PBS, pH 7.4, and the
cells were incubated and washed as for trypsin treatment.

Treatment of Cells with Neuraminidase—The cells were sus-
pended in twice the volume of 0.1 M sodium phosphate buffer,
pH 6.0, and 0.05 ml of the neuraminidase solution per ml of
packed cells was added. The cells were incubated and washed
as for trypsin treatment.

Labeling Procedure

Erythrocytes were washed with PBS, pH 7.0, and 1 to 5 ml
of packed cells were mixed with 10 to 100 ug of protein of ga-
lactose oxidase dissolved in PBS, pH 7.0. The cells were in-
cubated for varying periods of time (optimal time 3 hours) at
37° in a water bath with gentle shaking and were washed by
centrifugation in PBS, pH 7.4. To the washed packed cells
was added 0.05 ml of a freshly prepared tritiated sodium boro-
hydride solution at room temperature. The tritiated sodium
borohydride solution was prepared by dissolving 1 mCi of the
substance (specific activity, 100 mCi per mmole) in 0.2 ml of
PBS pH 7.4. After 30 min at room temperature with occasional
shaking, 1 mg of unlabeled sodium borohydride was added;
the cells were diluted with 5 ml of PBS pH 7.4, shaken well,
and centrifuged. Washing by centrifugation in PBS was re-
peated five times. Cells treated with neuraminidase and pro-
tease and isolated cell ghosts were labeled by the same procedure.
No significant lysis of the cells occurred during the labeling pro-
cedure. After labeling was completed, the cells were lysed,
and the ghosts isolated and washed three times in PBS. In
other experiments, isolated ghosts were labeled and then washed
three times in PBS.

Aliquots of the labeled cell ghosts, glycolipids, or glycoprotein
fractions obtained from the labeled cells or ghosts were mixed
with 0.5 ml of “NCS” solubilizer (Amersham-Searle, Arlington
Heights, Illinois) containing 109 H,O and incubated at 50°
for 2 hours or more. After cooling, the vials were counted in
a toluene-based seintillation fluid containing 0.4%, 2,5-diphenyl-

1 The abbreviations used are: PBS, phosphate-buffered saline
or isotonic phosphate buffer plus isotonic sodium chloride solu-
tion; globoside, a trivial name used as an abbreviation for a
ceramide tetrasaccharide whose structure was determined as
GalNAcgl — 3Galal — 4Galgl — 4Gle — ceramide; CTH, ce-
ramide trihexoside Galal — 4Galgl — 4Gle — ceramide; CDH,
ceramide dihexoside Galgl — 4Gle — ceramide.
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oxazole (PPO) and 0.019 p-bis[2-(5-phenyloxazolyl)]benzene
(POPOP) in a Packard Tri-Carb liquid scintillation speetrom-
eter. The efficiency for tritium counting was 43%,.

Glycolipids and Glycoproteins

Glycolipids were extracted by homogenizing at room tempera-
ture for 3 min in an “Omnimixer”’ (Sorvall Instrument Company)
with 20 to 30 volumes of chloroform-methanol (2:1, v/v) to
1 volume of cells and left at +4° overnight. One-third volume
of methanol was added and the samples centrifuged to obtain
the protein and glycoprotein sediment, which was then washed
twice in chloroform-methanol (1:1, v/v). The glycolipid frac-
tion was prepared from lipid extract by acetylation procedure
(27); the fraction was deacetylated and separated into compo-
nents by thin layer chromatography. Bands corresponding to
globoside, ceramide trihexoside, and ceramide dihexoside were
scraped, extracted with chloroform-methanol (2:1), filtered,
and aliquots were counted. The globoside, CTH {ractions,
and glycoproteins were methanolyzed with 1 ¥ methanolic HC1
at 80° for 18 hours, and the sugar methyl glycosides were sepa-
rated by gas-liquid chromatography according to the procedure
of Sweeley and Walker (28), as modified by Laine et al. (29)
with trimethylsilyl derivatives on an SE-30 column in a Hewlett-
Packard gas chromatograph F&M (model 401). Myoinositol
was used was an internal standard.

The retention times were recorded and the peaks quantified
by using known amounts of galactose, N-acetylgalactosamine,
and an internal standard. Immediately after the new aliquots
were run and during the elution of galactose and N-acetylga-
lactosamine, the flame was extinguished and the derivatives
collected in a capillary pipette cooled with Dry Ice. The flame
was then lit again, and the inositol peak emerging last was re-
corded. The trimethylsilyl derivatives were eluted with chloro-
form-methanol (2:1) into scintillation vials, evaporated at room
temperature, and the radioactivity was determined after addition
of seintillation fluid.

Gel Electrophorests

The cell ghosts were dissolved in 1% sodium dodecyl sulfate
and 5% 2-mercaptoethanol and heated to 100° for 2 min.
Electrophoresis was performed with bromphenol blue as
tracking dye in 7.5% acrylamide gel (30). Bovine serum al-
bumin with a molecular weight of 68,000 (31), ovalbumin with
a molecular weight of 44,500 (31), and ribonuclease A with a
molecular weight of 13,700 (32) were used as standards. The
gels were sliced with a razor blade gel slicer, and the slices were
counted in toluene-based scintillation fluid after NCS solubili-
zation at 50° for overnight.

Autoradiography

Intact erythrocytes were labeled by the galactose oxidase
method, and the total radioactivity was determined to be 25,000
cpm/0.1 ml of cells. The sample was subjected to autoradiog-
raphy according to the method of Rieke ef al. (33). The auto-
radiographs were studied and photographed with a Nikon in-
verted microscope at a magnification of X 1000.

RESULTS

Total Labeling Figure

Surface labeling of erythrocytes by the present method is
indicated by the fact that a high label was found in cell
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Fic. 1. Light microscopic picture of an autoradiogram of la-
beled intact cells. The autoradiogram was prepared according
to the method of Rieke el al. (33) by the courtesy of Mrs. Ruth
Tyler, Department of Biological Structure, University of Wash-
ington, School of Medicine. Photography by Mr. Randy Jenkins.

TasLe T
Total label in & ml of packed erythrocyles
Sample Galactose | Total cbm | protein | Lipid

ue % total® | % total®
Totact cells. oowvrsvsinns 100 24.6 62.3 37.7
Intact cells 0 3.5 35.1 64.9
Neuraminidase-treated. . . 100 141.8 86.0 14.0
Trypsin-treated. . ........ 100 27.1 55.4 44.6
Pronase-treated. .. ....... 100 34.5 51.0 49.0
31 11" ] R———— . 100 101.3 54.2 45.8
Ghost............oooinl 0 32.7° 39.8 60.2

Total label in 1 ml of packed normal and fetal cells

Intact normal cells. . ... .. 50 30.1 57.5 42.5
Intact normal cells. . . .... 0 4.5% n.d.c n.d.c
Intact fetal cells. ........ 50 14.8 32.3 67.7
Intact fetal cells. . ....... 0 9.8 33.3 66.6

+ Determined by sodium dodecyl sulfate gel electrophoresis.

? Nonspecific label by tritated sodium borohydride alone (see
Footnote 3 for text).

°n.d., not determined.

ghosts (plasma membranes)? and by the autoradiograph of cells
(Fig. 1).

Total radioactivities of packed intact cells, of cells treated
with proteases and neuraminidase, and of labeled lysed ghosts
were compared and are listed in Table I.

Total labeling of erythrocytes was dependent on the quantity
of galactose oxidase and was found to be linear up to 100 pg of
galactose oxidase protein added per 5 ml of packed cells (Fig. 2),
which indicates that most of the label is due to aldehyde groups
created by galactose oxidase.

* Determination of the proportion of the label in surface mem-
branes to that of total erythroeytes was diffieult to perform as the
total labeled activity of intact cells was impossible to determine
due to chemiluminescence caused by hemoglobin.
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Fia. 2. Dependence of incorporation of 3 from tritiated so-
dium borohydride in intact red cells on galactose oxidase concen-
tration. Five milliliters of packed cells were labeled as described
under “Materials and Methods,”” the cell ghosts isolated, and the
radioactivity determined after NCS solubilization in toluene-
based scintillation fluid.

Labeling of isolated cell ghosts resulted in a much greater
label than in intact cells, especially in the lipid fraction (Table
I and Fig. 4b).

Nonspecific Labeling

Nonspecific labeling, 7.e. a label occurring without galactose
oxidase but only with tritiated sodium berohydride, was observed
(Table I); the major nonspecific label, although weak, occurred
in an unidentified lipid fraction,® as demonstrated on gel electro-
phoresis (see Fig. 4¢) and by lipid extraction, but some very
weak nonspecific labels were also found in protein.? Nonspecific
labeling was not remarkable when intact erythrocytes were
labeled, but was greatly enhanced when cell ghosts were labeled
(Table I, “Discussion’).

Specific Lobeled Activities of Galactose and Galactosamine
in Glycoproteins and Glycolipids

The specific activities (counts per min per nmoles) of labeled
galactose and N-acetylgalactosamine in glycoproteins, globoside,
and CTH ave shown in Table II, and the dependency of those
activities on the amount of galactose residue is shown in Fig. 3.
The specific activity was higher in the galactosyl residue for
proteins and in the N-acetylgalactosaminyl residue for lipids
(Fig. 3). A remarkable increase of specific activity of glyco-
protein galactose was observed after treatment with proteases,
although total labeling increased only slightly. The specific
activities of both galactosamine and galactose in globoside in-
creased after cells were treated with Pronase.

Labeling for both galactose and N-acetylgalactosamine in
glycoprotein and for N-acetylgalactosamine in globoside in-
creased (10 times) when the amounts of galactose oxidase added

3 Nonspecific label without galactose oxidase in lipid fractions
could be aliphatic aldehydes (plasmals), ketosphingosine, and
pyridinium compounds plausibly bound to lipids. They are, how-
ever, not identified. Nonspecific label for protein is unknown,
but any reducible structure as have been found in collagenous
protein in the form of Schiff’s base (34) can be considered. Noth-
ing is as yet identified.
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Tasre II
Specific activities labeled in galactose and N-acetylgalactosamine
(cpm/nmole) of glycolipid and glycoprotein from
erythrocyte membranes
The trimethylsilyl sugar derivatives were quantified by gas-
liquid chromatography and the radioactivity of the peaks deter-
mined as described under ‘“Materials and Methods.””

Glycoprotein Globoside CTH
Gal | G | Gal ’ GalNAc | Gal
Intact red cells 100 ug of galactose
oxidase. . .............oiia. 73.7307 |15.1| 805 60
Intact red cells O ug of galactose |
oxidase. . ........ .. ..ol 1.00 9.6/ 0 10.5, 0
Trypsin-treated 100 ug of galac-
tose oxidase.................... 251 [155 (10.4| 879 52
Pronase-treated 100 ug of galac-
tose oxidase.................... 183 |244 31.4| 1000 64
20 1000
1804 q 9001
2 1604 X 800
3 140 8 o 700
3 1201 2§ 600
o 100 & g 500
g 80y £ § 400
£ 60 § 3 300
§ 40 g 7 200
S ol S 100 /
04 or s I .
20 ' 40 60 ' 80 100 O 20 40 60 80 100

J9 golactose oxidase 9 goloctose oxidase

Fic. 3. Specific activities in galactose (a) and N-acetylgalac
tosamine (b) in glycoprotein (O——0O) and globoside (@---@)
obtained with varying galactose oxidase concentrations. Note
that: (a) the specific activity of galactosamine was greater in
glycolipid with a terminal N-acetylgalactosamine (globoside)
than glycoprotein, while that of galactose was greater in glyco-
protein than in glycolipid (globoside); (b) the specific activity of
galactosamine in globoside was greatly enhanced on increase of
galactose oxidase added, while that of galactose in globoside did
not increase much.

were increased, while labeling for the galactosyl residue of globo-
side increased to a lesser degree when the amount of galactose
oxidase increased (Fig. 3). No label was found in glucose.

Comparison of Specific Actwities of Individual Glycolipids

Distribution of labels in various glycolipids is shown in Table
TII. The major label was found in globoside, followed by cera-
mide trihexoside, while no label was present in lactosylceramide.
It is noteworthy that the label ratios for individual glycolipids
(globoside-CTH-CDH) are nearly constant and are not greatly
changed by treatment with neuraminidase and proteases. Some
labels for ceramides with a long carbohydrate chain were also
found (see footnote to Table IIT).

The labeling ratio between globoside, CTH, and CDH differed
greatly from the actual chemical quantities of these glycolipids
present in membranes (see Table III). The “degree of ex-
posure,” as expressed by counts per min per uM amount, was
quite high in globoside as compared to other glycolipids.

Relative Radioactivities of Labeled Glycoproteins and Glycolipids

The labeled glycoproteins and glycolipids were separated by
sodium dodecyl sulfate gel electrophoresis (7), and the relative
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Tasre III
Distribution of label in neutral glycolipids. Per cent activity of
individual glycolipids lo tolal glycolipid activity® and exposure
rate of individual glycolipids

Globoside | (SRS | b aee
Intact erythrocytes............ 95.5 4.5 0
Neuraminidase-treated. . 4915 7.6 0.9
Trypsin-treated................ 96.3 3.5 0.2
Pronase-treated................ 93.0 6.6 0.4
91.0 7.1 1.9
92.0 6.3 1.7
Chemical amounts in intact cells
(molar ratio)................. 72.1 12.2 15.7
Exposure of glycolipids in intact
cells (epm X 1073 per umole)?. . 24 6.6 0

2 About 19 of lipid counts found in upper layers after Folch
partition. This will include ceramides having a long chain
carbohydrate, ceramide hexa- to tettareskaidecasaccharide, some
of which carry blood group specificities (35, and unpublished ob-
servation).

b Activity per umole of glycolipid: the labeled radioactivity
(cpm) of glycolipid from 1 ml of packed cells divided by the
chemical quantity (umoles) of glycolipid in 1 ml of packed cells
as determined by the method of Vance and Sweeley (36).

radioactivities of the glycoprotein peaks and of the lipid peak
could be determined. This pattern of activities depends on
surface properties of erythrocytes and varies according to phys-
iological state (fetal or adult) and to modification of cell surfaces
by enzyme treatment.

Intact human erythrocytes were labeled, membranes were
prepared, and then subjected to sodium dodecyl sulfate poly-
acrylamide gel electrophoresis. Under these conditions three
glyeoprotein Peaks a, b, and ¢, corresponding, respectively, to
apparent molecular weights of 9.5, 8.2, and 6.4 X 10% and a
sharp lipid peak (L) were observed (Fig. 4a). If the cell mem-
branes were first prepared and then labeled, the sodium dodeeyl
sulfate polyacrylamide gel electrophoresis pattern was signifi-
cantly different. There was a dominant Peak L and a labeled
glycoprotein with high apparent molecular weight (1.5 X 10%),
in addition to Peaks a, b, and a very weak ¢; thus, a highly active
extra peak was labeled when membranes were first prepared
then labeled (Fig. 4b and “Discussion”).

Labeling Pattern of Cells Whose Surfaces
Were Modified by Enzymes

About 609, of the total label in intact cells was found in protein
and 409, was in lipid. The total label was greatly increased
by neuraminidase treatment but only slightly by protease treat-
ment (Table I). After protease treatment, the label in glycolipid
increased more than in glycoprotein (Table I). With trypsin
treatment glycoproteins ¢ and b lost some activity, but activity
for the lipid peak (L) intensified somewhat (see Fig. 4c). After
neuraminidase treatment an increased label was found mainly
in glycoprotein with a smaller increase in glycolipid (compare
Fig. 4, a and d); thus, about 859 of the total label was found
in glycoprotein after treatment with neuraminidase. Neur-
aminidase-treated erythrocytes showed remarkable enhancement
in a particular glycoprotein peak with an apparent molecular
weight 8.5 X 104, which is probably derived from glycoprotein
a, and the appearance of a new peak with an apparent molecular
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Fia. 4. Sodium dodecyl sulfate polyacrylamide gel electrophoresis of red cell ghosts, isolated from 3H-labeled intact cells (z), ghosts
isolated, then labeled (b), ghosts from trypsin-treated cells (¢), from neuraminidase-treated cells (d), from intact cells labeled without

using galactose oxidase (e), and from fetal cells (f).
blue tracking dye.

weight 3.5 X 10%.  Also, the label in the lipid peak (L) was en-
hanced (see Fig. 4d).

Comparison of Labeling Patterns of Normal Adult Erythrocytes
and of Fetal Erythrocytes

Glycolipid of fetal erythrocytes obtained from 3 months gesta-
tion period was labeled less efficiently than adult erythrocytes,
although the label proportions of individual glycolipids (globo-
side-CTH-CDH) is not greatly different in adult and fetal eryth-
rocytes (Table I). A great deal of enhanced agglutinability
by antigloboside antisera was demonstrated in fetal cells, how-
ever, in agreement with the previous results (9). The most
remarkable label difference between normal and fetal eryth-
rocytes was demonstrated in the ratio of activities between pro-
tein-bound carbohydrates (glycoprotein) and lipid-bound carbo-
hydrates (glycolipid) (Table I and Fig. 4f). Fetal erythrocytes
showed a very weak activity in the area of glycoproteins ¢ and
d. No activity corresponding to Peaks a and b was demon-
strated, whereas the activity for lipid peak (L) was remarkably
demonstrated.

DISCUSSION

In this study galactose oxidase from Dactylium dendroides
has been used to obtain specific labeling of cell surface glyco-
proteins and glycolipids. Galactose oxidase shows a strict spec-
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Apparent molecular weights are indicated.

L, lipid peak. BPB, bromphenol

ificity for galactose and N-acetylgalactosamine, whose primary
hydroxyl groups are oxidized to aldehyde groups (26). Oxida
tion by galactose oxidase followed by reduction with tritiated
sodium borohydride has been used previously to label galactosyl
and galactosaminyl residues in glycolipids (37-40) and glycopro-
teins (41, 42). This reaction has now been successfully applied
to external labeling of galactosyl and galactosaminyl residues at
the cell periphery. Lactoperoxidase with a molecular weight of
78,000 (22) is known to react exclusively at the red cell surface.
Galactose oxidase has a molecular weight of 75,000 (26), which
closely approximates that of lactoperoxidase. Therefore, pene-
tration of this enzyme through the cell membrane should not
oceur. Surface labeling of erythrocytes was indicated by the
autoradiograph of cells as seen in Fig. 1.

Cell ghosts, isolated then labeled, demonstrated a highly Ja-
beled protein with apparent molecular weight of 150,000, whereas
such a protein is not seen in membranes of labeled intact cells
(cells labeled then ghosts isolated) (see Fig. 4b). This protein,
therefore, could be located on the inner surface of the plasma
membrane. The results indicate that galactose oxidase cannot
penetrate the cell membrane to label this protein in the intact
cell.

Nonspecific labeling (see Footnote 3) was not significant in
intact cells, but increased to a great extent when ghosts were
labeled. Enhanced lipid labeling in ghosts as seen in Fig. 4b
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is largely due to increased nonspecific labeling, 7.e. the naturally
occurring reducible lipid component increased when cells were
lysed. The reducible materials in intact membranes can be
made more accessible to borohydride by lysis of membrane,
either by change of membrane conformation or by exposure of
the inner surface. Although naturally occurring materials re-
ducible by borohydride have not been identified in niembrane,?
this could be an interesting subject in membrane chemistry.

This study gives direct evidence that sugars of both glyco-
lipids and glycoproteins are exposed on the membrane surface.
Two proteins have been known to be exposed on the outer sur-
face of human erythrocytes (22, 23, 41). One of these is the
major membrane glycoprotein, which carries all demonstrable
sialic acid (22-24), AB and MN blood group antigens, and re-
ceptors for influenza virus and phytoagglutinins (43). There
is evidence that this protein traverses the cell membrane to the
cytoplasmic surface (44). The region of protein which is ex-
posed to the outside carries the carbohydrate portion, while
the COOH-terminal end is enriched in hydrophobic amino acids
and possibly serves to attach the protein to the membrane (43).
This idea that membrane proteins have a hydrophobic inner
end and a protease-sensitive hydrophilic outer segment is also
true for cytochrome bs arranged in the microsomal membrane
(45) and Semliki Forest virus membrane proteins (46), and it
possibly has gencral significance. The main labeled glycoprotein
peak (a) has an apparent molecular weight of 95,000 and no
doubt corresponds to the multispecific glycoprotein (22, 23, 43).
The major oligosaccharide portion of this protein has been pro-
posed to have the structure NeuNAc a (2 — 3) Gal 8 (1 — 3)
{NeuNAc a (2 — 6)} GalNAc (47). This structure could ex-
plain the more efficient labeling after neuraminidase treat-
ment.

‘We have also obtained direct evidence that some glycosphingo-
lipids of membranes are exposed directly to the external environ-
ment. Labeling of human erythrocytes was particularly
remarkable in globoside, the major glycolipid of human eryth-
rocytes with a structure GalNAc¢B1 — 3Galal — 4Galfl —
4Gle — ceramide (48, 49). However, surface exposure of globo-
side has been doubted because of the following two findings:
(a) treatment of intact erythrocytes by jack bean 8-N-acetyl-
hexosaminidase does not hydrolyze globoside in membranes,
but globoside is readily hydrolyzed when an aqueous solution
of globoside is treated with jack bean 3-N-acetylhexosaminidase;*
and (b) intact human erythrocytes are only slightly reactive
to anti-globoside antisera (8, 9).

Human adult erythrocytes were not agglutinated nor hemo-
lyzed by antigloboside antisera although globoside is the major
glycolipid of the erythrocyte membrane. They become reactive
to anti-globoside only after treatment with neuraminidase or
with proteases (9). Absorption capability of anti-globoside by
human erythrocytes is, in fact, increased by enzyme treatment
9).

Because human fetal erythrocytes were highly reactive to
anti-globoside without enzyme treatment, globoside groups were
thought to be “cryptic” in human adult erythrocytes and “ex-
posed” in fetal erythrocytes or by enzyme treatments (9). This
interpretation should be revised by the fact that globoside is
highly labeled by the galactose oxidase method; the labeled
activity of adult erythrocytes is not greatly different from fetal
erythrocytes and is unchanged after enzyme treatment. Top-
ological change of globoside in the membrane can be considered

4 B. Siddiqui and S. Hakomori, unpublished observations.
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Fic. 5. An idealized version of molecular arrangement of
glycolipids and glycoproteins in membranes of normal (a) and
fetal (b) erythrocytes. @, GalNAc or GleNAc; O, Gal; dotied
ball, Gle; dotted square, sialic acid; coiled or strelched lines, pep-
tides; G.0., galactose oxidase; I.G., immunoglobulin for anti-
glycolipid (e.g. antigloboside). This figure illustrates threc
points: (a) glycolipids are directly imbedded on the lipid bilayer
through two hydrocarbon chains (ceramide), and glycoproteins
are associated with the lipid bilayer through hydrophobic peptide
regions according to Marchesi’s “‘glycophorin” model (41); (b) a
major carbohydrate structure bound to lipid (glyeolipid) is
“globoside’” with a terminal GalNA¢ — Gal — Gal — R, whereas
a major carbohydrate structure bound to protein (glycoprotein)
is sialyl — Gal — GalNAc — R, although a few globosidic strue-
tures can also be found in glycoprotein (evidence proposed by the
reaction of glycoprotein with antigloboside antibody).® There-
fore, antigloboside antibody should be primarily directed to the
globoside seated on the lipid bilayer; (¢) possibly coincident to the
loci of “‘plasma membrane particles” (48), glycoprotein and pro-
teins are located close to each other on the lipid bilayer and form
“bushes” of glycoprotein; glycolipids are located among these
bushes. Galactose oxidase can penetrate between such bushes
to label glycolipids, but other larger molecules like immunoglob-
ulin cannot react with the glycolipids in normal erythrocytes as
shown in a. In contrast, the model in b showed a possibility that
fewer glycoproteins and proteins are present on fetal erythrocytes
and therefore, not only galactose oxidase but also immunoglobulin
can react with globoside on fetal cell surfaces. This model is
based on a provision that glycoprotein of fetal erythrocytes are
qualitatively similar to that of adult erythrocytes.

in view of a recent observation by Nicolson (11) that trypsini-
zation can cause clustering of some phytoagglutinin reactive
sites on cell surfaces.

The relevant explanation for understanding labeling pattern
of globoside (and other glycolipids) and glycoprotein is that
globoside may be seated directly on the lipid bilayer among
“bushes” of protein and glycoprotein (see Fig. 5), and that globo-
side is available only to galactose oxidase but not to larger macro-
molecular reagents, such as immunoglobulin and B-N-acetyl-
hexosaminidase. In fact, molecular weight of galactose oxidase
(75,000) is smaller than immunoglobulin (mol wt 180,000) or
B-N-acetylhexosaminidase (mol wt 100,000). Other factors such
as shape and ionic charge should also be considered. On the
surface of protease-treated cells, globoside is available not only
to galactose oxidase but also to immunoglobulin (see Fig. 5).
Lactosylceramide in the membrane was not labeled by this pro-
cedure. However, CDH alone can be easily labeled in vitro
by this method (40), and we have shown that after Triton X-100
solubilization of the erythrocyte membranes, the labeling of
CDH was greatly enhanced and comparable to the label of CTH.
This indicated that the carbohydrate chain of CDH does not
protrude far enough to be reached by galactose oxidase in the
membrane, in agreement with immunological data that human

5 K. Watanabe and 8. Hakomori, unpublished observation.
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erythrocytes are not reactive to anti-lactosylceramide even after
trypsin digestion (9).

Comparative labeling of glycoprotein and glycolipid has been
observed by gel electrophoresis of labeled membranes. Labeling
of glyeoprotein varied greatly in contrast to a rather constant
labeling of glycolipid. Absence of Peaks a or b glycoprotein
in fetal erythrocytes is of great interest, which indicates either
of the following possibilities: (a) fetal glycoproteins do not have
any galactosyl or galactosaminyl residues so that they are
not labeled; (b) galactosyl or galactosaminyl residues of fetal
glycoprotein could be highly substituted by other sugar residues
such as sialyl or fucosyl residues so that they are not labeled;
and (¢) fetal erythrocytes have smaller number of glycoproteins;
glycoproteins a or b are virtually absent. A tentative model
based on the third possibility that a higher agglutinability of
fetal erythrocytes to antigloboside can be ascribed to less steric
hindrance due to the absence of some surface glycoprotein is
shown by Fig. 5. TFurther extensive study is needed to correlate
the surface structure revealed by external labeling to the im-
munological reactivity of cells surfaces. A study in progress
(1) showed that this surface labeling procedure for sugars was
found to be extremely useful to distinguish the surface properties
of various normal and transformed cells as well.

Note Added in Proof—Since this paper was processed, at the

stage of proofing, we noticed that T. L. Steck used galactose

oxidase for surface labeling of ervthrocytes ((1972) in Mem-
brane Research, edited by C. F. Fox, p. 71 Academic Press,
New York).
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Altered Growth Behavior of Malignant Cells Associated with Changes in
Externally Labeled Glycoprotein and Glycolipid

(polyoma virus/simian virus 40/galactose oxidase)

CARL GUSTAV GAHMBERG AND SEN-ITIROH HAKOMORI

Department of Pathobiology, School of Public Health and Department of Microbiology,

Seattle, Wash. 98195
Communicated by Herman M. Kalckar, July 20, 1973

ABSTRACT By use of galactose oxidase (EC 1.1.3.9),
followed by reduction with tritiated sodium borohydride,
the surface structures of transformed 3T3 and NIL cells,
under ordinary growth conditions, were characterized by
(i) deletion of the normally existing glycoprotein label and
(ii) appearance or increase of a new glycoprotein label.
NIL cells had a galactoprotein label with molecular weight
200,000 that was deleted in NIL cells transformed by poly-
oma virus. 3T3 cells had a glycoprotein label with molecu-
lar weight of 30,000 that was lost after transformation.
Glycoproteins of transformed 3T3 cells, with molecular
weight 105,000, and those of transformed NIL cells, with
molecular weight 85,000, were not labeled in normal con-
fluent cells, but became labeled after trypsin treatment.
The label in glycolipids was quantitatively different in
normal and transformed cells. The labeling pattern in
glycoprotein and glycolipids of transformed NIL and
3T3 cells became similar to that of nontransformed cells
when contact resp of transformed cells became con-
spicuous when cells were cultured in the presence of dex-
tran sulfate or dibutyryl cyclic ad ine phosphate
or in medium in which glucose was replaced with galactose.

There is increasing evidence that the plasma membrane of
tumor cells differs from that of normal cells. Increased re-
activity to lectins (1) and to anti-glycolipid antibody (2),
incomplete synthesis of carbohydrate chains in glycolipid
(3) and glycoproteins (4), and enhanced synthesis of a specific
sialylfucopeptide in transformed cells (5) are particularly
noticeable. No direct evidence has been provided, however,
on whether the altered glycolipid or glycoprotein components
are located on the external surface of the cell membrane.

Contact response* can be restored in tumor cells by growing
them under suitable conditions, such as in medium containing
dextran sulfate (6) or cyclic AMP (7) or in medium in which
glucose was replaced by galactose (8). Because it recently
became possible to specifically label surface glycoproteins
and glycolipids of cells with galactose oxidase (EC 1.1.3.9)
followed by reduction with tritiated sodium borohydride (9),
a technique based on the labeling of ceruloplasmin (10) and
cerebroside (11), we decided to compare surface labels of cells
with normal growth and of transformed cells with induced
changes in growth characteristics.

Abbreviations: 3T3sv cells, mouse fibroblast 3T3 cells trans-
formed with Simian virus 40; 3T3svpy cells, 3T3 cells doubly
transformed with Simian virus 40 and polyoma virus; NILpy
cells, hamster NIL cells transformed with polyoma virus; PBS,
phosphate-buffered saline.

* “Contact response”’ collectively includes various cell contact
phenomena such as contact inhibition, topoinhibition, contact
orientation, and contact promotion.
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EXPERIMENTAL PROCEDURE

Cells and Cell Culture. Hamster NIL cells transformed with
polyoma virus (NILpy cells) were obtained after infection
with polyoma virus, and one clone was isolated in November
1972. 3T3, 3T6, 3T3sv (cells transformed with simian virus
40), and 3T3svpy (cells transformed with simian virus 40
and polyoma virus) cells were cultured in Eagle’s medium,
modified by Dulbecco and supplemented with 109, fetal-
calf serum, in a 5-6% CO, atmosphere. NIL and NILpy
cells were cultured in Eagle’s medium containing 10% calf
serum in a 3% CO; atmosphere.

Induction of Reversed Growth Behavior. Transformed cells
changed their morphology and became sensitive to contact
inhibition of growth when cultured in original Eagle’s medium
(1 X amino acids and vitamins) and 109, calf serum, con-
taining 10 ug (for 3T6 cells) or 4 ug (for NILpy) of dextran
sulfate per ml of medium (6). The dextran sulfate (molecular
weight about 50,000) was kindly provided by Dr. M. Goto,
Tohoku University, Sendai, Japan. The saturation densities
of 3T6 cells and NILpy cells with induced contact sensitivity
were 1-1.5 X 105/cm? and 105/cm?, respectively. Cells grown
in regular medium reached densities as high as 5-8 X 10°/em?

NILpy and 3T3svpy cells were grown in the presence of
0.1 mM dibutyryl eyclic AMP and 1 mM theophyllin (12).
The morphological change appeared more remarkable in
NILpy cells than in-3T3svpy cells. After 2-3 days in culture,
the cells appeared well contact-oriented and the size of the
cells increased. Freshly transformed NILpy cells showed
remarkable changes in morphology and contact orientation
when cultured in Eagle’s medium (twice the standard con-
centration of amino acids and vitamins), in which glucose
was replaced with galactose and which was supplemented
with 109, fetal-calf serum.

The Procedure for Surface Labeling was a slight modification
of a described method (9). The cells from one plate (Falcon,
14 em in diameter) were enough for labeling and were ob-
tained either by scraping with a rubber policeman or by using
a 0.029 EDTA solution or a 0.25% trypsin solution. The
specific activity of the NaB?H, was 6 Ci/mmol. For further
details, see the legend to Fig. 2.

Analysis of Labeled Glycoproteins and Glycolipids: Electro-
phoresis was done with internal [*C]formaldehyde-labeled
standard proteins (13). The radioactive gels were sliced and
counted as described (9). Unless otherwise indicated, the cells
were harvested by treatment with 0.02%, EDTA. Glycolipids
were extracted and partitioned (14). The neutral glycolipid
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TaBLE 1.  Change of glycolipid label in NIL cells depending on growth beh
% Distribution of Glycolipid label
% of label Lower
in glyco- Ceramide Ceramide  glycolipid
lipid/ penta- tetra- (ceramide
Growth Morphology Harvest total saccharide saccharide di-, tri-
Cells conditions and growth conditions label* (Forssman) (Globoside) saccharide)
NIL Regular Eagle’s Contact scraped 4.5 19.5 71.8 8.4
medium, inhibited, EDTA 7.2 14.2 64.0 22.6
confluent oriented trypsin 4.0 18.8 65.0 15.8
NILpy Regular Eagle’s Not inhibited, scraped 8.6 6.5 20.6 72.0
medium, disoriented EDTA 3.4 10.0 15.0 75.1
confluent trypsin 1.2 10.7 19.4 70.1
NILpy Eagle’s medium Not inhibited, scraped 11.4 5.4 30.8t 64.1
Glereplaced oriented EDTA 6.3 7.8 28.8% 62.9
with Gal trypsin 6.4 6.8 30.0% 63.0
NILpy Eagle’s medium Contact EDTA 1.3 25.5 21.7 56.2
with dextran inhibited,
sulfate oriented
NILpy Eagle’s medium Contact EDTA 3.7 18.0 36.0 46.1
with cyclic AMP inhibited,
and theophyllin oriented

* The rest of the label is due to glycoprotein or nonspecific labelling.

t About 50-80%, higher label in globoside in Gal-oriented NILpy cells was reproduced in three separate experiments, and the mean
values are shown. Others are the mean values of two separate experiments.

FiG. 1.
thin section of labeled neuraminidase-treated NIL cells. Most of

Light microscopic picture of an autoradiogram of a

the label is located at the surface membrane (original magnifica-
tion X 1000. The picture was prepared by Ruth Tyler, Depart-
ment of Biological Structure, University of Washington.
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fraction was purified from the lower phase by acetylation (15)
and analyzed by thin-layer chromatography and gas chro-
matography as described (9).

RESULTS

Surface Localization of Label and Nonspecific Label in NIL
and 3T3 Cells. The label was nearly exclusively located on
cell surfaces, as shown by autoradiography of fixed and dis-
sected cells (Fig. 1); the activity of the label was proportional
to cell number. Nonspecific labels without galactose oxidase
were found in some proteins and in lipids of NIL and 3T3 cells.

Peaks “c” of intact NIL and NILpy cells (Fig. 24 and B),
“f” of neuraminidase-treated NIL and NILpy cells (Fig.
2C-H), and *‘¢” of neuraminidase-treated transformed 3T3
cells (Fig. 3C and D) were due to nonspecific label. These
proteins with nonspecific label had similar molecular weights
(56,000-59,000) ; the label was enhanced in transformed cells.

Specific Labeling Pattern of Normal and Transformed Cells.
The specific label in glycolipids was shown by the presence of
radioactivity in purified glycolipid fraction by acetylation
and by the presence of radioactivity in galactose and galac-
tosamine fractions separated on gas chromatography (9).
Peak *‘a” with an apparent molecular weight of 200,000 was
found only in normal NIL cells (Fig. 24), but was totally
absent in transformed NIL cells (Fig. 2B). Without neuram-
inidase treatment, no appreciable glycoprotein peak was ob-
tained for labeled 3T3 cells and their transformants.

Labeled peaks characteristic for transformed NIL and 3T3
cells were clearly demonstrated when cells were treated with
neuraminidase. NILpy cells contained the enhanced peak ‘“d”
with an apparent molecular weight of 85,000 (Fig. 2D), and
3T3sv and 3T3svpy cells had the prominent peak “c” with
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Fi16. 2. Sodium dodecyl sulfate—polyacrylamide gel electrophoresis of labeled NIL cells. Cells were harvested with 0.02%, EDTA solu-
tion, then treated in different ways. A and B were run in 5% polyacrylamide gels; all others (C-H) were run in 7.5%, polyacrylamide
gels. (A) confluent NIL cells; (B) NILpy cells, directly labeled without neuraminidase treatment; (C') confluent NIL cells; (D) NILpy
cells, treated with neuraminidase then labeled; (E) NILpy cells grown in the presence of 4 ug/ml of dextran sulfate, treated with neura-
minidase, then labeled; (F) NILpy cells grown in galactose medium (8), treated with neuraminidase, then labeled; (G) confluent NIL cells
treated with trypsin, then with neuraminidase, then labeled; (H) NILpy cells grown in the presence of dibutyryl cyclic AMP, treated with
neuraminidase, then labeled. Cells were washed twice by centrifugation in PBS (pH 7.0) and suspended in 0.5 ml of PBS containing 2
mM phenylmethylsulfonylfluoride (Sigma) to inhibit proteases. 100 ul of galactose oxidase dissolved in PBS (pH 7.0) containing 100
units/ml (Sigma Type III) was then added, and the cells were incubated at room temperature for 2 hr with gentle shaking. The galactose
oxidase did not contain any measurable proteolytic or neuraminidase activity. In some experiments, galactose oxidase was purified by
affinity chromatography on Sepharose 4B column. After incubation the cells were washed twice in PBS (pH 7.4) and suspended in 0.5
ml of PBS (pH 7.4) to which was added 50 gl of tritiated sodium borohydride solution containing 0.5-1 mCi of NaB3H,, specific activity
6 Ci/mmol (New England Nuclear Corp; stored in 0.01 N NaOH solution at —70). The reaction mixture was allowed to stand for 30
min at room temperature. In some experiments the cells were first incubated with 50 ul of Vibrio cholerae neuraminidase (Calbiochem,
Type B) that contained 500 units/ml in 0.5 ml of 0.1 M phosphate buffer (pH 6.0) in the presence of protease inhibitor. Cells incubated
with dibutyryl cyclic AMP were treated with V. cholerae neuraminidase in the presence of 1 mM dibutyryl cyclic AMP, followed by the
labeling procedure. g-gal, f-galactosidase; BSA, bovine-serum albumin; OV A, ovalbumin; eyto ¢, cytochrome ¢ (each labeled with [1C]-
formaldehyde and used as internal marker). BPB, peak position of bromphenol blue tracking dye. Peaks “d” and ‘/f,”” which showed a
remarkable change on transformation and on reverted cell behavior, are shaded. Peaks “c’’ of A and B and “f”’ of C—H were nonspecifically

labeled.
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F16. 3. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of labeled 3T3 cells and their transformants. Cells were harvested
with EDTA and labeled after neuraminidase treatment. All samples were analyzed in 7.5%, polyacrylamide gels. (4) Confluent 3T3 cells
treated with neuraminidase, then labeled; (B) growing 3T3 cells treated with neuraminidase, then labeled; (C) 3T3sv cells treated with
neuraminidase, then labeled; (D) 3T3svpy cells treated with neuraminidase, then labeled; (), confluent 3T3 cells treated with trypsin,
then with neuraminidase, then labeled, (F) 3T3svpy cells grown in the presence of dibutyryl cyclic AMP, treated with neuraminidase,
then labeled. Markers and labeling procedures are the same as for Fig. 2. Peaks “c’’ and “e,” which showed a remarkable change on trans-
formation and on reverted cell behavior, are shaded. Peak ‘e’ contained nonspecific label.

an apparent molecular weight of 105,000 (Fig. 3C and D).
Actively growing 3T3 cells showed also a relatively large
peak ‘“‘c” (Fig. 3B), while confluent 3T3 cells had no de-
tectable peak “c.” Instead, the confluent 3T3 cells had more
label in the “b” peak and “g” peak (Fig. 34). The “g” peak
was very low or not detectable in transformed cells. In either
3T3sv or 3T3svpy cells, the presence of a relatively high label
at the highest molecular-weight range (peak “a” of Fig.
3C and D) was noticed.

Modified Surface Label by Trypsin and Other Reagents that
Induced Altered Growth Behavior. If confluent NIL or 3T3 cells
were treated with trypsin and then labeled, there appeared a
greatly enlarged peak “d” for trypsinized NIL cells (Fig. 2G)
and a peak “c’”’ for trypsinized 3T3 cells (Fig. 3E), which were
not markedly labeled without trypsinization. In normal 3T3
cells from either confluent or growing cultures, the label in
lipid was much greater than in transformed 3T3 cells.

The relative activity of peak “b” greatly increased when
contact response of NILpy cells became normal in the pres-
ence of dextran sulfate (Fig. 2E) or dibutyryl cyclic AMP
(Fig. 2H, compare with C and D). 3T3svpy cells whose con-
tact behavior was restored by cyclic AMP showed a greatly
enhanced peak between “c”” and “d” (Fig. 3F). The propor-

tion of peaks “a”-‘g” is quite characteristic for the type and
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physiological state of cells. The glycoprotein label profile
significantly changed in NILpy cells grown in medium con-
taining galactose (Fig. 2F). The glycoprotein profile of 3T6
cells resembled that of 3T3sv or 3T3svpy cells. When con-
tact response was induced by dextran sulfate, the peaks char-
acteristic of transformed cells disappeared, and the lipid label
became prominent.

Relation of carbohydrate structures to their label and the
effect of cell contact on degree of labeling were clearly
seen in the labeling pattern of glycolipids. As expected, neu-
tral glycolipids of NIL cells were strongly labeled; the label
in higher glycolipids such as globoside and Forssman glyco-
lipid decreased; the proportion of label in simpler glyco-
lipids greatly increased in NILpy cells, in agreement with the
results of chemical analysis (Table 1). A significant increase
(50-80%,) of globoside label and decrease of label in
simpler glycolipids was observed in NILpy cells grown in
galactose medium, whose contact orientation became ob-
viously restored. Similarly, the label in Forssman glycolipid
significantly increased in NILpy cells whose contact response
was restored and whose contact orientation became obvious
by either dextran sulfate or dibutyryl cyclic AMP (Table 1).

The label in ceramide trisaccharide increased in nontrans-
formed NIL cells after EDTA or trypsin treatment, but was
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unchanged in NILpy cells, indicating that simpler glyco-
lipids were consistently exposed in NILpy cells.

DISCUSSION

Although several experiments using labeling with radio-
active precursors have been done to distinguish membrane
glycolipids and glycoproteins of normal and transformed cells
(3-5), these studies were not designed to distinguish surface
structural differences. Therefore, the observed differences
were difficult to correlate with the function of cell surfaces.
3T3sv cells, whose contact response was partly restored by
dibutyryl cyclic AMP, have a decreased level of sulfated acid
mucopolysaccharides (16). Morphological change of NILpy
or 3T3sv cells induced by dibutyryl cyclic AMP did not
correlate with glycolipid composition (17). With the galactose
oxidase labeling method, major structural differences can be
seen in exposed heteroglycans in compliance with the change
of growth behavior. Transformed 3T3 cells contain a labeled
glycoprotein of apparent molecular weight of 105,000 (peak
“¢”, Fig. 3), and NILpy cells contain a glycoprotein of ap-
parent molecular weight 85,000 (peak “d,” Fig. 2F); both
glycoproteins were not labeled in the confluent normal cells
but were labeled only after treatment with trypsin. Trans-
formed 3T3 cells also contain more label in the sialylgalacto-
protein a (Fig. 3C and D) of apparent molecular weight of
140,000. Normal NIL and 3T3 cells were characterized by
higher label at peaks “a” and “b” (apparent molecular
weights 200,000 and 130,000), and 3T3 cells had a peak
“g” (molecular weight 30,000). These peaks were reduced or
deleted in transformed cells. The presence of a galactoprotein
in intact NIL cells and its complete absence in NILpy cells
were well demonstrated in 5% gels (Fig. 24 and B), but not
in 7.5% gels. An increase or creation of label by neuraminidase
agrees with the general formula of sialoglycosides in which
sialyl residue is linked to a penultimate Gal or GalNAc
residue (20), detectable by Ricinus communis lectin (21).

In contrast to normal confluent cells, transformed cells and
trypsinized normal cells are easily agglutinated by various
lectins (1). This increased agglutinability was considered to
be due to increased reactive sites to the agglutinins, but later
work showed no essential difference in the amount of binding
of agglutinins (18). This difference in agglutinability was
explained by clustering of agglutinin receptors by the altered
“fluid dynamic” state of the membrane of the transformed
and trypsinized cells (19).

Our results show that although the total label in the glyco-
proteins and glycolipids of normal and transformed cells is
not very different, some glycoproteins and glycolipids are
much more exposed in the transformed cells, and become
exposed in normal confluent cells only after trypsinization.
Therefore, some of these normally cryptic specific glycoproteins
could be responsible for the observed differences in agglutin-
ability and possibly be clustered in certain regions of the cell
membrane.

The label profile of transformed cells shifted towards
normal when the contact response of these transformed cells
was restored by dextran sulfate or by cyclic AMP. The in-
creased label in globoside of NILpy cells, grown in a medium
in which all glucose was replaced by galactose and which
showed altered contact orientation, is of special interest.
Previously, it was not possible to demonstrate glycolipid
changes of galactose-oriented cells, compared to normally
cultured cells (8). By the surface labeling technique, however,
galactose-oriented cells have about 50-80% higher label in
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globoside, with the structure GalNAcgl — 3Galal — 3Galfl
— 3Glec — Ceramide (22). Forssman glycolipids and globo-
side characteristic of normal NIL cells were much more
heavily labeled in cells cultured in the presence of cyclic AMP.

These data strongly suggest that restoration of contact
inhibition or the presence of contact responses observed in
the cultures in the presence of dextran sulfate or dibutyryl
cyclic AMP, or in galactose-oriented medium is probably due
to surface structural changs. Malignantly transformed cells
have a characteristic surface structure which must be the
basis of their abnormal behavior, as the characteristic glyco-
protein and glycolipid profile was markedly modified when
cell growth behavior changed towards normal.
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Changes in a surface-labelled
galactoprotein and in glycolipid
concentrations in cells transformed
by a temperature-sensitive
polyoma virus mutant

In hamster cells transformed by a temperature-sensitive
mutant of polyoma virus we have found that the external
label in a galactoprotein disappears and the cellular con-
centration of lactosylceramide increases when the cells are
grown at the permissive temperature, These changes can be
reversed at the non-permissive temperature.

Three kinds of major membrane changes involving glyco-
proteins and glycolipids are associated with malignant trans-
formation. They are (1) enhanced agglutinability of cells
by some sugar-binding proteins (lectins)-3; (2) blocked
synthesis of gangliosides*2°, neutral glycolipids**~*3, fueo-
lipids?+15 and some glycoproteins'® with occasional accumu-
lation of precursor glycans%81°; and (3) enhanced syn-
thesis of sialofucoglycopeptide*?®. Recently a method for
surface-labelling cells using galactose oxidase followed by
treatment with tritiated sodium borohydride has been used
to distinguished between surface galactoproteins of normal
and transformed cells'®. A galactoprotein which was labelled
in normal hamster NIL cells was not labelled in polyoma-
transformed NIL cells, and the introduction of label into
this surface moiety seemed to be a correlative of growth
control.

The enhanced agglutinability of transformed cells*? has
been linked directly to the control of cellular multiplication
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in two types of transformed cells harbouring thermosensitive
mutations. In one case, what is believed to be a mutation in
a cellular gene results in the restoration of regulated growth
and decreased agglutinability at the restrictive temperature,
while the cells seem to be transformed at the permissive
temperature2®.21, The same phenomenon is observed in cells
transformed by thermosensitive polyoma virus mutant
t8322‘23.

We have initiated an investigation of the biochemical basis
for the thermosensitive changes in the surface membrane of
polyoma ¢s3-transformed BHK cells. Since topoinhibition of
DNA synthesis is also rendered thermosensitive in these
same cells??, we speculate that the temperature-dependent
surface alterations that we have observed may be implicated
in the control of DNA synthesis.

BHK cells transformed with temperature-sensitive polyoma
virus (BHKpyts3 Cl 7C), those transformed with wild type
polyoma virus (BHKpywt Cl 4), and their progenitor cells
(BHK Cl 13) were obtained from Dr W. Eckhart at the
Salk Institute. Each cell line was grown in Dulbecco’s
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Fie. 1 Profile of external galactosyl label in baby hamster
kidney fibroblasts (BHK C13) on acrylamide gel electro-
phoresis in sodium dodecyl sulphate. Cells were treated
on the plates with 10 Worthington units of galactose oxidase
for 1 h at room temperature, taken off with EDTA, and
labelled as described previously?®. Graphs show subcon-
fluent non-transformed BHK at 32°C (A) and growing at
39°C (C); confluent non-transformed BHK at 32°C (B)
and at 39°C (D); wild-type-polyoma-transformed BHK
at confluency at 32°C (E) and at 39°C (F) ts3-transformed
BHK at confluency at 32°C (G) and at 39°C (H) Acryla-
mide concentration was 5% ; slicing, counting and preparation
of internal 14C-labelled standard proteins were as previously
described1®. BSA, bovine serum albumin; OVA, ovalbumin;
Hb, haemoglobin; BPB, bromo-phenol blue. Note that
galactoprotein. a is only pronounced in confluent, non-trans-
formed cells and in BHKpyts3 at non-permissive tempera-
ture. Peaks ¢ and d are non-specifically labelled by sodium
borotritiate alone. I = lipid label.
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TasLe 1 Dependence of galactoprotein a label on cell density in normal BHK cells, cells transformed with wild-type polyoma virus

(BHKpywt) and with ¢s3

Temperature Presence or absence of galactoprotein a label

Cells °C) Sparse* ubconfluentt Confluent}
BHK normal 32 — = ++

39 s + e
BHKpywt 32 n.d. - —

39 n.d. - —
BHKpyts 32 n.d. - —

39 n.d. L i

The apparent molecular weight of galactoprotein a was approximately 200,000. —, Absent; +, obviously present; + -+, present in high

quantities; n.d., not determined.
* Cells growing separately without touching.
1 Cells touching but not saturated.
1 Cells at saturation density.

modified minimum essential medium containing 109 foetal
calf serum at the permissive (32° C) and non-permissive
(39° C) temperatures for the ts3 gene function.

Surface labelling was achieved on cells growing on plastic
dishes by the method described previously'®. Glycolipids
were extracted with chloroform-methanol and isolated by
acetylation: the glycolipids were separated on thin-layer
chromatography into fractions lactosylceramide, trihexosyl-
ceramide and haematoside. Each fraction was extracted
from silica gel with chloroform-methanol-water (1:1:0.1)
and the extracts were methanolysed, and the sugars liberated
were determined as trimethylsilyl derivatives with myo-
inositol as an internal standard by gas-liquid chromatography.

As Table 1 and Fig. 1 show, in cells grown to their maxi-
mum saturation density by changing the medium frequently,
a surface galactoprotein of BHK with a molecular weight
of 200,000 (galactoprotein a) was not labelled in BHKpywt
either at 32° C or at 39° C, nor was it labelled in BHKpyts3
at 32° C. However, galactoprotein a of BHKpyts3 was
labelled when the cells were grown at 39° C, where they
acquired normal morphological appearance, decreased ag-
glutinability with lectins and increased topoinhibition of
DNA synthesis.

In actively growing, sparse or subconfluent BHK cells,
galactoprotein a was not labelled, whereas it was labelled
when growth was inhibited at the saturation density.

As Table 2 shows, in BHKpywt the chemical concentration
of lactosylceramide was obviously higher than that of normal
BHK cells, and the concentration of trihexosyleceramide was
considerably reduced. The concentration of lactosylceramide
was also sharply increased in BHKpyts3 at 32° C but not
at 39° C, whereas the concentration of haematoside was
depressed. It is noteworthy, however, that the concentration
of trihexosylceramide was quite low at both temperatures
in BHKpyts3.

Recently, Hammarstrom and Bjursell2* observed that
isotope incorporation from 4C-palmitate into trihexosyl-
ceramide depends on cell population density and decreased

considerably when the cells were transformed with wild
type polyoma virus, in agreement with our previous find-
ings'?®. Also consistent with their results, the deereased syn-
thesis of trihexosylceramide in BHKpyts3 at the permissive
temperature was not restored at the non-permissive tempera-
ture, indicating that decreased synthesis of trihexosylceramide
is not essential for expression of certain aspects of the
transformed phenotype. Similarly, the growth behaviour in
agar and the serum requirement of BHKpyts3 are not
known to be temperature-sensitive??, although topoinhibition
of DNA synthesis and agglutinability by lectins are tem-
perature-sensitive?2:23, Thus, although trihexosylceramide
reduction accompanies transformation by polyoma virus, it
is not under the control of the ts3 gene function and there-
fore does not seem to be implicated in the regulation of
cell growth.

A considerable increase of lactosylceramide in some elonal
isolates of BHKpywt had also been observed previously*.
Our results suggest that increased lactosylceramide could be
essential for expression of crucial aspects of the transformed
phenotype, including the regulation of growth.

The inability to label galactoprotein a in the transformed
state shows a good parallel with the appearance of lectin
agglutinability, as demonstrated reversibly in BHKpyts3
at permissive and non-permissive temperatures?®, The
labelling of the galactoprotein in non-transformed cells at
confluency is consistent with an increased reaction of galac-
tosyl residues with Ricinus communis protein as observed
by Nicolson?3. Qur surface labelling procedure did not label
lactosyleeramide of either transformed or non-transformed
BHK cells, in agreement with the finding that the lactosyl
moiety may not protrude towards the outside of the cells
or that the length of the lactosyl moiety is too short to be
externally labelled due to steric hindrance.

Perfect reversibility in the labelling of galactoprotein a
and .the lactosyleeramide and haematoside concentrations in
BHKpyts3 between permissive and non-permissive tempera-
tures suggest that these membrane parameters are related

TaBLE 2

QGlycolipid concentration of BHK cells, those transformed with wild-type and with ¢s3

Glycolipid Concentration umol per 100 mg dry weight*

Temperature Ceramidet Ceramidef

(°C) trihexoside dihexoside Haematoside§
BHK normal 32° 0.070 0.218 0.46

39° 0.075 0.161 0.93
BHKpywt 32° 0.008 0.371 0.77

39° 0.015 0.329 0.75
BHKpyts 32° 0.040 0.725 0.12

39° 0.015 0.120 1,21

Concentrations were determined by gas-liquid chromaography.
* Dry weight of the cell residue.

t aGal — BGal — Glec — ceramide.

1 BGal — Glec — ceramide.

§ Sialyl 2 — 38Gal — Gle — ceramide.

© 1974 Nature Publishing Group

Carl_G_190x270_mm_blokki_FINAL.indd 42

06-Aug-23 1:53:30 PM



Paper 4 43

Nature Vol. 248 March 29 197}

to growth control in BHK cells. It is possible that deletion
of galactoprotein a mitiates uncontrolled DNA synthesis,
as the loss of this protein has been observed after trypsin
treatment of BHK and NIL cells (our unpublished observa-
tion), and since trypsin is known to induce the initiation of
S-phase, and mitosis2®,
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There is increasing evidence that cell surface glycoproteins
are involved in a variety of surface-mediated processes such as
intercellular adhesion (1), cell recognition (2), lectin agglutina-
bility (3-8), and ion transport (9-11). However, the molecules
involved and their detailed structures are still largely un-
known. This is partially due to the difficulties encountered in
purifying plasma membranes from nucleated cells. By con-
trast, the membranes of the human erythrocyte are easy to
obtain in large quantities, and many generalizations about
membrane structure and function are derived from results

Glycoproteins of the human erythrocyte membrane were labeled with tritiated sodium borohydride af-
ter oxidation of terminal galactosyl and N-acetylgalactosaminyl residues with galactose oxidase. After
separation of the polypeptides on polyacrylamide slab gels, a scintillator was introduced into the gel, and
the radioactive proteins were visualized by autoradiography (fluorography). The following results were
obtained. (@) The erythrocyte membrane contains at least 20 glycoproteins, many of which are minor
components. (b) The carbohydrate of all the labeled glycoproteins is exposed only to the outside, since no
additional glycoproteins can be labeled in isolated unsealed ghosts. (¢) The membrane contains two
major groups of glycoproteins. The first group of proteins contains sialic acids linked to the penultimate
galactosyl/N-acetylgalactosaminyl residues, which are efficiently labeled only after pretreatment with
neuraminidase. The second group has terminal galactosyl/N-acetylgalactosaminyl residues which can be
easily labeled without neuraminidase treatment. The glycoproteins from fetal erythrocytes all belong to
the first group, whereas only five glycoproteins of erythrocytes from adults belong. (d) Trypsin cleaves the
proteins containing sialic acids, and fragments containing carbohydrate remain tightly bound and
exposed in the membrane. (¢) Pronase cleaves Band 3 in addition to the sialic acid containing
glycoproteins, but most of the glycoproteins still remain unmodified in the membrane. (f) No difference is
seen between membrane glycoproteins from cells of different ABH blood groups.

To locate external proteins, a number of techniques have
recently been developed (23-28). In most of these techniques,
the reagents are specific for the protein part of glycoproteins.
Because most, if not all, surface proteins are glycoproteins, a
technique to label this part of these molecules specifically was
developed (29, 30). Terminal galactosyl or N-acetylgalac-
tosaminyl residues are oxidized to the corresponding C-6
aldehydes by the enzyme galactose oxidase (31). The resulting
aldehydes are then reduced under physiological conditions
with tritiated borohydride. The large size of the enzyme

obtained using this membrane.

One important aspect of membrane structure is the location
and properties of the glycoproteins in the membranes. At least
4 major glycoproteins seem to span the membrane (12-18), the
sialoglycoproteins, PAS1,' PAS2, and PAS3, and Band 3 (see
Table II). The major sialoglycoprotein has been the most
extensively studied, and it is known that the sugar-containing
portion is located externally (19), the intramembranous part is
hydrophobic in nature (14, 17, 20), and the COOH-terminal
cytoplasmic end interacts with peripheral membrane proteins

on the inside of the membrane (21, 22).

*This work was supported by the Finnish Cancer Society and the

Finska Likaresillskapet.

1 The abbreviations used are: PAS1, PAS2, and PAS3, the periodate
acid-Schiff-stained glycoproteins on gel electrophoresis; PBS, phos-

phate-buffered saline.

This is an Open Access article under the CC BY license.
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molecule inhibits its penetration into the cell. Because sialic
acids often are linked to subterminal galactosyl residues, more
efficient labeling can often be achieved after pretreatment of
cells with neuraminidase (29).

MATERIALS AND METHODS

Cells—Human erythrocytes from adults, obtained from citrated
blood by centrifugation, were washed in phosphate-buffered saline, pH
7.4. The cells were used within 3 days of blood donation. Care was
taken to remove the buffy coats. ABH blood groups were determined
by standard techniques. Umbilical cord blood erythrocytes and fetal
erythrocytes were obtained from the Department of Obstetrics and
Gynecology, University of Helsinki.

Enzymes—Galactose oxidase with a specific activity of 130 units/mg
of protein was purchased from Kabi AB, Stockholm, Sweden. It
contained no neuraminidase or protease activities when measured as
described previously (29). Neuraminidase (Vibrio cholerae, 500 units/
ml) was obtained from Behringwerke AG, Marburg-Lahn, Germany.
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Pronase (Streptomyces griseus protease type V, 0.9 unit/mg solid)
was obtained from Sigma. Crystalline trypsin was bought from Merck
AG, Darmstadt, Germany.

Chemicals—Tritiated sodium borohydride (8.2 Ci/mm) was obtained
from the Radiochemical Centre Ltd., Amersham, England. Two
hundred fifty millicuries were dissolved in 0.5 ml of 0.01 N NaOH,
divided into five tubes, and immediately frozen at —70°. Each tube
was diluted with 2 ml of 0.01 N NaOH and then divided into 20 equal
portions, which were immediately frozen. Usually, one of these tubes
was used for the labeling experiments. When handled in this manner,
the isotope remained active for at least 12 months.

Acrylamide and N,N'-methylenebisacrylamide were purchased from
Eastman Kodak: 2 5-diphenyloxazole (PPO) and 1,4-bis[2-(5-phenyl-
oxazolyl) ]oenzene (POPOP) from New England Nuclear.

Labeling Procedure—The labeling was done essentially as previ-
ously described (29, 32) but was slightly modified. Higher concentra-
tions of galactose oxidase were used, and incubation was at room
temperature. The specific activity of NaR®H, was ahout 80 times
higher than that used for erythrocytes previously. Treatment of cells
with pronase, trypsin, and neuraminidase and the isolation of mem-

branes have been des:

cribed previously (29). Aliquots of the membrane
preparations were counted for radioactivities in a dioxane-based
scintillation fluid (33) in a Wallac liquid scintillation counter 81,000.
The efficiency for tritium was 37%.

Polyacrylamide Slab Gel Electrophoresis—Electrophoresis was per-
formed according to Laemmli (34) in 8% acrylamide gels with marker
proteins in the peripheral slots. The molecular weights of the marker
polypeptides were: thyroglobulin 165,000 (35), human albumin 68,000
(36}, ovalbumin 43,000 (36), and hemoglobin 15,500 (36). The gels were
fixed overnight in 20% sulfosalicylic acid, stained with Coomassie
brilliant blue, and destained (36). At this stage, some of the gels were
photographed. They were then treated with dimethylsulfoxide/2.5-
diphenyloxazole according to Bonner and Laskey (37) and vacuum-
dried. The dried gels were covered with Kodak RP X-Omat film,
wrapped in aluminum foil, and stored at -70° in a Revco freezer for 1
to 10 days until developed. The apparent molecular weights of the
polypeptides were determined according to Weber and Osborn (36).

Carbohydrate Analysis—The membrane preparations were divided
into two equal portions. One part was extracted with chloroform/
methanol (2/1, v/v) and partitioned according to Folch et al. (38). The
lipid extract was dried down under nitrogen; the other portion was
lyophilized. Myo-Inositol (10 ug) was added to the samples as an
internal standard. After methanolysis at 85° for 12 hours in 1 N
methanolic-HCI, the neutral sugars were analyzed as trimethylsilyl
ethers according to Laine et al. (39). Protein-bound carbohydrate was
taken as total carbohydrate minus chloroform/methanol-extractable
carbohydrate.

Protein assay—The method of Lowry et al. (40) was used with
bovine serum albumin as standard.

RESULTS
Incorporation of Label into Erythrocyte Membranes

Cells from Adults—The incorporation of label from NaB®*H,
into erythrocyte membranes depends on the time of incubation
with galactose oxidase and reaches a plateau after 1 to 2 hours
(Fig. 1A). High concentrations of galactose oxidase suppress
the labeling of the membranes (Fig. 1B). It is not possible to
saturate the oxidized membrane with tritium fron NaB®H,,
because after acrylamide gel analysis the stained protein
pattern resembles that due to proteolysis (Ref. 30, and Foot-
note 2).

Initial treatment of the cells with neuraminidase results in a
3-fold increase in incorporation of label over those cells which
are not treated. Pronase and trypsin remove 46% and 37%,
respectively, of the radioactivity from prelabeled cells (Table
I). The label in cells which are not pretreated with neuramini-
dase is hardly susceptible to the action of pronase or trypsin. If
cells are digested with the proteolytic enzymes before labeling,
less label is incorporated than when cells are digested after
labeling. Control cells without galactose oxidase show very

2 Unpublished results,
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Fic. 1. A, effect of time of incubation with galactose oxidase on
incorporation of *H from NaB®H, into erythrocyte membranes. Packed
erythrocytes (0.5 ml) were incubated in 1 ml of PBS, pH 7.0, with 5
units of galactose oxidase for the indicated time. The cells were washed
three times in PBS, pH 7.4, and reduced with NaB®H,. After washing
the cells, the membranes were isolated, and the specific radioactivities
were determined. B, effect of concentration of galactose oxidase on
incorporation of label. Packed erythrocytes (0.5 ml) were incubated in
1 ml of PBS, pH 7.0, with different concentrations of galactose oxidase
for 1 hour. The cells were washed in PBS, pH 7.4, and reduced with
NaB®H,, and washed again. The membranes were isolated, and the
specific radioactivities were determined.

little label.

Umbilical Cord Blood and Fetal Cells—The membranes of
these cells are not efficiently labeled with galactose oxidase/
NaB®H, alone. However, if the cells have been treated with
neuraminidase prior to labeling, the label is strongly enhanced
(Table I).

Carbohydrate Left in Membrane after Proteolytic Digestion

Chemical determinations show that even after prolonged
proteolysis a substantial amount of carbohydrate, which can-
not be extracted with chloroform/methanol, is left in the
membrane (Fig. 2, A and B). After pronase or trypsin digestion
more than 50% of the protein-bound galactose remains in the
membrane.

Membrane Proteins Stained by Coomassie Blue

Fig. 3 shows the stained membrane proteins after separation
on a polyacrylamide slab gel. The main components are
numbered according to Fairbanks et al. (41). All membranes
have been reduced with NaB®H, after enzymatic treatments.
The trypsin-treated membranes (¢ and d) do not show any
obvious change, whereas in the pronase-treated membranes (e
and f), Band 3 is cleaved and a new polypeptide P appears.
This fragment has

an apparent molecular weight of 64,000,
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TasLe 1
Total label in erythrocyte membranes

Packed cells (0.2 ml) were labeled as indicated. Neuraminidase, 25
units of neuraminidase at 37° for 30 min; galactose oxidase, 5 units
galactose oxidase for 1 hour at room temperature. Pronase and trypsin
digestions were performed with 0.1 mg/ml of the enzyme for 30 min at
37°. Results are expressed as percentage of neuraminidase + galac-
tose oxidase.

Cells Cord

Enzyme treatment from blood  Fetal
: adults cells cells
Neuraminidase + galactose oxidase 100 92.6 88.2
Neuraminidase + galactose oxidase 54,2
+ pronase
Neuraminidase + galactose oxidase G2.6
+ trypsin
Galactose oxidase 32.8 16.8 7.4
Galactose oxidase + pronase 30.2
Galactose oxidase + trypsin 327
Pronase + neuraminidase + galac- 25.8
tose oxidase
Trypsin + neuraminidase + galac- 26.5
tose oxidase
No enzyme used 0.8 1.1 1.8
A
%
100
““’)5":7_‘_:_;:'
50
00s 010 015 020 mg/mi
B
%
100

50|

005 (ek]o] 015 020 mg/ml

Fic. 2. A, removal by trypsin ol protein-bound carbohydrate of
erythrocyte membranes. Packed ervthrocvtes (2.0 ml) were incubated
in 4 ml of PBS, pH 7.4 with different concentrations of trypsin for 30
min at 37°. After washing the cells three times in ice-cold PBS, pH 7.4,
the membranes were isolated, and the sugars were quantitated by gas
chromatography. A, p-mannose; O, p-galactose; @, L-fucose. Results
are given in the percentage of sugar remaining in the membrane after
digestion. B, removal by pronase of protein-bound carbohydrate of
erythrocyte membranes. Details as in A.

Fluorography of Labeled Membranes from Adults

Tritium label could not be visualized from polyacrylamide
gels by conventional autoradiography and so a scintillator was
introduced into the gel before drying. Membranes from cells
labeled after neuraminidase and galactose oxidase treatment
show the presence of a large number of labeled polypeptides.
The apparent molecular weights of these and some frequently
used synonyms for the major components are given in Table II.
The major components are GP7, GP8, GP13, GPl14, and
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Fig. 3. Coomassie blue stained slab gel of erythroeyte membrane
proteins, Samples corresponding to 10 pl of packed membranes were
subjected to electrophoresis. The major components are numbered
according to Fairbanks et al. (41). @, membranes from cells incubated
with 25 units of neuraminidase at pH 6.0 for 30 min at 37°, and after
washing incubated with 5 units of galactose oxidase in 1 ml of PBS, pH
7.0, for 1 hour at room temperature. The cells were washed and reduced
with 0.5 mCi of NaB*H, in 1 ml of PBS, pH 7.4, for 30 min at room
temperature. The cells were then washed three times, the membranes
were isolated. b, membranes from cells labeled with galactose ox-
idase only. ¢, membranes from cells treated with 0.1 mg/ml of trypsin
for 30 min at 37° then labeled after neuraminidase and galactose
oxidase treatments. d, trypsin-treated membranes labeled with galac-
tose oxidase only. e, membranes from cells treated with 0.1 mg/ml of
pronase for 30 min at 37°, then labeled alter neuraminidase and galac-
tose oxidase treatments. f, pronase-treated membranes labeled with
galactose oxidase only. g, membranes from cells reduced without
enzymatic treatment. Note the disappearance of Band 3 in e and f
and the presence of a new band (P). h, contains 25 ug of each of the
marker proteins: thyroglobulin (TH), transferrin ( TR), human albumin
(HA), ovalbumin {0, and hemoglobin (HB)

GP16 (Fig. 4, A-a). If neuraminidase treatment is omitted,
proteins GP8 and GP14 are weakly labeled, and GP13 and
GP16, are not detected at all (Fig. 4, A-b). This indicates that
in GP8, GP13, GP14, and GP16 sialic acids are linked to most
of the penultimate galactosyl/N-acetylgalactosaminyl residues,
whereas none of the other labeled glycoproteins contain
neuraminidase-susceptible sialic acids. If cells are treated with
trypsin before labeling, Bands GP8, GP13, and GP16 com-
pletely disappear (Fig. 4, A-c). Instead, Bands T1, T2, and
T3 appear. These bands are not observed without pre-
treatment with neuraminidase. Pronase degrades Bands GP7,
GP8, GP13, GP14, and GP16 (Fig. 4, A-d), and a strong
diffuse band, PG1, appears, and in the region of the previous
band, GP7, Bands GP7,., appear. Bands GP7,., are not
fragments of larger proteins because no larger glycoproteins
than GP7 are degraded. Band PGI1 is very weak without
pretreatment with neuraminidase (not shown). This indicates
that Band PG1 is mostly derived from sialic acid-containing
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TasLE 11

Labeled glycoproteins, their apparent molecular weights, and
synonyms used

Gl AP R—

GP1 230

GP2 180

GP3 160

GP4 140

GP5 120

GP6 110

GP7 100 Band 3 (41), Band a (13).

GP8 85 Major sialoglycoprotein, MN-glycoprotein
(19, 20), PAS1 (41, 18), glycophorin (14),
Band b (12).

GP9 73

GP10 63

GP11 61

GP12 55

GP13 50 PAS2 (41, 18)

GP14 47 PAS2 (41, 18)

GP15 29

GP16 24 PAS3 (41, 18)

GP7a 109

GP7b 102

GP7e 100

GP7d 95

P 64

PG1 44

T1 62

T2 45

T3 22

glycoproteins. Many of the labeled glycoproteins contain a
relatively weak label. To test whether these proteins actually
are glycoproteins, it was necessary to include a control where
the galactose oxidase was omitted. Fig. 4, B-a, shows the poly-
peptides of membranes labeled after neuraminidase and
galactose oxidase treatment; Fig. 4, B-b, shows the labeled
polypeptides after treatment with galactose oxidase only, and
Fig. 4, B-¢, is the control where the enzymes have been omitted.
No labeled bands are observed in Fig. 4, B-c. Thus the labeled
proteins are glycoproteins.

To quantitate the amount of label in the minor glyco-
proteins, cells were labeled with galactose oxidase only, and
the membranes were isolated and subjected to electrophoresis
on cylindrical acrylamide gels. The gels were then sliced
and counted as described previously (29). Twenty-four per
cent of the total radioactivity in the proteins was recovered
from the slices between the origin and Band 3. Band 3 con-
tained 26%, PAS1 contained 10%, and the remaining 40% of the
radioactivity was rather evenly distributed between the posi-
tions of PAS1 and the lipid peak. Thus a substantial amount
of radioactivity is bound to the numerous minor glycoproteins
(see Fig. 4a in Ref. 29).

Labeling of Umbilical Cord and Fetal Erythrocytes

Identical amounts of membranes from erythrocytes from
adults, umbilical cord blood, and fetuses, labeled after neur-
aminidase and galactose oxidase treatments or after galactose
oxidase treatment only, were subjected to electrophoresis
(Fig. 5). After neuraminidase treatment, the glycoprotein
patterns are similar, although some minor differences exist:
GP4 and GP10 of cord blood cells are relatively strong (Fig.
5¢). If cells are labeled without neuraminidase treatment, the
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fetal glycoproteins are very weakly labeled (Fig. 5f). This
shows that in the glycoproteins of fetal erythrocytes only a
few galactosyl/N-acetylgalactosaminyl residues are available
for labeling in the native state. Instead, sialic acids are linked
to penultimate galactosyl/N-acetylgalactosaminyl residues.

Labeling of Intact Cells and Isolated Membranes

To study the distribution of glycoproteins between the two
halves of the lipid bilayer and to see whether a reorganization
of the membrane can be observed after isolation, the following
experiments were done. (a) Intact cells were treated with
galactose oxidase followed by reduction with NaB®H,. (b)
Intact cells were treated with galactose oxidase, and the
membranes were isolated and then reduced. (¢) The membranes
were first isolated, then treated with galactose oxidase, and
reduced. Table III shows the specific activities in the mem-
branes and Fig. 6 shows the fluorography patterns of the
labeled glycoproteins. The incorporation of label into intact
membranes is less than that of reduced ghosts. In addition,
the individual glycoproteins are less efficiently labeled than
those of isolated ghosts. Other qualitative or quantitative
changes are not observed. It is obvious that regardless of
whether the membrane has been treated with galactose oxidase
from the outside only or from both sides of the membrane,
all individual glycoproteins are equally efficiently labeled.
The lower label in the membranes of cells reduced while
intact may be due to intracellular consumption of borohydride.

Labeling of Cells of Different ABH Blood Groups

Intact cells of the blood groups A,, A,, A,B, A,B, B, and O
were labeled. The total radioactivities were similar and no
obvious difference in the fluorography patterns could be ob-
served (data not shown).

DISCUSSION

Development of the galactose oxidase method to a very high
sensitivity by combining it with fluorography of slab gels
permitted analysis of red cell membrane glycoproteins with a
resolution previously unavailable. The labeling is very specific:
galactose oxidase reacts only with galactosyl and N-acetyl-
galactosaminyl residues (29, 31). Under these conditions no
labeled protein bands were observed when the galactose oxidase
treatment was omitted. Therefore, the labeled proteins must
represent glycoproteins. However, it is possible to label
isolated proteins in vitro by NaB®H, alone. Morell et al. (42)
treated ceruloplasmin with NaB®H,, both after incubation with
neuraminidase and galactose oxidase, or without enzyme treat-
ment. After enzyme treatment, the specific radioactivity was
25 times higher. van Lenten and Ashwell (43) labeled
orosomucoid with NaB®H, after oxidation of sialic acids with
periodate. Compared to the nonoxidized control, the specific
radioactivity was 21 times higher. I have labeled, without
using galactose oxidase, the glycoproteins, transferrin, and
ovalbumin, and the nonglycoproteins, bovine serum albumin
and hemoglobin, with NaB®H,. In all cases a low labeling
was obtained. Therefore, it was always necessary in the
membrane-labeling experiments to include a control in which
no enzymes were used. In some types of cells some proteins
are preferentially labeled by NaB®H , alone (32).

I have separately labeled human serum proteins. Without
neuraminidase treatment, no labeled protein band is observed
on electrophoresis. After neuraminidase plus galactose oxidase
treatment, a few proteins are labeled but they do not corre-
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Fic. 4. A, Fluorography pattern of *H-labeled erythrocyte mem-
branes. Packed ervthrocytes (0.5 ml), were labeled as follows: a,
membranes from cells labeled after treatment with neuraminidase
and galactose oxidase; b, membranes from cells labeled with galactose
oxidase only; ¢, membranes from cells first treated with trypsin and
then labeled after neuraminidase and galactose oxidase treatments;
d, membranes from cells first treated with pronase and then labeled
after neuraminidase and galactose oxidase treatments. For labeling
details see Fig. 3. b, dependency of label on enzyme treatment.
Packed erythrocytes (0.5 ml) were labeled as follows: a, membranes
from cells labeled after treatment with neuraminidase and galactose
oxidase; b, membranes from cells labeled with galactose oxidase only;
¢, membranes from cells labeled without enzyme treatment. For
labeling details see Fig. 3,

TasLe 111
Total label in membranes treated with galactose oxidase from outside
only or from both sides of membrane

epmiug protein

Intact cells galactose oxidase + NaB®H, — 5275
membranes®

Intact cells + galactose oxidase — membranes | 10642
NaB®H "

Intact cells — membranes + galactose oxidase + 10208
NaB*H,*

3 Packed intact cells (0.5 ml) were treated with 5 units of galactose
oxidase for 1 hour in 1 ml of PBS, pH 7.0, at room temperature, and
washed by centrifugations three times. The membranes were isolated
and reduced with 0.5 mCi of NaB*H,.

¢ Packed intact cells (0.5 ml) were treated with 5 units of galactose
oxidase for | hour in 1 ml of PBS, pH 7.0, at room temperature, and
washed three times by centrifugation. The membranes were isolated
and reduced with 0.5 mCi of NaB*H,.

¢Membranes were isolated from 0.5-ml packed cells, treated with
galactose oxidase as above, and reduced after washing by centrifuga-
tion with 0.5 mCi of NaB*H,.
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Fic. 5 (left). Labeled glycoproteins from adults, cord blood, and
feruses. @, membranes from adults labeled after neuraminidase and
galactose oxidase treatments; &, membranes from adults labeled with
galactose oxidase only; ¢, membranes from cord blood cells labeled
after neuraminidase and galactose oxidase treatments; d, membranes
from cord blood cells labeled after galactose oxidase treatment: e,
membranes from fetal cells labeled after neuraminidase and galactose
oxidase treatments; f, membranes from fetal cells labeled after
galactose oxidase treatment.

FIG. 6 (right). Membranes from cells labeled as intact or after
isolation. @, membranes from cells treated with galactose oxidase as
intact, reduced with NaB®H,, and then isolated; b, membranes from
cells treated with galactose oxidase as intact, the membranes were
isolated and then reduced; ¢. membranes were first isolated, then
treated with galactose oxidase and reduced. In all incubations the
same number of cells and identical amounts of galactose oxidase and
NaB®H, were used. For labeling details see Fig. 3.

spond in electrophoretic mobility to the sialic acid-containing
glycoproteins of erythrocytes.

It is evident that the glycoprotein pattern of human erythro-
cyte membrane is unexpectedly complex. At least 20 glyco-
proteins are reproducibly found on the outer surface and it is
reasonable to assume that there are additional glycoproteins
which either do not serve as substrate for galactose oxidase, or
co-migrate with other glycoproteins, or are represented hy too
few copies per cell to be visualized.

In contrast to the glycoproteins from erythrocytes of adults,
the fetal glycoproteins are labeled with a very low efficiency if
treated with galactose oxidase and NaB®H, only (29). If these
cells are pretreated with neuraminidase they are, however,
strongly labeled. This indicates that most of the fetal glyco-
proteins contain penultimate galactosyl or N-acetylgalac-
tosaminyl residues, which are linked to sialic acids in the
native state.

The effects of proteolytic enzymes on the surface proteins of

06-Aug-23 1:53:30 PM



Paper 5 49

Human Erythrocyte Glycoproteins

the red cell have been extensively studied (12, 19, 26, 44). It is
known that trypsin and pronase cleave the major sialoglyco-
protein (PAS1) and that pronase cleaves Band 3 as well in
addition to this. Chemical determinations show that approxi-
mately one-half of the nonlipid carbohydrate can be released
from the membranes by pronase or trypsin. The rest of the
protein-bound carbohydrate is firmly associated with the
membrane and is not removed by 2 M KCL.2 It is possible that
the polypeptide backbones of these proteins are located deeper
in the membrane than their constituent carbohydrate chains.
The carbohydrate may then protect the proteins from proteo-
lytic attack. No glycoproteins are more easily labeled after
protease treatment, which shows that their carbohydrate
always is exposed to galactose oxidase.

One major conclusion from recent erythrocyte membrane
research is the asymmetrical distribution of both proteins and
lipids (for recent reviews see Refs. 45 to 47). The sugar chains of
both glycoprotein and glycolipid have been suggested to be
located exclusively on the outer surface. Treatment of cells
with neuraminidase removes all the sialic acid (48), and
lectin -ferritin complexes bind only to the outer surface of
isolated ghosts (49). The galactose oxidase method has been
used to approach this problem before (29, 30), but the limited
resolution of the glycoproteins on cylindrical gels and the low
radioactivities did not permit clear-cut conclusions. The re-
sults reported here strongly confirm previous results. All of the
reside on the

outer

surface of the cells and no extensive reorganization of the mem-
brane seems to take place during isolation. The question then
arises whether all external proteins are glycoproteins. To my
knowledge all well characterized mammalian and viral surface
proteins are glycoproteins. Previous work and present data
dicate that no glycoproteins are located on the cytoplasmic
side of the lipid bilayer. How the absolute asymmetrical
distribution of the carbohydrate-containing proteins is ac-
complished during the biosynthesis of the membrane is not
completely understood. Recently, Component 3 was implicated
in anion transport (10, 11). It is also possible that many of
the minor glycoproteins also span the lipid bilayer and have
important functions. This problem is currently being in-
vestigated.

in-
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The human En(a-) blood group is a rare recessive trait. These erythrocytes lack the major membrane
sialoglycoprotein (PAS1, MN protein, or glycophorin) and contain a decreased amount of PAS2 as
demonstrated by radiolabeling of surface proteins and chemical techniques. A third glycoprotein, Band 3,
contains two labeled oligosaccharide chains; the more complex oligosaccharide has a higher molecular
weight in En(a—) cells than in normal cells. A fourth glycoprotein, PAS3, is present in usual amounts in
En(a-) cells. Cells heterozygous for En(a) are intermediate in these respects. The sialic acid is decreased
in En(a—) cells, but the total carbohydrate is similar in the different membranes. The glycolipids are
present in normal amounts but are much more exposed to galactose oxidase in En(a-) cells than in

normal cells.

The human erythrocyte contains four major giycoproteins
(4-8). These glycoproteins show an asymmetry in the mem-
brane and have their carbohydrate exposed only to the outside
(9-12). The sialoglycoprotein PAS1,' also called the MN
glycoprotein and glycophorin, contains 60% carbohydrate in-
cluding a large proportion of the sialic acid of the cell (4, 6, 13)
and penetrates the membrane (14-16). The complete primary
structure is known (17) but not the physiological function.
Band 3 is also a major component of the membrane. It is a
glycoprotein containing little or no sialic acid (18, 19). It also
penetrates the membrane (7, 8). PAS2 and PAS3 also contain
high levels of sialic acid, but these proteins have not been
studied extensively.

The study of naturally occurring human erythrocyte variants
should be useful in correlating membrane structure and
function. One such variant is the rare blood group En(a-) (20,

21) in which there is known to be a reduction in the amount of

total sialic acid (20). Therefore, homozygous and heterozygous

En(a-) cells have been studied in greater detail by surface
lahaling
-]

cal techniques.

*This work was supported by the Finnish Cancer Society, the
Finska Likaresillskapet, the Academy of Finland, and the Sigrid
Juselius Foundation. A preliminary report has been presented (1) and
51m|lar results were described by two other groups (2, 3).

1 To whom correspondence should be addressed at the Department
of Serology and Bacteriology, University of Helsinki, Haartmaninkatu
3, 00290 Helsinki 29, Finland.

1The abbreviations used are: PAS1, PAS2, and PAS3, the periodic
acid-Schiff stained glycoproteins of red cell membranes; NaCl/PO,,
phosphate buffered salme Band 3, Band 3 of the red cell membrane

________________ L s o
proteins according to the nomenclature of Fairbanks et al. (4).

MATERIAL!

@
£

Cells—All erythrocytes from adults were obtained from the Finnish
Red Cross Blood Transfusion Service, Helsinki. The (En(a—) cells were
blood group AB, the En(a) heterozygous cells, B, and the normal cells,
AB. The labeling experiments were done within 1 week after the blood
was collected. The corpuscular volumes of the cells used were
determined by routine methods and found to be 85 um?® for En(a-)
cells, 87 um® for En(a) heterozygous cells, and 85 um? for normal cells.

Enzymes—The galactose oxidase, 130 units/mg of protein (Kabi,
Stockholm, Sweden) and Vibrio cholerae neuraminidase (Behring-
werke, Marburg-Lahn, Germany) were free from proteolytic activity
(10). Lactoperoxidase (80 purpurogallin units/mg of solid) and pronase
(Streptomyces griseus protease, type V) were obtained from Sigma,
and glucose oxidase (140 units/mg of protein) from Worthington.

Isotopes—Tritiated sodium borohydride (8.2 Ci/mmol), '*’I, carrier
free, and [**CJformaldehyde (2.0 mCi/mmol) were obtained from the
Radiochemical Centre, Amersham, England and handled as described
(22).

Chemicals—The carbohydrate standards were: N-acetylneuraminic
acid and N-acetyl-p-galactosamine (Sigma), L-fucose and N-acetyl-p-
glucosamine (Fluka AG, Buchs, Switzerland), D-galactose, D-glucose,
Dp-mannose, and myo-inositol (Merck), p-[*‘Clglucose (3 mCi/mmol)
(Radiochemical Centre). Thyroglobulin complex glycopeptide M, =
4100) (23), was prepared by pronase digestion of bovine thyroglobulin
(Sigma) and radioactively labeled by the galactose oxidase/NaB*H,
method. Lactodifucohexaose prepared from human milk and O-
B-p-galactopyranosyl (1-3)0-8-p-galactopyranosyl (1-4)p-glucose was
obtained by the courtesy of Professor O. Renkonen, Department of
Biochemistry, University of Helsinki, and reduced with NaB®H,. All
other chemicals were reagent grade or better from commercial sources.

Isolation of Membranes—Erythrocyte membranes were prepared by
hypotonic lysis in 10% NaCl/PO, (pH 7.4) in water and washed until
white (10).

Labeling Procedures—The surface labeling by using galactose
oxidase has essentially been described previously (10, 12, 22). The cells

sere washed three times in NaCl/P0Q, and treated with 5 unite of

vere washeC three NaCl/P0Q, angd treateq with o its of
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galactose oxidase/0.5 ml of packed cells, and when neuraminidase
treatment was used with 12.5 units of neuraminidase simultaneously
with the galactose oxidase in 0.5 ml of Dulbecco’s phosphate-buffered
saline for 30 min at 37°C. The cells were washed three times in
NaCl/PO,, suspended in 0.5 ml of NaCl/PO, and reduced with NaB*H,
(0.5 mCi/0.5 ml of cells) for 30 min at room temperature. After washing
three times in NaCl/PO, the membranes were isolated,

For labeling with '**I by the lactoperoxidase method (24, 25), 0.5 ml
of packed cells were washed in NaCl/PO, and 1 ml of NaCl/PO, added
containing 100 pCi of '*I, 10 ug of p-glucose, 10 pg of glucose oxidase,
and 10 pg of lactoperoxidase. After incubation at room temperature for
10 min, the cells were washed three times in NaCl/PO, and the
membranes isolated. Labeling of cells by periodate/NaB*H
as follows. To 0.5 ml of packed cells was added 1 ml of NaC.
sodium metaperiodate to a final concentration of 2 mm (26). After
incubation at room temperature in the dark for 10 min, the excess
periodate was removed by washing three times in NaCl/PQ,, 0.5 ml of
NaCl/PO, added, and the cells reduced with 0.5 mCi of NaB’H. for 30
min at room temperature. The cells were washed
NaCl/PO, and the membranes isolated.

Polyacrylamide Gel Electrophoresis—Electrophoresis in the pres-
ence of sodium dodecyl sulfate was done according to Laemmli on 8%
acrylamide slab or cylindrical gels (27). After completion of the
electrophoresis, the gels were fixed in 20% sulfosalicylic acid overnight,
stained with Coomassie blue, and destained (28). For fluorography, the
gels were treated with dimethyl sulfoxide/2,5-diphenyloxazole as
described (29). Cylindrical gels were sliced with a 2-mm slicer and the
radioactivity determined in a Wallac liquid scintillation counter 81000
after solubilization in NCS (Amersham/Searle) (10). Marker proteins
were: thyroglobulin, transferrin, human albumin, ovalbumin, and
hemogiobin. They were radioactively labeled with {**C jformaidehyde
as described by Rice and Means (30). '**I was counted in a Wallac
gamma scintillation counter.

Carbohydrate Analysis—Sialic acid was determined by the thiobar-
bituric acid method (31) using N-acetylneuraminic acid as a standard.
The amino sugars were determined by the Elson-Morgan reaction (32),
after hydrolysis for 16 h in 2 N HCI at 100°. N-Acetyl-D-glucosamine
and N-acetyl-D-galactosamine were separated from each other using
the short column of a Beckman 120 C amino acid analyzer (33, 34).
Neutral sugars were determined by gas chromatography on a Perkin-
Elmer F11 gas chromatography as alditol acetates, with myo-inositol
as an internal standard (35).

Amino Acid and Protein Analysis—Amino acids were analyzed and
protein content determined as described previously with norleucine as
an internal standard on the amino acid analyzer (36). Protein was also
determined according to Lowry et al. (37).

Isolation of Sialoglycoproteins—The isolation of the sialoglyco-
proteins was done by the chloroform/methanol extraction procedure of
Hamaguchi and Cleve (38).

Isolation of Band 3—To isolated membranes was added a small
amount of '?°[-labeled membranes from the same type of cells. After
removal of peripheral proteins by extraction with hypotonic and
hypertonic media (18) the membranes were solubilized by boiling in
sodium dodecyl sulfate. The solubilized membranes were applied at
room temperature to an Ultrogel ACA34 column (100 x 3 cm)
containing 0.1% sodium dodecyl sulfate. Fractions of 4 ml were
collected and the radioactivity determined. Polyacrylamide slab gel
electrophoresis of the fractions was then done, and those enriched in
Band 3 as seen by staining were pooled and concentrated to 2 to 3 ml by
ultrafiltration. Sodium dodecyl sulfate (200 mg) and 100 ul of
2-mercaptoethanol were added to the concentrated sample (10 to 50 mg
of protein) and the preparation boiled for 3 min in water. After dialysis
for 12 h at room temperature against a 0.01 M sodium phosphate buffer
(pH 6.4) containing 0.1% sodium dodecyl sulfate and 1 mm dithio-
threitol, the sample was applied to a hydroxylapatite column (1.0 x 20

m). After washing with 100 ml of the same buffer, the proteins were
eluted with 250 ml of a linear gradient of 0.3 to 0.5 M sodium phosphate
buffer (pH 6.4) containing 0.1% sodium dodecyl sulfate and 1 mm
dithiothreitol. Thus, the hydroxylapatite column chromatography was
done essentially according to Moss and Rosenblum (39). The phos-
phate molarity of the collected fractions was determined from their
refraction indices. The fractions were counted in the ¥ counter and the
position of Band 3 determined by polyacrylamide slab geli electrophore-
sis. Fractions containing Band 3 were pooled, dialyzed against water,
lyophilized, and dissolved in a small volume of water.

Peptide Mapping—Fifty microliters of the Band 3 preparations

Carl_G_190x270_mm_blokki_FINAL.indd 51
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containing 25 ug of protein were iodinated with 100 u4Ci of ***T by the
chloramine-T method, and peptide maps done exactly as described by
Bray and Brownlee on Whatman 3MM paper by chromatography in
butanol-1/acetic acid/water (17/5/25 by volume) followed by electro-
phoresis at pH 3.5 (40).

Analysis of Glycopeptides from Band 3—Intact erythrocytes were

surface-labeled with the galactose oxidase method without using
neuraminidase. After isolation of membranes, samples were electro-
phoresed on cylindrical polyacrylamide gels, which were sliced. After
transfer to 5-ml plastic tubes, addition of 0.5 ml of 0.1% sodium
dodecyl sulfate, the slices were incubated for 16 h at 37° with
continuous shaking. Then 25-ul aliquots were counted for radioactivity

d (41 The fractions containing
1IUiG (41). ine fractions containing

Band 3 were combined and either digested with pronase or treated with
hydrazine. Pronase digestion was done by adding 0.55 ml NaCl/PO,
containing 2.5 mg of pronase, which had been autodigested for 1 h at
37° to destroy contaminating glycosidases, and incubated for 24 h at
60°. The samples were then lyophilized Hydrazinolysis was done as
LUIIO'W"S nlb!}l auuluuu Ul U O uu Ul auu_yuruu: uyurduue unucr nurugl:n
to the lyophilized samples and incubation at 100° for 30 h, 0.5 ml of
toluene was added. The samples were then dried under nitrogen, 0.5 ml
of toluene was added again, and the drying repeated. N-Acetylation
was performed according to Carlson et al. (42) by adding 0.1 ml of satu-
rated NaHCO; and 10 gl of acetic anhydride. The samples were left at
room temperature for 10 min and lyophilized. For Bio-Get P-10 column
chromatography the samples were dissolved in 0.3 ml of 0.15 M Tris
buffer (pH 7.8) containing 0.1% sodium dodecyl sulfate. Bio-Gel P-10
column (1.0 x 100 cm) was prepared in the same buffer. The samples
were centrifuged at 2000 rpm for 5 min and applied to the column.
After the sample had entered the gel, 0.2 ml of 1% blue dextran was
immediately added. Fifty-drop fractions were coilected and 0.25 mi
counted in the dioxane-based scintillation fluid. The position of the
blue dextran was determined in each run by the extinction at 280 nm.
The apparent molecular weights of the glycopeptides were determined
on a semilogarithmic scale. Rr = peak of oligosaccharide (glycopep-
tide)/peak of blue dextran.

Analysis of Glycolipids—Lipids were extracted with chloroform/
methanol as previously described, and the glycolipids purified by
column and thin layer chromatography (10). The phospholipid phos-
phorus was determined according to Bartlett (43). After staining with
iodine the glycolipids were eluted with chloroform/methanol/water
(1/10/10 by volume). Aliquots were counted for radioactivity and the
rest used for chemical quantitation. The quantities of glycolipids are
given as galactose after analysis of the alditol acetate derivatives.

in a dioxane-based scintillation €

.Ena-

~

GPM!IU'a/ pg protein

120 min

Fi1c. 1. Incorporation of *H from NaB®H, after oxidation with
galactose oxidase into membranes from normal, En(a) heterozygous
and En(a—) cells. Packed cells (1 ml) were oxidized with 10 units of
galactose oxidase for indicated times in 1 ml of Dulbecco’s NaCl/PO,
at 37°. After incubation, the cells were washed in NaCl/PO, two times
and reduced with 0.5 mCi of NaB®H, in 1 ml of NaCl/PO, for 30 min at
room temperature. After washing the cells three times, the membranes
were isolated and the specific radioactivities determined. N = normal
cells, H = En(a) heterozygous cells, and Ena— = En(a-) cells.

m
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RESULTS

Surface Labeling of Cells—Normal erythrocytes take up
little tritium if not pretreated with galactose oxidase. After
treatment with galactose oxidase, En(a—-) cells take up almost
twice as much as normal cells. En(a) heterozygous cells take up
somewhat less label than En{a—) cells. After about 2 h,
plateau is reached (Fig. 1). After neuraminidase treatment,
which exposes new galactosyl/N-acetylgalactosaminyl resi-
dues, normal cells are heavily labeled in sialoglycoproteins
PASI to 3, but (En(a—) cells do not contain a PAS1 band and
PAS2 is diminished. In contrast, Band 3 is more heavily
labeled in En(a—) cells and has a slightly larger apparent
molecular weight. There is no difference between the two cell
types in the PAS3 band. The results obtained with En(a)
heterozygous cells are between those obtained with normal and
En(a-) cells (Fig. 2).

A

a

6111

Similar but not identical results are obtained with the
lactoperoxidase labeling method. In En(a—) cells PAS1 and
PAS2 are unlabeled compared to the strong labeling in normal
cells. Band 3 labels equally well in both types of cell but has a
slightly slower mobility in En(a—) cells. Again, En(a) hetero-
zygous cells are intermediate (Fig. 3). After sialoglycoproteins
from cells labeled by the lactoperoxidase method were ex-

tracted with chloroform/methanol, PAS1 to 3 could be re-

covered from normal and En(a) heterozygous cells, whereas

very little label is obtained from En(a~—) membranes (Fig. 4).
After periodate and NaB®H, treatment, which labels sialic
acid, PAS1 is strongly labeled in normal cells and unlabeled in
En(a-) cells; En(a) heterozygous cells label intermediately
(Fig. 5). The label in PAS3 is similar in all membranes.
The total amount of carbohydrate is almost the same in all
types of cells with about a 10% decrease in En(a-) cells (Table

B

% PAS3
. PAS2|
i

< PAS3 -

i z
52 PAS1 s
PAS2
! 1

A
0 60
FRACTION NUMBER
3 pas3 | L
z &
b 2

KM

20 40
FRACTION NUMBER

L

FRACTION NUMBER

D

Jn

20 40
FRACTION NUMBER

Fi6. 5. Sodium dodecyl sulfate-polyacrylamide gels of periodate/NaB®H,-labeled membranes. A, normal cells; B, En(a) heterozygous cells; C,
En(a-) cells; D, normal cells reduced with NaB®H, without pretreatment with periodate.
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1). However, the amount of sialic acid is markedly reduced,
only 45% of normal. En(a) heterozygous cells contain 80% of
the normal amount. Also, the amount of neutral sugar is
somewhat decreased, whereas the amount of amino sugar is
increased, especially that of N-acetyl-p-galactosamine which is
increased by 85 and 70%, respectively. The amount of N-ace-
tyl-p-glucosamine is increased by about 10%.

Properties of Band 3—On sodium dodecyl sulfate polyacryl-
amide gels tained with Coomassie blue, Band 3 has a slightly
lower mobility in En(a—) cells. The apparent molecular
weight, determined from the middle of the band, is 105,000
from normal, 110,000 from En(a) heterozygous, and 115,000
from En(a-) cells (Fig. 6). No bands not present in normal
cells are seen in En(a—) cells in these gels or in gels with 12%
acrylamide concentration (not shown). Also, when surface
labeled with galactose oxidase without neuraminidase treat-
ment, the labeled glycoprotein has a larger apparent molecular
weight than in normal cells (Fig. 2). On Ultrogel ACA 34
columns, the elution patterns of sodium dodecyl sulfate-

‘TapLE |
Tatal carbohydrate in ervthrocyte membranes

Membrane Glycoproteins of En(a—) Erythrocytes

solubilized membranes, labeled by the lactoperoxidase method,
were similar for all cell types.

Fig. 7 shows the elution pattern from normal cells. After
hydroxylapatite chromatography, Band 3 is obtained almost
pure in Peak 3 (Fig. 8). On polyacrylamide gel electrophoresis,
some faint bands with slow mobility were seen (Fig. 9). Peak 2
contains Band 4 (nomenclature of Fairbanks et al. (4)). Band 3

A B C

Cells
Enia)
Normal hetero- En(a-) i
zygous 5 P il -
nmol/ug i
lipid
phosphorus® B
g
Sialic acid 35 28 16 7
N-acetyl-p-glucosa- 43 49 47
m,mey ¥ SO - S—
N-acetyl-p-galactosa- 14 24 26 “ e I " ﬁ
mine C
Suoose 3 2 - Fic. 6. Coomassie blue stained sodium dodecyl sulfate-polyacryla-
Mannose 4 2 2 mide slab gel of proteins from erythrocyte membranes. Membranes
Galactose 29 23 24 were isolated from identical amounts of packed cells, solubilized with
Glucose 7 4 4 sodium dodecyl sulfate and 2-mercaptoethanol, and electrophoresed.
Total 135 132 121 The major bands were numbered according to Fairbanks et al. (4). A,
membranes from En(a—) cells; B, membranes from En(a) heterozy-
2 Average of three determinations. gous cells; C, membranes from normal cells.
3
06
=
]
z? o &
5 | 5
| g z
H
=
1 \ 022

20 0 &0 10
FRACTION NUMBER

0 25 50 75 100 125
FRACTION NUMBER

Fic. 7. (left). Gel filtration on Ultrogel ACA 34 of '**[-labeled
membranes from normal cells. '**I-labeled membranes were extracted
with hypotonic and hypertonic media as described under “Materials
and Methods,” solubilized in sodium dodecyl sulfate and 2-mercapto-
ethanol, and applied to the column in the presence of sodium dodecyl
sulfate. Fractions (4 ml) were collected and the radioactivities deter-
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mined. The void volume was at Fractions 18 to 20 and the total volume
at Fractions 61 to 65.

Fic. 8. (right). Sodium dodecyl sulfate-hydroxylapatite column chro-
matography of fractions 24 to 28 from Fig. 7. Proteins were eluted with
a phosphate gradient. ---, phosphate molarity, O——0O, = radioactiv-
ity per tube.
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isolated from En(a-) cells contains at least twice as much
carbohydrate as Band 3 from normal cells. The increase in
hexose concentration is the greatest and the increase in amino
sugars the smallest (Table II).

Glycopeptides obtained by pronase digestion of Band 3
isolated from En{a-) cells appear to have a slightly higher
molecular weight (17,000) than the more heterogenous glyco-
peptides from normal cells (mean molecular weight = 9,500).
The glycopeptides from En(a) heterozygous cells were interme-
diate both with respect to heterogeneity and molecular weight
(15,000} (Fig. 10). Oligosaccharides prepared by hydrazinolysis
are different. From all cells, two different oligosaccharide
peaks were obtained with an apparent molecular weight of 540
for the smaller component. The larger component was largest
in En(a—) cells (11,000), intermediate in En(a) heterozygous
cells (8,500), and smallest in normal cells (7,500) (Fig. 11). The
molecular weights of the large glycopeptides must be regarded

A B C

Fic. 9. Coomassie blue-stained slab gel of purified Band 3. A,
normal cells; B, En(a) heterozygous cells; C, En(a-) cells.

TaBLE II
Carbohydrate composition of Band 3
Cells
Enia)
Normal hetera- En(a-)
ZYEOUsS
nmol/mg
protein®
Sialic acid 0 0 0
N-acetyl-p-glucosa- 108 66 96
mine
N-acetyl-D-galactosa- 34 31 54
mine
Fucose 15 21 25
Mannose 46 100 125
Galactose 52 183 298
Glucose” 135 244 334

@ Average of two determinations.
* Not reproducible.
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as averages of heterogenous material. The two-dimensional
peptide maps of purified Band 3 from normal and En(a-) and
En(a) heterozygous cells seem to be similar (not shown).

Glycolipids—No significant differences in the amounts of
neutral glycolipids exist in the different membranes (Table IIT)
and they all look identical in thin layer chromatography. After
galactose oxidase treatment, the En(a—) cells take up 4 to 5
times more label into glycolipids from NaB®H, than normal
cells. The uptake by heterozygous cells is even somewhat
higher (Table IV).

DISCUSSION

On sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis of En(a-) erythrocyte membranes labeled either by the
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FiG. 10. Bio-Gel P-10 elution patterns of *H-labeled glycopeptides

from Band 3 obtained by pronase digestion. A, normal cells; B, En(a)
heterozygous cells; C, En(a-) cells.
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oligosaccharides obtained by hydrazinolysis {(hyd).

TasLE IIT
Quantity of glycolipids in erythrocyte membranes
Cells
En(a)
Normal hetero- En(a )
zygous
ug galactose/ug
lipid
phosphorus®
Ceramide tetrasaccharide 0.26 0.22 0.20
Ceramide trisaccharide 0.04 0.03 0.04
Ceramide disaccharide *0.05 0.05 0.06
@ Average of three determinations.
TaBLE IV
Specific radioactivities in glycolipids
Cells
En(a-)
Normal hetero- En(a-)
Zygous
cpm/ug
galactose
Ceramide tetrasaccharide 16,400 83,900 93,200
Ceramide trisaccharide 17,900 99,800 92,200
Ceramide disaccharide 20,600 92,200 59,300

galactose oxidase or the lactoperoxidase method, no label is
found in the major sialoglycoprotein PAS1. This means that no
terminal galéctosyl or N-acetylgalactosaminyl residues or tyro-
sine residues of PAS1 are exposed to the enzymes. When cells
are treated with sodium periodate and NaB®H, PASI is
strongly labeled in normal cells but no label is obtained in
PAS1 from En(a-) cells. Therefore, no PAS1 molecule con-
taining sialic acid is present in En(a-) cells. En(a) heterozy-
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gous cells contain a decreased label in PAS1. No additional
band is seen after staining with Coomassie blue. These results
together strongly indicate but do not prove that the whole
PAS1 molecule is absent from En(a—) cells.

In normal cells, PAS2 evidently consists of two different
sialoglycoproteins (12, 44, 45). One is the monomer of PAS1
and the other is a genuine PAS2. The label by NaB®H, after
neuraminidase and galactose oxidase treatment is markedly
reduced in En(a—) cells, which probably is due to the absence
of the monomer form of PAS1. After labeling with lactoperoxi-
dase no label is found in PAS2 of En(a-) cells. This suggests
that the tyrosine residues of PAS2 are more deeply embedded
in the membrane in these cells than in normal cells.

After treatment with neuraminidase and galactose oxidase
PAS3 is easily labeled in all cells. However, this protein is
poorly labeled by the lactoperoxidase technique in both
En(a-) and En(a) heterozygoys cells. This must be due to a
changed organization of PAS3 in the membrane of these cells.

The sialic acid content of En(a—) cells is strongly reduced.
This is understandable by the absence of PAS1 and a reduced
level of PAS2. However, the total carbohydrate of all cells is
very similar. Therefore, other glycoproteins must contain more
carbohydrate and this has been shown to be the case for Band
3. Band 3 of En(a-) cells contains twice the normal amount of
carbohydrate. It shows a slightly slower mobility on sodium
dodecyl sulfate gels and is enriched in galactose and mannose.
It contains at least two different oligosaccharides, one of which
is small and similar in all cells. The complex oligosaccharide
appears to have a slightly higher molecular weight and is more
homogenous in En(a—) cells than in the other cells. To our
knowledge, glycopeptides with such high molecular weights
have not been described previously. The molecular weight
obtained after hydrazinolysis that is lower than after pronase
digestion is probably due to some peptide portion that is
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atant to nronase dicoastion J .
resistant to pronase digestion. No cleavages ¢

P
the oligosaccharide chains by hydrazine, but the complete
polypeptide portion is cleaved (46). Hydrazinolysis of oval-
bumin, transferrin, and Semliki Forest virus membrane glyco-
peptides yield only the expected types of oligosaaccharides.”

From the chemical composition of Band 3, it can be
calculated that there is only one copy of the complex oligosac-
charide per Band 3 molecule. No difference in the composition
of the glycolipids was found in the different membranes. The
glycolipid label in En(a-) and En(a) heterozygous cells is,
however, appreciably higher than in normal cells. The most
obvious explanation is that normally the major sialoglyco-
protein partially inhibits the labeling of glycolipids. However,
it cannot be due simply to steric hindrance of the external
portion of the molecule because protease treatment of normal
cells, which removes part of the sialoglycoproteins (6, 13), does
not change the label in glycolipids to the extent found in
En(a-) cells (10, 11). However, the more internal part of PAS1
could somehow be associated with glycolipids. Glycolipids
have been claimed to be associated with certain proteins in the
erythrocyte membrane (47). It is also known that glycolipids
can diffuse in the plane of the membrane (48, 49) and this
diffusion may be more extensive in the cells with lower levels or
absence of the major sialoglycoprotein.

A hypothetical model of the glycoproteins and glycolipids in
normal and En(a—) membranes is shown in Fig. 12. In normal
cells, the carbohydrate of PASI to 3 and Band 3 is exposed on
the surface, as are tyrosine residues which can be iodinated by
lactoperoxidase. The glycolipids are only partially available to
the galactose oxidase molecule. Band 3 must penetrate the
membrane at least twice (12, 50) because pronase digestion of
intact cells removes only the smaller labeled oligosaccharide of
Band 3, but the complex remains in the membrane and the
64,000 molecular weight fragment obtained by pronase diges-
tion does not contain labeled carbohydrate (12 and footnote 3.
In En(a—) cells the primary change may be the absence of
PAS1. This then results in overglycosylation of the Band 3
complex oligosaccharide, because the sugar transferases have a
limited capacity and normally the glycosylation of Band 3 is
not complete because of the competing PASI substrate. The
absence of PAS1 makes the glycolipids more exposed. Tyrosine

NORMAL CELLS Ena- CELLS

PAS |
PAS 2 PAS2

|

Fic. 12. A hypothetical model of the organization of glycoproteins
and glycolipids in normal and En(a-) erythrocyte membranes. Tyr =
tyrosine residue, Pro = cleavage point by pronase.

2. Renkonen, unpublished results.
* Unpublished results.
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hindrance by the Band 3 complex glycopeptide.
It is remarkable that neither the absence of PASI or the
increased glycosylation of Band 3 result in any clinical symp-

P /nn a1y
toms (20, 21j.
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Low concentrations of sodium metaperiodate induce spe-
cific oxidative cleavage of sialic acids between carbon 7 and
carbon 8 or carbon 8 and carbon 9. The aldehydes formed
can easily be reduced with NaB*H, to tritiated 5-acetamido-
3,5-dideoxy-L-arabino-2-heptulosonic acid or 5-acetamido-
3,5-dideoxy-L-arabino-2-octulosonic acid. At 0°, the perio-
date anion penetrates the cell plasma membrane very slowly
and only externally exposed sialic acids are oxidized. This
was shown by (a) limited labeling of the sialoglycoproteins
in a preparation of inside-out erythrocyte vesicles; (b) trap-
ping C-labeled fetuin within resealed erythrocyte ghosts;
fetuin was then poorly labeled, whereas the erythrocyte
sialoglycoproteins were highly labeled; (¢) comparison of
labeled glycoproteins of mouse lymphoid cells before and
after treatment with neuraminidase. This simple method of
specifically introducing a radioactive label into cell surface
sialic acids is useful in the study of cell surface sialic acid-
containing glycoproteins.

Numerous methods are available to specifically label cell
surface proteins and lipids, and much of our knowledge about
the molecular organization of the cell surface is based on the
use of such methods (1-5). However, very few techniques have
been developed to label cell surface carbohydrates, although
developments in this field would be of great practical impor-

tance (see Refs. 6 and 7 for recent reviews). The galactose
oxidase-NaB*H, method (8. 9) for labeling cell surface galacto-

oxiaase-Nab“r; method (8, 9) for labellng cell suriace galacto

syl-N-acetylgalactosaminyl residues has proved very useful
and combined with fluorography of electrophoretically sepa-
rated erythrocyte surface proteins, has permitted detection of
numerous minor surface glycoproteins (10).

Incubation of living cells with cytidine monophosphate-N-
acetyl| “Clneuraminic acid has been used to label cell surface
sialic acid-containing glycoconjugates (11). This method, how-
ever, has some major drawbacks: (a) the radioactive sugar
nucleotide is expensive and the specific radioactivities of the
labeled products are low; (b) the need for sialyltransferases
and the availability of suitable acceptors; and (c) it is possible
that cytidine monophosphate-N-acetylneuraminic acid is hy-
drolyzed and the free acid penetrates into the cell where it
could be used for the formation of cytidine monophosphate-N-

* This study was supported by the Academy of Finland, the Fin-
nish Cancer Society, the Sigrid Jusélius Foundation, and the Finska
ldkareséllskapet.

acetylneuraminic acid, which in turn could cause intracellular
labeling.

Mild periodate treatment of glycoproteins results in selec-
tive modification of sialic acids. After reduction with tritiated
sodium borohydride, tritium-labeled 5-acetamido-3,5-dideoxy-
L-arabino-2-heptulosonic acid is the major product formed (12-
14). AcNeu’! is sensitive to cleavage by neuraminidase (13)
and is easily released by mild acid treatment (9). Glycopro-
teins labeled by this technique have often been used to study
their turnover in plasma (12).

This method has been used for labeling of membrane glyco-
proteins. Liao ef al. (15) obtained specific labeling of human
erythrocyte sialoglycoproteins and carefully characterized the
labeled products. The periodate-tritiated borohydride tech-
nique has also been applied to the labeling of sialoglycopro-
teins of erythrocyte variants (16), and very recently, high
resolution of erythrocyte sialoglycoproteins was seen after
labeling with this method (17). Sialoglycoproteins of various
other cells have also been studied (18, 19).

With the exception of the erythrocyte, where all the sialic
acid is external, the method has not been considered to be
specific for the cell surface and no careful attempts have been
made to evaluate its potential use in this respect. We now
report that by performing the oxidation at 0°, using short
incubation times and low concentrations of periodate, the label
is specific for external sialic acid-containing glycoproteins.

MATERIALS AND METHODS
Preparation of Cells

Erythrocytes — Fresh or recently outdated blood was used as source
of human erythrocytes. The cells were washed by centrifugation four
times in 0.15 M NaCl, 0.01 M sodium phosphate, pH 7.4 (NaCl/PO,).

Lymphoid Cells —Mouse thymuses and spleens (CBA/HT6T6
mice) were teased apart in cold RPMI 1640 culture medium. Clumps
were removed by filtration through cotton wool. Erythrocytes were
lysed with an 0.83% aqueous solution of NH,CI and phagocytic cells
were removed after incubation with carbonyl iron by treatment with
a magnet (20). The spleen cell preparation contained more than 80%
lymphocytes, as judged morphologically from May-Gruenwald-
Giemsa-stained smears. The cells will be referred to in the text as
thymocytes and lymphocytes.

Fractionation of T and B Lymphocytes

Spleen lymphocytes were fractionated into T and B cells by free
flow cell electrophoresis as described previously (21). After fractiona-

' The abbreviations used are: AcNeu’, 5-acetamido-3,5-dideoxy-L-
arabino-2-heptulosonic acid; PAS 1 to 3, the periodic acid-Schiff-
positive glycoproteins of human erythrocyte membranes.
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tion more than 90% of the cells were viable as judged by trypan blue
exclusion tests. The T cell fraction contained less than 5% of surface
immunoglobulin-carrying cells (B cells) and the B cell fraction less
than 2% of 6-antigen-carrying (T) cells (20).

Membrane Preparations

Teolation of ervthrocvie membranes has heen degeribed nravigusly
iselation of erythrocyle mempranes has deen gescribed previsusly

(8). Resealing of erythrocyte ghosts containing fetuin was done as
follows. Isolated, packed ghosts were incubated with an equal vol-
ume of 0.3 M NaCl, 0.002 m MgCl,, 0.02 m sodium phosphate, pH 7.4,
containing 2 mg/ml of [**Clfetuin (specific activity 45,450 cpm/mg of
protein). After incubation at 37° for 40 min, the membranes were
washed three times in NaCl/PO,, 1 mm MgCl, buffer (22). Further
washings did not reduce the specific radioactivity of the ['*Clfetuin-
containing resealed ghosts.

Inside-out erythrocyte vesicles were prepared according to Steck
and Kant (22). The vesicles were fractionated on a Dextran T 110
continuous gradient density 1.01 to 1.05 g/cc, made in 0.5 mm
sodium phospuuue, pH 8.0, with a Spinco SW 27 rotor at 26,000 rpm
for 16 h in a Beckman L4 ultracentrifuge. The resealed inside-out
vesicles were collected from the top of the gradient. The degree of
contamination by right-side-out vesicles and unsealed ghosts was
assayed by incubation with Vibrio cholerae neuraminidase in Dul-
becco’s NaCl/PO, containing Ca*?" ions either in the presence or
absence of 1% Triton X-100 (22).

Chemicals

Sodium metaperiodate was from Merck AG, Darmstadt, Ger-
many. Acrylamide and N,N'-methylenebisacrylamide were obtained
from Eastman Kodak Co., Rochester, N. Y. 2,5-Diphenyloxazole
(PPO) and p-bis|2-(5-phenyloxazolyl)]benzene (POPOP) were ob-
tained from New England Nuclear, Boston, Mass. Phenylmethylsul-
fonyl fluoride and crystalline N-acetylneuraminic acid were from
Sigma. Triton X-100 was purchased from British Drug Houses
Chemicals Ltd., Poole, England. Bovine fetuin (99% pure) was ob-
tained from Grand Island Biologicals. Tritiated sodium borohydride
(8.2 Ci/mmol) and | "*Clformaldehyde (4.54 mCi/mmol) were obtained
from the Radiochemical Centre Ltd., Amersham, England. The
NaB®H, preparation was handled as described previously (18).

Enzymes

Galactose oxidase with a specific activity of 130 units/mg of pro-
tein was purchased from Kabi AB, Stockholm, Sweden. It displayed
no protease or neuraminidase activities when measured as described
previously (8). Vibrio cholerne neuraminidase (500 units/ml) was
from Behringwerke AG, Marburg-Lahn, Germany. It was free of
protease activity.

Labeling of Proteins with [ *C]formaldehyde

This was done essentially according to Rice and Means (23). The 5
mg of fetuin or the standard proteins used for electrophoresis were
dissolved in 0.05 ml of 0.5% NaHCO, Then 3 ul (6 uCi) of
[1*C)formaldehyde was added. After 3 min at room temperature, the
proteins were reduced three times with 5 ul of NaBH, (5 mg/ml) at 1-
min intervals to stabilize the Schiff bases formed, 1 mi NaCl/PO, was
added and the samples were dialyzed at 4° for 48 h against distilled
water.

Polyacrylamide Gel Electrophoresis

ala

Polyacrylamide gel electrophoresis in the presence of sodium do-
decyl sulfate was performed according to Laemmli (24) as described
previously (10, 16, 18) using either cylindrical or slab gels. The
acrylamide concentration in the separating gels was 8%. The treat-
ment of the slab gels for fluorography (25) and slicing and counting of
the cylindrical gels has been described (10, 16).

Chemical Determinations

Protein was measured according to Lowry et al. (26) with bovine
serum albumin as standard. Sialic acid was quantitated by the
thiobarbituric acid method (27) with crystalline N-acetylneuraminic
acid as standard. For determination of total sialic acid, hydrolysis
was performed in 0.1 M H,SO, at 80° for 1 h.

Labeling of Cells or Membranes with Periodate-tritiated Sodium
Borohydride
Washed, packed erythrocytes (1 ml) or unsealed ghosts or mem-
brane vesicles derived from 1 ml of cells were incubated in NaCl/PO,
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in a total volume of 2 ml either at 22° or on ice with indicated
concentrations of sodium metaperiodate for different times. After
incubation, 0.2 ml of 0.1 M glycerol in NaCl/PO, was added, the
samples washed twice with NaCl/PO, by centrifugation, and reduced
with 0.5 mCi of tritiated sodium borohydride per tube for 30 min at
room temperature in a total volume of 2 m! of NaCl/PO,. The cells or
membranes were washed three times by centrifugation and mem-
branes were isolated from the cells. Resealed, labeled ghosts con-
taining fetuin were washed in NaCl/PO,, 1 mm MgCl; three times,
lysed in 5 mm sodium phosphate buffer, pH 8.0, and centrifuged. The
supernatants were concentrated, and these and the membranes were
counted for radioactivity in Bray’s solution (28) in a Wallac-LKB
81000 liquid scintillation counter.

For labeling of mouse lymphoid cells 180 x 10° thymocytes and 90
x 10° T or B lymphocytes were divided into three equal aliquots. One
tube of each cell type was used for labeling with the galactose
oxidase method. To another tube was added 12.5 units of neuramini-
dase and the tubes incubated in 1 ml of Dulbecco’s NaCl/PO, contain-
ing Ca®* jons for 30 min at 37°. Another set of tubes was incubated in
the same way but without neuraminidase. The cells were washed
twice by centrifugation in NaCl/PO, and suspended in 1 ml of NaCl/
PO,. The cells were then treated with periodate at a final concentra-
tion of 1 mM™ on ice for 5 min, 0.2 ml of 0.1 M glycerol in NaCl/PO, was
added to quench the reaction, and the cells were washed three times
in NaCl/PO,. After they were suspended in 0.5 ml of NaCl/PO,, the
cells were reduced with 0.5 mCi of tritiated sodium borohydride per
tube for 30 min at room temperature and washed three times in
NaCl/PO,. At this stage, more than 90% of the cells were viable as
shown by exclusion of trypan blue, Then 0.2 ml of NaCl/PQ, contain-
ing 1% Triton X-100 and 2 mM phenylmethanesulfonyl fluoride (as
protease inhibitor) was added on ice. After 15 min, the samples were
centrifuged for 10 min at 4000 rpm at 4° to remove nuclei and the
supernatants taken for counting and electrophoresis (8, 16).

Cell Surface Labeling by Galactose Oxidase Method

This was done as described previously (8, 16). Cells or membranes
were incubated in 2 ml of Dulbecco’s NaCl/PQ, with 12.5 units of
neuraminidase and 5 units of galactose oxidase for 30 min at 37°,
washed, and reduced with tritiated sodium borohydride as for the
periodate-oxidized samples.

Identification of Tritiated 5-Acetamido-3,5-dideoxy-L-arabino-2-

heptulosonic Acid

Erythrocyte membranes, labeled by periodate-NaB*H,, were
treated with 0.1 m H,SO, at 80° for 1 h. The samples were neutralized
with NaOH, centrifuged at 4000 rpm for 10 min, and the superna-
tants passed through Sephadex G-50 columns (1 x 20 ¢cm) made with
distilled water. Aliquots were counted for radioactivity and the
radioactive fractions pooled and lyophilized. N-Acetylneuraminic
acid standard, tritiated AcNeu’ prepared according to Liao et al. (15),
and the radioactive compounds from the erythrocyte samples were
chromatographed on Whatman No. 3MM paper with 1-butanol:1-
propanol:0.1 N HC)/water, 1:2:1 by volume (15). The N-acetylneura-
minic acid standard was visualized after staining with alkaline
silver nitrate (29). The paper strips containing the radioactive sam-
ples were cut into 1-cm pieces, placed into scintillation vials, incu-
bated with 1 ml of water for 60 min, and the radioactivities deter-
mined using Bray’s solution.

RESULTS

Labeling of Erythrocyte Membranes with NaB*H , after Per-
iodate Treatment — Labeling with NaB®H, is dependent on the
concentration of periodate (Fig. 1A). With 1 ml of packed cells,
the maximal incorporation of radioactivity is obtained with 1
to 2 mm periodate which gives a 6 to 12 M ratio of periodate to
sialic acids. The oxidation is rapid. There is already an appre-
ciable oxidation after 30 s which is essentially complete after
10 min (Fig. 1B).

Table I shows that with low concentrations of periodate most
of the radioactivity was released by 0.1 m H,SO, at 80° for 60
min. Somewhat more radioactivity was released from mem-
branes treated with periodate at 0°. All the released label co-
migrated with standard AcNeu” on paper chromatography and
with an R value of 1.34 to 1.00 for N-acetylneuraminic acid.
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In Fig. 2 are shown the fluorography patterns of slab gels of
membrane proteins from periodate-oxidized and NaB*H,-re-
duced erythrocytes. The major bands correspond to the sialo-
glycoproteins PAS 1 to 3. Without periodate treatment, no
radioactive band is obtained (Fig. 2b). High concentrations of
periodate gave weaker bands (Fig. 2, h and {). Short incuba-
tion times gave weaker bands, but the differences are not very
remarkable (Fig. 2, j to o).

o
&
P/ g pratein - 103
oo

oM /ny potein 1103

10 20 mM 10 20min
PERIDDATE CONCENTRATION

Fic. 1. A, incorporation of tritium from tritiated sodium berohy-
dride into membranes of erythrocytes treated with various concen-
trations of periodate. The 1 ml of packed cells was incubated for 10
min at 0° with the concentrations of periodate indicated in a total
volume of 2 ml. Then 0.2 ml of 0.1 M glycerol was added and the cells
were washed and reduced with NaB*H, (0.5 mCi/tube) for 30 min at
22°, The membranes were isolated and the specific radioactivities
determined. B, incorporation of tritium from tritiated sodium boro-
hydride into membranes of erythrocytes treated with periodate for
different times. The 1 ml of packed cells was incubated at 0° for
indicated times with 2 mm sodium metaperiodate in a total volume of
2 ml and 0.2 ml of 0.1 M glycerol was added. The cells were then
washed and reduced with NaB®H, (0.5 mCi/tube) for 30 min at 22°C.
The membranes were then isolated and the specific radioactivities
determined.

FiG. 2 (left). Fluorography patterns of periodate-NaB*H,-labeled
erythrocyte membrane glycoproteins separated by slab gel electro-
phoresis in the presence of sodium dodecyl sulfate. a, '*C-labeled
standard protein: TH, thyroglobulin; TR, transferrin; HA, human
albumin; OV, ovalbumin; HB, hemoglobin. b, pattern of membrane
proteins of a 10- ul aliquot of membranes isolated from 1 ml of packed
cells, which had been reduced with NaB*H, without periodate treat-
ment; ¢ to i, patterns of labeled glycoproteins of 10-ul aliquots of
membranes isolated from 1 ml of packed cells, which had been
treated with different concentrations of periodate for 10 min at 0° and
then reduced with NaB’H,; ¢, 0.1 mM periodate; d, 0.5 mm periodate;
e, 1 mm periodate; f, 2 mm periodate; g, 5 mm periodate; &, 10 mm
periodate; i, 20 mmM periodate; j to o, patterns of labeled glycoproteins
of 10-ul aliquots of membranes isolated from 1 ml of packed cells,
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Comparison of Erythrocyte Glycoproteins Labeled by Galac-
tose Oxidase and Periodate Techniques —Fig. 3 shows a so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis slab
gel pattern of glycoproteins labeled after galactose oxidase and
periodate treatments. By the galactose oxidase technique com-
bined with neuraminidase treatment, in addition to the sialo-
glycoproteins, Band 3 and the minor glycoproteins are labeled,
and these are not as well labeled after periodate oxidation. A
further difference is the slower mability of PAS 2 after neura-
minidase plus galactose oxidase treatment than after perio-
date treatment (Fig. 3, a and b).

Labeling of Fetuin by Periodate-NaB*H, within Resealed
Erythrocyte Membranes—Penetration of periodate through
erythrocyte membranes was studied by incorporating the
sialic acid-rich glycoprotein fetuin within resealed ghosts.
Quantitation of trapped fetuin was possible by using "C-
labeled fetuin. Table II shows the incorporation into mem-

TasLe 1
Label released by weak acid from periodate-NaB*H -labeled
erythrocyte membranes
One milliliter of packed cells was labeled as intact, and the
membranes were isolated and treated with 0.1 m H,SO, at 80° for 60
min.

Periodate concentration Labeled at 22° Labeled at 0°

mM - . % released

0.1 54.5 61.8

0.5 68.2 61.0

1 67.5 68.5

2 65.2 68.5

5 51.1 70.5
10 43.0 68.5
20 41.1 59.4

PAS 1

. PAS 2 .
PAS3 ™ =
' PAS 3

which had been treated with 2 mm periodate at 0° for different times.
J,30s; £, 1 min; [, 2 min; m, 5 min; n, 10 min; o, 20 min.

Fic. 3 (right). Fluorography patterns of erythrocyte glycopro-
teins labeled by the neuraminidase-galactose oxidase and periodate
techniques, and separated by slab gel electrophoresis in the presence
of sodium dodecyl sulfate. a, labeled glycoproteins of membranes
isolated from 1 ml of packed cells treated with neuraminidase and
galactose oxidase and reduced with NaB"H,; b, labeled glycoproteins
of membranes isolated from 1 ml of packed cells treated with 2 mm
periodate at 0° for 10 min; ¢, control of membranes isolated from 1 ml
of packed cells, which had not been treated with enzymes or perio-
date but reduced with NaB*H,. In each case, 10 ul of packed mem-
branes were electrophoresed.
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C

D

F1c. 4. Sodium dodecyl sulfate-gel
electrophoresis patterns of |'*Clfetuin
labeled by periodate-NaB*H, within re-
sealed erythracyte ghosts. A, no perio-

date treatment at 22°; B, 0.2 mm perio-
H date at 22° C, 1 mM periodate at 22° D,
2 mm periodate at 22°; E, no periodate
at 0% F, 0.2 mm periodate at 0% G, 1 mm
periodate at 0°; H, 2 mM periodate at 0°.

Y

6 20 24 28

16 20 24 28

16 20 24 28

FRACTION NUMBER

TasLe II
Incorporation of tritium from NaB*H , into periodate-treated resealed
membranes and trapped fetuin

Period;ﬂtﬁ::ncen— Membranes Fetuin I"enéirr;/rr‘:em-

mM epm/pg N-acetylneuraminic acid

At 22°
0 6,080 1,520
0.1 53,400 17,100 0.33
0.5 90,000 19,800 0.22
1 104,000 14,600 0.14
2 105,000 12,100 0.11
5 81,000 9,300 0.11

At 0°
0 6,000 970
0.1 26,100 3,470 0.12
0.5 52,800 4,610 0.08
1 60,000 5,090 0.08
2 64,500 6,010 0.09
5 66,400 6,420 0.09

TasLe IIT

Sialic acid released by neuraminidase from erythrocyte membranes

The 200 ug of membrane protein was incubated with 25 units of
Vibrio cholerae neuraminidase for 30 min at 37° in 1 ml of Dulbecco’s
NaCl/PO, containing Ca®* ions and the liberated sialic acid deter-
mined.

Intact mem- Membranes +

branes 1% Triton X-100 Intact/disrupted
uglimg protein
Inside-out vesicles 4.03 41.9 0.10
Ghosts 33.9 30.6 11

branes of fetuin at 22° and 0°. The specific radioactivities of the

membranes are hicher after treatment at 22° than at 0°. At
mempranes are aigner atter treaiment at 22" than gt U, At

22°, fetuin is clearly labeled by *H after treatment with low
concentrations of periodate, but at 0°, fetuin is not extensively
labeled. Fig. 4 shows the sodium dodecyl sulfate-gel electro-
phoresis patterns of the fetuin peak fractions obtained after
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labeling at 22° and 0°. A clearly higher extent of labeling is
seen on treatment at 22° than at 0°.

Labeling of Inside-out Erythrocyte Vesicles versus Unsealed
Membranes —The inside-out erythrocyte vesicle preparation
contained about 10% unsealed or right-side-out vesicles. This
was indicated by the accessibility of membrane sialic acids to
Vibrio cholerae neuraminidase in untreated as compared to
Triton X-100-disrupted vesicles (Table III).

When inside-out vesicles and unsealed membranes were
labeled by the galactose oxidase method combined with neura-
minidase treatment, the specific radioactivity in inside-out
vesicles was clearly lower than that of unsealed membranes
(Table IV). The difference for the periodate-treated mem-
branes was not that clear. With equimolar concentrations of
periodate to sialic acid (0.2 pwmol with 0.1 mm periodate, Table
IV), most radioactivity could be released by 0.1 M H,SO, at 80°
for 1 h. With a 10-fold molar excess of periodate to sialic acid,
much of the radioactivity was acid-resistant. The released
radioactivity was all recovered as AcNeu’. Fig. 5, A to H,
shows the corresponding sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis patterns. Both after neuraminidase
plus galactose oxidase treatment or after periodate treatment,
the major labeled peaks correspond to the sialoglycoproteins
PAS 1 to 3. Here it can clearly be seen that the labeling is
much more pronounced in these proteins from unsealed mem-
branes than from the inside-out vesicle preparations.

Labeling of Lymphoid Cell Glycoproteins —Mouse thymo-
cytes and T and B lymphocytes were labeled after treatments
with neuraminidase plus galactose oxidase or periodate. Cells
that had been pretreated with neuraminidase were used as
controls. The specific radioactivities are given in Table V. Fig.
6 shows that the most radioactive bands obtained by the two
labeling techniques exactly correspond to each other. The only
obvious exceptions are bands GP9 and GP9” of Fig. 6, b and ¢,
and ¢ and £, respectively.? These bands have previously been
shown to derive from the same protein (18). Treatment of
intact cells with neuraminidase before labeling removes most

2 For nomenclature of mouse lymphoid cell glycoproteins see Ref.
18.
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TasLE IV
Specific radioactivities in erythrocyte membranes labeled with NaB*H, after oxidation with neuraminidase plus galactose oxidase or with
periodate

Membrane samples containing 72 ug of N-acetylneuraminic acid were treated with the enzymes or periodate in a total volume of 2 ml and

labeled with 0.5 mCi of NaB*H,/sample.

Nfumm:nzdue Periodate Periodate

us

2 0 mm 0.1 mm 1 mm 0 mm 0.1 mm 1 mm
cpm/pg membrane sialic oeid % radioactivity released by mild acid®

Inside-out vesicles 86,000 12,500 25.300 59,500 69.0 96.6 42.6

Ghosts 335,000 8,300 38,600 86,000 37.3 100.0 45.7

“ Membrane samples were treated with 0.1 M H,SO, for 60 min at 80°.

TasLe V
Incorporation of tritium from NaB*H, into mouse lymphoid cells
Aliquots of labeled cells were precipitated with 10% trichloroacetic
acid, washed, and counted after NCS solubilization (8).

Neuraminidase Neuraminidase
plus galactose 1| mm periodate plus 1 mm perio-
oxidase date
epmi10° cells
Thymocytes 3212 1775 993
T lymphocytes 6303 3441 2116
B lymphocytes 6267 3658 2496

Fig. 6. Fluorography patterns of labeled mouse lymphoid cell
glycoproteins separated by sodium dodecyl sulfate slab gel electro-
phoresis. TH, thyroglobulin; TR, transferrin; HA, human albumin;
OV, ovalbumin; HB, hemoglobin. a, pattern of *C-labeled standard
protems, b, glymprot.ems of thymocyhes labeled by NaB*H, after
tr with plus galactose oxidase; ¢, glycopro-
teins of thymocytes labeled aﬁ;er treatment with 1 mm periodate; d,
glycoprotein of thymocytes labeled after treatment with neuramini-
dase and 1 mm periodate; e, glycoproteins of T lymphocytes labeled
after treatment with neuraminidase plus galactose oxidase; f, glyco-
proteins of T lymphocytes labeled after treatment with 1 mm perio-
date; g, glycoproteins of T lymphocytes labeled after treatment with
neuraminidase and 1 mM periodate; h, glycoproteins of B lympho-
cytes labeled after treatment with neuraminidase plus galactose
oxidase; i, glycoproteins of B lymphocytes labeled after treatment
with 1 mm periodate; j, glycoproteins of B lymphocytes labeled after
treatment with neuraminidase and 1 mm periodate. The thymocyte
preparations used for electrophoresis contained material derived
from 7.7 x 10° cells, the T cell preparations from 3.75 x 10 cells, and
the B cell preparations from 2.91 x 10° cells. The nomenclature of the
labeled glycoproteins is from Ref. 18.
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of the radioactive bands. In addition, bands GP9” shift to the
positions of bands GP9 (faintly seen).

DISCUSSION

Most, if not all cell surface proteins contain carbohydrate,
and surface-associated glycoproteins and glycolipids are con-
sidered important in a variety of surface-mediated phenom-
ena, as intercellular adhesion (30-32), growth control (33, 34),
and malignancy (35-37). Therefore, development of techniques
for studying these structures are of great importance.

Rather recently it became possible to specifically introduce a
radioactive label into cell surface galactosyl and N-acetylga-
lactosaminyl residues of glycoproteins and glycolipids by use
of galactose oxidase (8, 9). This method has proved very useful
and has been applied to a large number of different cells (8, 9,
16, 18, 19). By combination with neuraminidase, sialic acid-
containing surface molecules may tentatively be identified.
However, it is possible that removal of sialic acids from the cell
surface will change the exposure of glycoproteins and this
could lead to misinterpretations. The structure of the sialogly-
coproteins is also rather drastically changed by removal of
sialic acids, and functional changes may occur (12).

Because of this, a more direct approach would be preferable.
Low concentrations of periodate are quite specific for oxidation
of sialic acids, and after reduction with tritiated borohydride
radioactive AcNeu’ is formed (12-14). This method has not
been considered to be specific for the cell surface. Only in
erythrocytes, where it is known that all sialic acid is external
(38), there have not been problems in interpreting the labeling
results. Some phospholipids are also labeled after periodate
treatment, but these have not been studied (15).

The rationale of obtaining a rather specific labeling of cell
surface sialic acids by the periodate-NaB*H, method is based
on oxidation at 0°, low concentrations of periodate, and short
reaction times. At this temperature, the membrane is “frozen”
and transport of anions may be relatively low. On the other
hand, the oxidation of available sialic acids proceeds well at
this temperature and much of the periodate should actually be
consumed for oxidation at the cell surface, and never be avail-
able for transport into the cell.

To obtain appropriate controls for possible intracellular gly-
coprotein labeling, erythrocyte membranes were resealed with
the sialic acid-rich glycoprotein fetuin inside. The structure of
the fetuin oligosaccharides is known (39), and the sialic acids,
linked to galactosyl residues, are all easily oxidized by perio-
date (14). The results show that with low concentrations of
periodate at 0° the specific radioactivity in fetuin was only a
few per cent of that of the cell surface glycoproteins (mainly
PAS 1 to 3, Fig. 2). At 22°, the labeling of fetuin was clearly
stronger. Higher concentrations of periodate result in less
labeling of the membrane. The reason for this is not known
but may be due to degradation of membrane polypeptides.

Compared to the labeling of unsealed membranes, the label
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in the sialoglycoproteins of resealed inside-out erythrocyte
vesicles is clearly smaller. In the neuraminidase plus galac-
tose oxidase-treated membranes (Fig. 5, A and B), the differ-
ence in labeling is very clear. This is similar to the results of
Steck and Dawson (9). In the periodate-treated membranes,
the difference between labeling of unsealed versus inside-out
membranes is also obvious. It is reasonable to assume that
much of the label in PAS 1 to 3 in the inside-out vesicle
preparation is due to the presence of contaminating vesicles
with sialic acids readily available. This may be more impor-
tant for periodate-treated membranes than for neuraminidase
plus galactose oxidase-treated membranes because a higher
ratio of periodate to available sialic acids will result in more
efficient oxidation.

To show a more general application of the periodate-NaB*H,
method, we have labeled mouse lymphoid cells both by the
galactose oxidase and periodate techniques. As previously
shown, thymocytes and T and B lymphocytes show character-
istic surface glycoprotein patterns when labeled by the neura-
minidase-galactose oxidase technique (18). When compared to
the patterns obtained after periodate labeling, they are re-

markably similar. This strongly supports the surface specific-
ity of the periodate labeling technique. The only major differ-
ence is in bands GP9 and GP9” and this is due to the neura-
minidase treatment, which results in a higher apparent mo-
lecular weight. It is interesting to note that removal of sialic
acids by neuraminidase increases the apparent molecular
weight and this further points out the problems associated
with determination of molecular weights of glycoproteins by
sodium dodecyl sulfate-gel electrophoresis (40). The controls
where intact cells have been pretreated with neuraminidase
also show that all major glycoproteins labeled after periodate
treatment most probably are surface glycoproteins because
during short incubation times, the enzyme should not pene-
trate the cell plasma membrane extensively.

The periodate-NaB*H, method could be especially useful to
study cell surface glycopeptides of malignant cells which are
known to be highly sialylated (41-43). It may also be possible
to specifically label cell surface gangliosides by this technique.
The cheap reagents, the short reaction times, and the use of
chemical probes instead of more or less labile or impure en-
zymes are obvious advantages.
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ABSTRACT

We have labeled exposed surface glycoproteins of mouse lymphoid cells by the
galactose oxidase-tritated sodium borohydride technique. The labeled glyco-
proteins were separated by polyacrylamide slab gel electrophoresis and visualized
by autoradiography (fluorography). The major thymocyte surface proteins have
molecular weights of 170,000 and 125,000. Thymocytes from TL antigen-positive
mouse strains showed an additional band with a molecular weight of 27,000.
Highly purified T lymphocytes contain two major surface glycoproteins with
molecular weights of 180,000 and 125,000. Purified B lymphocytes have one major
surface glycoprotein with a molecular weight of 210,000.

When T lymphocytes are stimulated in vitro by concanavalin A or phytohemag-
glutinin, the major proteins characteristic of T cells are relatively weakly labeled,
but new components of lower molecular weights appear on the cell surface. A
similar change is seen in B lymphocytes stimulated by Escherichia coli lipopolysac-
charide. T lymphoblasts isolated from mixed lymphocyte cultures show a slightly
different surface glycoprotein pattern.

A polypeptide with a molecular weight of 57,000, which was labeled without
enzymatic treatment by tritiated sodium borohydride alone, is strongly labeled in
proliferating cells.

The immunobiological activities of the thymus-
dependent (T)! and bone marrowed-derived (B)
lymphocytes have been extensively studied under
different in vivo and in vitro conditions. A variety
of antigenic determinants and surface structures
with different receptor activities have been identi-

' Abbreviations used in this paper: B blast, B lymphocyte
stimulated to divide; B lymphocyte, B cell, thymus-
independent, bone marrow-derived lymphocyte; Con A,
concanavalin A; LPS, E. coli lipopolysaccharide; MLC,
mixed lymphocyte culture; PBS, phosphate-buffered sa-
line, pH 7.4; PHA, phytohemagglutinin; PPO, 2,5-
diphenyloxazole; T blast, T lymphocyte stimulated to
divide; T lymphocyte, T cell, thymus-dependent lympho-
cyte.
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fied. Very little, however, is known about the
functional correlations between the composition of
the plasma membrane and the immunological
activities expressed by the lymphocyte.

The majority of the exposed plasma membrane
proteins are glycoproteins (10, 11, 36). There is
increasing evidence that these glycoproteins are of
major importance in the maturation and regula-
tion of the functions displayed by the lymphoid
cells, since (a) carbohydrate-binding proteins,
lectins, selectively stimulate different cells to di-
vide (1), () mild periodate treatment, known to
specifically oxidize sialic acids, or treatment with
neuraminidase plus galactose oxidase, exclusively
triggers T lymphocytes (29, 38), and (c) at least
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some of the cell-surface antigens are molecules
that contain carbohydrate (33).

In order to understand the molecular basis of the
lymphocyte response, it is obviously necessary to
characterize the structures involved and their mo-
lecular anatomy in the plasma membrane.

One approach is selectively to label surface-
exposed glycoproteins by the galactose oxidase
technique (12, 37). Galactose oxidase does not
penetrate the cell membrane and it oxidizes termi-
nal galactosyl and N-acetyl galactosaminyl resi-
dues to the corresponding C6 aldehydes. These
aldehydes are then reduced by tritiated sodium
borohydride. The labeled surface glycoproteins
were separated on polyacrylamide slab gels in the
presence of sodium dodecyl sulfate, and the radio-
active bands were visualized by modified autoradi-
ography. By using this very sensitive technique we
here show that different populations of mouse
lymphoid cells have specific and characteristic
surface glycoprotein patterns.

MATERIALS AND METHODS
Chemicals and Enzymes

Galactose oxidase with a specific activity of 130 U/mg
protein was purchased from Kabi AB, Stockholm,
Sweden. It displayed no protease or neuraminidase
activity when measured as described previously (12).
Neuraminidase (Vibrio cholerae, 500 U/ml) was ob-
tained from Behringwerke AG, Marburg-Lahn, Ger-
many, and was found to be free of protease activity.
Concanavalin A (Con A) was kindly donated by Profes-
sor H. Wigzell, University of Uppsala, Sweden and used
at the optimal concentration of 10 ug/ml. Phytohemag-
glutinin (PHA) was obtained from Difco Pharmaceuti-
cals, Kalamazoo, Mich., and used at a final dilution of
1:150 of the reconstituted stock. Escherichia coli lipo-
polysaccharide (LPS) kindly given by Professor G.
Madller, Stockholm, Sweden, was used at the optimal
concentration of 10 ug/ml.

Tritiated sodium borohydride (8.2 Ci/mmol) was
obtained from the Radiochemical Centre Ltd., Amer-
sham, England. 250 mCi were dissolved in 0.5 ml of 0.01
N NaOH, divided among five tubes and immediately
frozen at —70°C. The contents of one tube at a time were
diluted with 2 ml 0of 0.01 NaOH and divided into 20 equal
portions which were immediately frozen. Usually, one of
these tubes was used for the labeling experiments. When
handled in this way the isotope remained active for at
least 12 mo.

Acrylamide and N,N'-methylenebisacrylamide were
obtained from the Eastman Kodak Company, Rochester,
N.Y. 2,5-diphenyloxazole (PPO) and p-bis/2-
(5-phenyloxazolyl)/benzene (POPOP) were obtained
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from New England Nuclear, Boston, Mass. All other
chemicals were of highest possible purity.

Mice

3-5-mo old mice of the following inbred strains were
used: BALB/c, A/J, and CBA-H/T6T6. The strains
originated from the Jackson Laboratories, Bar Harbor,
Me., and were carried in our colony.

Preparation of Cells

Thymuses, lymph nodes (axillary, inguinal, popliteal,
and mesenteric), and spleens were teased apart in cold
RPMI 1640 culture medium. Clumps were removed by
filtration through a loose cotton wool plug. Erythrocytes
were lysed with 0.83% aqueous solution of NH,CI, and
phagocytic cells were removed after incubation with
carbonyl iron by treatment with a magnet (16). The
thymus preparations contained more than 95% thymo-
cytes. The lymph node and spleen cell preparations
contained more than 98% and 80% lymphocytes, respec-
tively, as judged morphologically from May-Gruenwald-
stained smears. These cells will be referred to in the text
as thymocytes, and lymph node and spleen “lym-
phocytes.”

Cell Fractionation Procedures

PREPARATION OF T LYMPHOCYTES: Spleen
cells or lymph node lymphocytes were prepurified by
iron powder plus magnetic treatment (16) and passed
through a Fenwall-Leukopak (Fenwall Laboratories,
Division of Travenol Laboratories, Amsterdam, The
Netherlands) nylon wool column as described by Julius
et al. (21). The passed cell suspension contained less than
3% cells carrying surface immunoglobulin (B cells) as
demonstrated by staining with polyvalent fluorescein iso-
thiocyanate-conjugated goat anti-mouse immunoglobu-
lin (a gift from Professor A. Fagraeus, State Bacterio-
logical Laboratory, Stockholm, Sweden).

FRACTIONATION OF T AND B CELLS BY PRE-
PARATIVE CELL ELECTROPHORESIS: Spleen
lymphocytes of nonimmunized mice purified by iron
powder plus magnet treatment were fractionated by
preparative free-flow cell electrophoresis under condi-
tions already described (3). In brief, the cells were trans-
ferred into a low ionic strength electrophoresis buffer
(0.04 M potassium acetate, 0.015 M triethanolamine,
0.24 M glycine, pH 7.35, made isotonic with 0.011 M
glucose and 0.03 M sucrose (3), and fractionated in the
free-flow cell electrophoresis apparatus (Type FF4, De-
saga GmbH, Heidelberg, Germany) at 6°C, and collected
on ice. Each cell remained in the electric field (100 V/cm)
for about 300 s. The cells were collected in tubes contain-
ing 10% calf serum in Eagle’s minimal essential medium
(Orion Pharmaceuticals, Helsinki, Finland) to minimize
cell damage. After fractionation, more than 90% of the
cells were viable as judged by trypan blue exclusion tests.
By employing proper cuts in the electrophoresis profile
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(Fig. 1) the T cell fraction was contaminated by less than
2% of surface immunoglobulin-carrying cells (B cells),
and the B cell fraction by less than 2% of theta antigen-
carrying (T) cells (3).

PURIFICATION OF BLASTS FROM CELL CUL-
TuRES: The blast cells were purified from the cul-
tures by 1 g velocity sedimentation on a linear gra-
dient of 15-30% fetal calf serum, phosphate-buffered
saline (PBS) as described (26). The large-size blasts
which sedimented rapidly were recovered from the first
fractions. The cells were washed three times in PBS to
remove the fetal calf serum. These fractions, containing
more than 95% blast cells as judged morphologically
from May-Gruenwald-Giemsa-stained smears, were used
for surface labeling of activated cells.

Cell Cultures

Cultures with 20-30 x 10° cells were set up in 50-ml
round-bottom glass tubes in 20 ml of Eagle’s minimal
essential medium supplemented with 5% fetal calf serum.
The cultures were incubated at 37°C in a humidified
atmosphere of 10% CO; in air. Spleen lymphocytes that
had passed a nylon wool column were used as responder
cells in the T cell mitogen (Con A and PHA)-stimulated
cultures, whereas the B cell mitogen (LPS)-stimulated
cultures were set up with unfractionated spleen lympho-
cytes. For the one-way mixed lymphocyte cultures
(MLC), 60 x 10° CBA-H/T6T6 spleen T lymphocytes
that had passed through a nylon wool column were
stimulated with 90 x 10® mitomycin C-treated DBA/2
spleen cells (16). The mitogen-stimulated cultures were
harvested on the 3rd day of culture and the MLC on the
6th day, at the time of the peaks of the corresponding
blast responses. More than 90% of the cells in the PHA
and Con A cultures and 50% in MLC were morphologi-
cally blasts. Pure (>95%) blast cell populations were
recovered from the respective cultures by 1 g velocity
sedimentation (2, 26).

204

10 15 20 25 30 3§
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RELATIVE CLASS FREQUECY (%)

FIGURE 1 Electrophoretic distribution profile of
CBA/H-T6T6 spleen lymphocytes. Higher fraction num-
ber indicates higher anodal mobility. The Gaussian
distributions of the T and B cell populations are shown.
Cells from the shaded fractions were used for the
experiments.
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Labeling Procedure

The labeling procedure was slightly modified from
that previously described (12). To be able to do accurate
comparisons between different cells, the labeling condi-
tions were strictly standardized. We used 5 U of galac-
tose oxidase with or without 12.5 U of neuraminidase for
1 hat 37°C in 1 ml of Dulbecco’s PBS. 20 x 10° celis per
tube were labeled. In control experiments the enzymes
were omitted. After incubation with the enzymes the cells
were washed three times by centrifugation at 4,000 rpm
for 5 min in a table centrifuge in PBS, and 0.5 ml PBS
finally added. Thereafter, 0.5 mCi NaB*H, was added
and the cells were left at room temperature for 30 min.
Then the cells were washed four times in PBS, suspended
in 200 w1 of PBS, and an aliquot was counted for
radioactivity in a dioxane-based scintillation fluid (8),
with Wallac liquid scintillation counter 81000. The
efficiency for tritium was 37%. The final yield of cells
was >90%, and >90% were alive as shown by the trypan
blue dye exclusion test.

To label mouse serum proteins, 100 ul mouse serum
were diluted with 0.4 ml Dulbecco’s PBS and either 12.5
U of neuraminidase plus 5 U of galactose oxidase, 5 U of
galactose oxidase only, or no enzyme were added. The
preparations were incubated at 37°C for 1 h, sodium
dodecyl sulfate was added to a final concentration of 1%,
and the samples were boiled for 1 min. 0.5 mCi NaB*H,
was added to each tube, and after incubation at room
temperature for 30 min the samples were passed through
1 x 30-cm columns of Sephadex G25 in PBS. The
fractions containing serum proteins were pooled, and
samples corresponding to 10 ul serum were subjected to
electrophoresis.

Polyacrylamide Slab Gel Electrophoresis

Electrophoresis was performed according to Laemmli
(23) in 8% acrylamide gels. 5 x 10® cells (10*-10° cpm)
were solubilized and electrophoresed with [**C]formalde-
hyde-labeled marker proteins in the peripheral slots (31).
The molecular weights of the marker polypeptides were
thyroglobulin 210,000, transferrin 78,000, human al-
bumin 68,000, ovalbumin 44,000, and hemoglobin
17,000. The gels were fixed overnight in 20% sulfosali-
cylic acid, stained with Coomassie brilliant blue, and
destained (43). They were then treated with dimethyl
sulfoxide-PPO according to Bonner and Laskey (6) and
vacuum dried. The dried gels were covered with Kodak
RP X-Omat film, wrapped in aluminum foil, and kept at
—70°C in a Revco freezer for 1-10 days until developed.
When different gels were compared, they were kept for
identical times in the deep freeze. The apparent molecu-
lar weights of the polypeptides were determined accord-
ing to Weber and Osborn (43).

Periodate Oxidation

Cells were suspended in PBS and sodium metaperio-
date was added to a final concentration of 2 mM. After
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TABLE |

Label in Nontreated, Galactose Oxidase-Treated, Neuraminidase Plus Galactose Oxidase-Treated,
and Periodate-Treated Mouse Lymphoid Cells

Neuraminidase

+ galactose
oxidase Galactose oxidase No enzymes Periodate
cpm /108 cells
Thymocytes 4,076 (3.46)* 2,320(1.97) 1,178 (1.00) —_
Lymph node cells 11,214 (9.52) 5,289 (4.49) 2,803 (2.38) —
T cells 6,778 (5.72) 4,370 (3.71) 3,333(2.83) 6,255(5.311
B celis 6,502 (5.52) 3,604 (3.06) 2,391 (2.03). 6,361 (5.40)1
T blasts
(Con A) 47,332 (40.18) 25,515 (21.66) 17,811 (15.12) -
(PHA) 30,698 (26.06)§ 14,913 (12.66)§ 12,168 (10.33)§ —
B blasts
(LPS) 41,489 (35.22) 21,427 (18.19) 17,128 (14.54) —
MLC blasts 29,768 (25.27)§ 13,982 (11.87) 9,341 (7.93) -
Average of two to four determinations.
* Relative amount of label in parentheses.
1 Specific counts over background by NaB*H, alone.
§ One determination only.
incubation for 10 min in the dark, the cells were washed THYMOCYTES: In these cells we can dis-

three times in PBS, reduced with NaB®H, as for the
galactose oxidase-treated cells, and washed four times in
PBS (see references 24 and 37). Spleen cells were acti-
vated to divide by the addition of 2 mM sodium meta-
periodate to the medium (29).

RESULTS
Incorporation of Label

The incorporation of *H from NaB®*H, depends
on galactose oxidase and is enhanced by neurami-
nidase treatment (Table 1). Though the total label
is appreciable without enzyme treatment, the gels
show that very little label actually is incorporated
into protein (see below). The label per cell in
thymocytes is lower than that of T or B lympho-
cytes, whereas that of T or B blasts is considerably
higher. Without enzyme treatment, some label is
incorporated and’is distributed among both pro-
teins and lipids. Periodate treatment gives a higher
labeling than does neuraminidase plus galactose
oxidase, but the total amount of label in T or B
lymphocytes is of equal magnitude.?

Fluorography Patterns of Labeled Glyco-
proteins

All experiments have been performed two to five
times with very reproducible results.

? The molecular weights of the major labeled proteins are
listed in Table II.
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tinguish two major surface glycoproteins with ap-
parent molecular weights of 170,000 and 125,000
(Figs. 2 A and 3 A and B). The protein with a mo-
lecular weight of 125,000 (GP9) is not labeled
without treatment with neuraminidase. GP6 can
be labeled by galactose oxidase only, though more
weakly (Figs. 2 B and 4 A and B). In the thymo-
cytes derived from mouse strains A and CBA-
H/T6T6 which have the TL antigen (7) expressed
on their surface, an additional glycoprotein, GP15,
was found (Fig. 2 D). This band was lacking from
the thymocyte glycoprotein pattern of the TL-
negative strain BALB/c (Fig. 2 A).

T LYMPHOCYTES: Unstimulated T lymph-
ocytes contain two major surface glycoproteins,
GPS5 and GP9, and some quantitatively less-
labeled glycoproteins. Both of the major compo-
nents are labeled only after treatment with both
neuraminidase and galactose oxidase (Fig. 3 C).
Very little label is found in the glycoproteins if
oxidized by galactose oxidase alone (Fig. 4 C).

B LYMPHOCYTES: Unstimulated B lympho-
Cytes contain one major labeled surface glyco-
protein, GP1 (Fig. 3 D). It is weakly labeled by
galactose oxidase alone (Fig. 4 D).

MITOGEN-INDUCED T BLASTS: T blasts
obtained after stimulation with Con A or PHA
show an altered surface glycoprotein pattern when
compared to nonstimulated T cells. The T celi-
characteristic glycoproteins GP5 and GP9 are
relatively less prominent, and glycoproteins with
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FIGURE 2 Polyacrylamide slab gel electrophoresis of mouse thymocyte glycoproteins. A, BALB/c

thymocytes labeled with NaB*H, after neuraminid

and galactose oxidase treatment: B, BALB/c thy-

mocytes labeled after galactose oxidase treatment; C, BALB/c thymocytes labeled without enzyme treat-
ment; D, A/J thymocytes labeled after neuraminidase and galactose oxidase treatment; E, A/J thymocytes
labeled after galactose oxidase treatment; F, A/J thymocytes labeled without enzyme treatment.

smaller molecular weights appear instead (Figs.
3Eand F,4 E and F).

MITOGEN-INDUCED B BLASTS: In B
blasts obtained by velocity sedimentation from
LPS-stimulated cultures. the B cell-specific band
with a molecular weight of 210,000 was relatively
weak. Instead, we observed glycoproteins similar
to those stimulated T cells (Figs. 3G and 4G).

T BLASTS FROM MLC: The MLC blast
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population purified by velocity sedimentation
showed additional bands: GP7, GP11, GPI2,
GP13, and GP14. GP7, GP13, and GP14 are not
clearly seen in mitogen-stimulated T or B blasts.

Nonspecific Label

All cells incorporate some label without treat-
ment with enzymes (see also reference 12). There-
fore, it was always necessary to include controls in
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TABLE I
Apparent Molecular Weights of Surface Glycoproteins of Mouse Lymphoid Cells

Thymocytes T cells B cells T blasts B blasts MLC blasts
GP1 — 210,000 210,000 210,000 210,000
2 200,000
3 — 190,000 — — — —
4 — — 185,000 — - —
5 . 180,000 —_ 180,000 180,000 180,000
6 170,000 170,000 — — — —
7 - — - - - 165,000
8 160,000 — — — — —
9 125,000 125,000 - 125,000 125,000 125,000
10 110,000 — — — — _
11 — — — 86,000 86,000 86,000
12 — —_ - 77,000 77,000 77,000
13 — — - - - 72,000
14 — - — —_ -—_ 58,000
15 27,000 — — — — —

Underlined values are major components.

the labeling experiments where no enzymes (but
only NaB®H,) were used. With one exception,
proteins were not appreciably labeled. This labeled
protein (NS) with a molecular weight of 57,000 is
weakly labeled in T or B lymphocytes, more label
is observed in thymocytes, and a strong label is
seen in all blast cells.

Proteins Labeled after Periodate Treatment

Fig. S shows the electrophoretic pattern of T and
B lymphocytes reduced with NaB®H, after perio-
date treatment. In T cells the proteins GPS and
GP9 are labeled, and in B cells GP1.

Does Neuraminidase Plus Galactose Oxidase
Treatment or Periodate Treatment Change
the Native Glycoprotein Pattern of T Cells?

Because neuraminidase plus galactose oxidase
or periodate treatment per se has a mitogenic
effect on T cells, the following experiment was
done. Spleen lymphocytes were reduced with
NaB®H, after treatment with neuraminidase and
galactose oxidase (Fig. 6 A), after periodate treat-
ment (Fig. 6 B), kept for 2 h in culture, and then
labeled after neuraminidase plus galactose oxidase
(Fig. 6 C), incubated with PHA for 2 h in culture,
then labeled after neuraminidase plus galactose
oxidase (Fig. 6 D), or treated with periodate,
cultured for 2 h, and then labeled after neuramini-
dase plus galactose oxidase (Fig. 6 E). The only
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observable effect is on GP9 which, after neurami-
nidase plus galctose oxidase, has a higher apparent
molecular weight than if first treated with perio-
date. The rest of the characteristic proteins do not
change. This indicates that in 2 h, which corre-
sponds to the time it takes to label cells, no
extensive change of the surface membrane glyco-
protein pattern occurs. Fig. 6 F shows the control
without enzyme treatment.

Labeled Mouse Serum Proteins

These proteins are shown as follows: mouse
serum proteins labeled after neuraminidase plus
galactose oxidase treatment (Fig. 6 G), after
galactose oxidase only (Fig. 6 H), and without
enzyme treatment (Fig. 6 I). Efficient glycoprotein
label is only obtained after neuraminidase treat-
ment. The major labeled proteins do not seem to
correspond in electrophoretic mobility to the la-
beled cellular glycoproteins.

DISCUSSION

By the use of the galactose oxidase-tritiated so-
dium borohydride technique, we have shown that
different resting as well as activated highly purified
subpopulations of mouse lymphoid cells expose
characteristic surface glycoproteins.

The large size of the galactose oxidase molecule
inhibits its penetration into red cells (12) and
fibroblasts (13), and therefore only surface-
exposed terminal galactosyl and N-acetyl galac-
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FIGURE 4 Polyacrylamide slab gel electrophoresis of surface glycoproteins of mouse lymphoid cells
labeled with NaB®H, after treatment with galactose oxidase only. A, thymocytes (A/J); B, thymocytes
(CBA/T6T6); C, electrophoretically purified T lymphocytes; D, electrophoretically purified B lympho-
cytes; E, T blasts from Con A-stimulated cultures; F, T blasts from PHA-stimulated cultures; G, B blasts
from LPS-stimulated cultures. The same numbers of cells were labeled, identical aliquots were
electrophoresed, and the same exposure time was used as for Fig. 3.

tosaminyl residues are oxidized to the correspond-
ing C6 aldehydes (5). We have treated intact
labeled lymphocytes and thymocytes with pronase
and trypsin, to verify the surface distribution of the
labeled glycoproteins (not shown). Of the major
labeled surface glycoproteins, GP1, GP6, and GP9
are easily degraded by the enzymes, but GPS5 is
degraded to a smaller extent. One could then argue
that GPS is not a surface glycoprotein. However,
we think that it is, but it is for unknown reasons,
resistant to the proteases. The situation is similar
in hamster fibroblasts where one of the major
surface glycoproteins is resistant to proteases (15).
The oxidized glycoproteins are subsequently
labeled by reduction with tritiated sodium boro-
hydride. Sialic acids are often linked to penulti-
mate galactosyl//N-acetyl galactosaminyl residues

and, therefore, more efficient labeling is achieved
by treating the cells with neuraminidase.

The resolution of autoradiography is superior to
the gel slicing and counting techniques. Previously,
tritium-labeled proteins could not be autoradio-
graphically visualized from polyacrylamide gels,
but recently this has become possible by the
introduction of a scintillator (PPO) into the gel.
This technique now enables us to define reproduci-
bly the labeled surface glycoproteins. Because
glycoproteins (9, 34) and possibly also intrinsic
membrane proteins in general behave anomalously
on polyacrylamide gels, the molecular weights of
these proteins are only approximate.

A number of surface-labeling techniques have
recently been introduced, the most popular being
lactoperoxidase-catalyzed iodination (18, 25, 30).
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FIGURE 5 Polyacrylamide slab gel electrophoresis of
electrophoretically fractionated mouse spleen T and B
lymphocytes labeled with NaB*H, after periodate treat-
ment. A, T lymphocytes; B, B lymphocytes.

All labeling techniques have their drawbacks, but
the galactose oxidase method enables the specific
identification of glycoproteins. When the galactose
oxidase method is combined with neuraminidase
treatment, molecules containing sialic acid are also
visualized.

The protein with a moiecular weight of 170,000
from thymocytes is labeled well by galactose
oxidase alone. This means that it contains a
relatively large proportion of terminal galactosy!/
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N-acetyl galactosaminyl residues. This is in con-
trast to the glycoproteins of the lymphocytes which
are labeled appreciably only if treated with neura-
minidase. GP15, which is found only in strains
CBA-H/T6T6 and A/J, and not in BALB/c,
could correspond to the TL antigen (7).

Using the lactoperoxidase method, Trowbridge
et al. (39) obtained results similar to ours and
showed that mouse lymphoid cells enriched in T or
B lymphocytes have characteristic surface pro-
teins. They also found two T cell-specific proteins
and one B cell-specific protein, which may well
correspond to those found by us.

The B cell-specific protein with an apparent
molecular weight of 210,000 shares characteristics
with the major surface glycoprotein of normal
fibroblasts which has a similar molecular weight
(13, 17, 19, 40). This protein is absent from
transformed fibroblasts, and, in mutants tempera-
ture-sensitive for transformation, it is present only
at the nonpermissive temperature (14, 20, 32).
Trowbridge et al. (39) also showed that the B
cell-specific protein was absent from a myeloma
cell line secreting immunoglobulin A, whereas the
T cell-specific proteins were retained on lym-
phomas of T-cell origin.

Novogrodsky (29) and Thurman et al. (38) have
recently shown that periodate treatment or neura-
minidase plus galactose oxidase treatment selec-
tively triggers T lymphocytes. It is reasonable to
assume that the T lymphocyte-specific surface
proteins that we detect by either treatment are
involved in this phenomenon.

The presence of surface immunoglobulin on B
lymphocytes is well established. Vitetta et al. (42)
have characterized such molecules from lac-
toperoxidase-labeled lymphocytes. We have not
definitely observed any labeled proteins corre-
sponding to these. Quantitatively, however, these
proteins constitute a rather smail proportion of the
total surface proteins. It is also possible that the
carbohydrate of surface immunoglobulins is rela-
tively deeply imbedded in the cell surface and
therefore not available to galactose oxidase.

Both T and B blasts have an altered surface
glycoprotein pattern as compared to T and B
lymphocytes. This shows that major surface
changes occur after triggering to proliferation. The
higher label per cell is obviously partially due to
the increased cellular size. The surface glycopro-
tein pattern from one-way MLC seems to be
different from that of mitogen-stimulated cells.
Quantitatively, the lymphocytes reacting to a

1976

06-Aug-23 1:53:31 PM



Paper 8 75

--‘.---

FIGURE 6 Polyacrylamide slab gel electrophoresis of labeled glycoproteins from nonstimulated and
activated spleen cells, and of labeled mouse serum. A, spleen cells labeled after neuraminidase and
galactose oxidase treatment; B, spleen cells labeled after periodate treatment; C, spleen cells left for 2 h in
culture medium then labeled after neuraminidase and galactose oxidase treatment; D, spleen cells treated
with PHA and then labeled after neuraminidase and galactose oxidase treatment; E, spleen cells treated
with periodate, left for 2 h in culture, and then labeled after neuraminidase plus galactose oxidase
treatment; F, control cells labeled without cﬁzyme treatment; G, mouse serum labeled after neuraminidase
plus galactose oxidase treatment; H, mouse serum labeled after galactose oxidase treatment; I, mouse

serum labeled without enzyme treatment.

certain set of histocompatibility antigens consti-
tute only a small per cent of the total T cell
population (35). Whether these lymphocytes also
before alloactivation in MLC have surface pro-
teins which differ from those of the major T cell
population, or whether they get their surface
pattern after stimulation, is not known. An inter-
esting possibility is that some of the additional
proteins seen on MLC blasts are involved in target
cell recognition. Kimura has been able to raise an
antiserum reacting specifically with alloagressive
killer T cells, which indicates that they express
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antigenic determinants not present on resting or
mitogen-activated T cells (22).

The blast cells also contain a protein with an
apparent molecular weight of 57,000, which is very
weakly labeled in nongrowing cells. This protein is
labeled without enzyme treatment by tritiated
sodium borohydride alone. The nature of the
reducible group is not known, but could be due to
Schiff base formation between the aldehyde group
and an amino group of an enzyme containing
pyridoxal phosphate. Enzymes such as ornithine
decarboxylase are known to be strongly activated
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in growing cells (27). A similar protein is also
strongly labeled in transformed fibroblasts (13)
and human chronic lymphocytic leukemia cells (4).

The basis for the differences in electrophoretic
mobilities of mouse T and B lymphocytes is
unclear, but surface sialic acids are obviously
involved since the characteristic, biphasic electro-
phoretic profile of T and B lymphocytes is lost
after neuraminidase treatment (28). It has been
difficult to determine the absolute amount of sialic
acid in T and B lymphocytes because of the limited
number of highly purified cells available. There-
fore, we have used an indirect approach. Mild
periodate treatment oxidized predominantly sialic
acids, and S-acetamido-3,5-dideoxy-L-arabino-2-
heptusolonic acid was formed (24, 41). This may
be reduced with sodium borohydride. Because we
used a very low amount of NaB®*H, (about 2.5 ug)
per experiment, the modified sialic acids were only
partially reduced and the absolute amount of sialic
acids could not be determined. Higher concentra-
tions of NaB®*H, result in lower specific activities
and in electrophoretic patterns resembling those of
proteolysis (37).

In both T and B cells the major periodate-oxi-
dizable proteins are similar to those labeled after
neuraminidase and galactose oxidase treatments.
This suggests that in B lymphocytes which have a
slower electrophoretic mobility, cell surface sialic
acids are less efficiently exposed at the electropho-
retic plane of shear. The major sialic acid-contain-
ing surface glycoprotein (GP1) could also be
covered by other surface macromolecules, such as
immunoglobulin.

Received for publication 27 June 1975, and in revised
Jform 28 October 1975.
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Surface Glycoproteins of Human White Blood Cells.
Analysis by Surface Labeling

By Leif C. Andersson and Carl G. Gahmberg

We labeled surface glycoproteins of nor-
mal human blood platelets, granulocytes,
monocytes, T and B lymphocytes, and null
cells by the galactose oxidase-NaB®H,
and periodate-NaB®H, labeling tech-
niques. The labeled glycoproteins were

by polyacrylamide slab gel electrophoresis.
All major types of human leukocytes
showed different and characteristic sur-
face glycoprotein patterns. These patterns
evidently also include common com-
ponents.

observed by fluorography after separation

URING THE PAST FEW YEARS A variety of surface markers char-

acteristic for different populations of leukocytes have been recognized.
Analysis of the marker profiles has, in addition to conventional morphology
and enzyme histochemistry, received a wide application for identification and
classification of normal and malignant blood leukocytes. Comparatively little,
however, is known at the molecular level about the surface structures of dif-
ferent types of white blood cells (WBC).

Most, if not all, external proteins of mammalian cells are glycoproteins.'
These comprise both various receptors and antigenic determinants.? The es-
tablishment of the surface glycoprotein patterns for the different types of hu-
man leukocytes would provide the basis for understanding the structural/
functional relationships of the surface molecules. Comparison of the surface
glycoprotein patterns of the normal leukocyte populations with those of cells
in various disorders might give valuable information about the molecular
changes that occur in different dysfunctional states and malignancies.

We have been studying the surface glycoproteins of different mouse and hu-
man lymphoid cells by the use of the galactose oxidase-tritiated borohydride
(GO-NaB’H,) labeling method.>* The galactosyl residues of the exposed gly-
coproteins are oxidized by GO and thereafter reduced with NaB?H,. The radio-
active proteins are separated on polyacrylamide slab gels and observed by auto-
radiography.’

Another method of selective surface glycoprotein labeling was also recently
described. Sialic acid residues of surface glycoproteins were labeled with
NaB*H, after oxidation with sodium periodate under conditions where the
periodate did not penetrate the intact cell membrane.®

By employing various methods of cell fractionation we purified the main
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populations of human WBC. We report the surface glycoprotein patterns of
different types of human blood leukocytes.

MATERIALS AND METHODS

Chemicals and enzymes. Sodium metaperiodate was obtained from Merck, Darmstadt, Ger-
many, acrylamide and N, N'-methylenebisacrylamide from Eastman Kodak, Rochester, N.Y.,
2,5-diphenyl oxazole (PPO) and p-bis-2-(5-phenyloxazolyl)-benzene (POPOP) from New England
Nuclear, Boston, Mass., phenylmethylsulfonylfiuoride from Sigma, St. Louis, Mo., Triton X-100
from British Drug Houses, Poole, England, and NaB’H,, (8.6 Ci/mmole) and 14C-formalde-
hyde (4.54 mCi/mmole) from the Radiochemical Centre, Amersham, England. The NaB3H4
preparation was handled as described prc.-.viously.7

Galactose oxidase with a specific activity of 130 U/mg protein was purchased from Kabi, Stock-
holm, Sweden. It displayed no protease or neuraminidase activities when measured as described.’
Vibrio cholerae neuraminidase (NE) (500 U/ml) was obtained from Behringwerke, Marburg-Lahn,
Germany. It was free of protease activity.

Isolation of blood cells. The following main populations of human blood leukocytes were iso-
lated: granulocytes, platelets, monocytes, T and B lymphocytes, and null cells. These cell popu-
lations were purified from the buffy coats of blood units of 400 ml each obtained from the Finnish
Red Cross Blood Transfusion Service. The buffy coats were diluted with 2 vol 0.1 M NaCl-0.01 M
sodium phosphate pH 7.4 (PBS), and the platelets and the mononuclear cells were separated from
the granulocytes and erythrocytes by one-step Ficoll-Isopaque (density 1.077. Pharmacia, Uppsala,
Sweden) gradient centrifugation at 400 g for 40 min at 22°C.

Purification of granulocvies. The pellets obtained after Ficoll-Isopaque centrifugation that
contained erythrocytes and granulocytes were suspended in 20 ml PBS. Then 10 ml saline contain-
ing 6°, dextran was added (Macrodex 6°, Leiras, Turku, Finland) and the cell suspension kept
for 40 min at 37°C. The granulocyte-rich buffy coat was then collected, and contaminating
erythrocytes were lysed by incubation with a Tris-buffered 0.84°, aqueous solution of ammonium
chloride. The leukocytes were then washed three times with PBS. This procedure yielded a cell
population that contained more than 97, of granulocytes as judged from May-Grunwald-Giemsa
(MGGQG) stained cytocentrifuged cell smears. The cell viability was close to 100°, as seen in the
trypan blue exclusion test.

Purification of platelets. The platelets were purified from the cell population obtained from the
interphase after Ficoll-Isopaque centrifugation. This cell population was suspended in PBS and
centrifuged for 10 min at 200 g, and the platelet-rich supernatant was recovered. This procedure
was repeated once, and the platelets were then centrifuged at 400 g for 20 min. The purity of the
platelet preparation thus obtained approached 100°,, and the contamination by other blood cells
was always less than 0.002°,.

Purification of monocytes. The blood monocytes were separated from the cell population re-
covered at the interphase after Ficoll-Isopaque centrifugation. The platelets were depleted by
three washes with PBS at 200 g for 10 min. The mononuclear cell population was mixed at the
ratio of 1:50 with 2-aminoethylisothiouronium bromide (AET) (Sigma) treated sheep erythrocytes
(SRBC).® After incubation for 15 min at 37°C the mixture was centrifuged for 10 min at 200 g
and the T cells allowed to rosette with the AET-SRBC for | hr on ice. The pellet was then gently
suspended in cold PBS containing 30°, fetal calf serum (FCS) and the rosette-forming cells were
separated from the non-rosette-forming cells by a one-step Ficoll-Isopaque density gradient
centrifugation. The cell population recovered from the interphase mainly contained monocytes and
non-T lymphocytes. The monocytes were then purified from the contaminating lymphocytes by a
1-g velocity sedimentation.® In this procedure cells are fractionated according to the cell
size. The cells were suspended in PBS containing 5% FCS and layered onto a linear gradient
of 15°,-30°, FCS in PBS. After sedimentation for 4 hr at 4°C the gradient was drained into
fractions of 20 ml and the cell content of each fraction was analyzed from MGG-stained smears.
The early fractions, which mainly contained monocytes, were pooled. The cell preparation thus
obtained 90%,-95%, of monocytes as judged by conventional morphologic criteria. The viability al-
ways exceeded 989,. Slight contamination was caused by occasional lymphoblasts, myeloid pre-
cursor cells, and some granulocytes.
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Purification of T lymphocytes. The platelet-depleted mononuclear cell population recovered
from the Ficoll-Isopaque gradient centrifugation was passed over a human lg-rabbit anti-human
Ig column as described by Wigzell et al.!% More than 95% of the column-passed lymphocyte
population formed rosettes with AET-SRB and contained less than 19 of surface immunoglobu-
lin (Slg)-bearing cells as judged by staining with fluorescein isothiocynate-conjugated poly-
valent sheep anti-human ig (obtained from Professor Astrid Fagraeus, Stockholm, Sweden). The
viability of the T cell population was always more than 987%;.

Purification of non-T lymphocytes, null cells, and B lymphocytes. The mononuclear cells ob-
tained after Ficoll-Isopaque centrifugation were suspended in RPMI-1640 culture medium sup-
plemented with 10°, normal human AB plasma. Carbonyl iron was added and the suspension in-
cubated for 1 hr at 37°C. Most of the phagocytic cells were then removed with a magnet. The
phagocyte-depleted cell population was allowed to rosette with AET-SRBC as described above.
The T cells were depleted by centrifugation of the RFC-containing cell suspension on a Ficoll-
Isopaque gradient. The cell suspension recovered from the interphase contained mainly lympho-
cytes and larger, monocytelike cells. The non-T lymphocytes were further purified from this
population by velocity sedimentation as described above. The later fractions obtained after
sedimentation for 4 hr contained mainly small lymphocytes as judged from MGG smears.
These fractions were pooled, and the cell population thus obtained was contaminated by less
than 3°, nonlymphocytic cells. This cell population was further characterized with regard to
surface markers: 2°, formed rosettes with AET-SRBC and 61°, were Slg positive.

This lymphocyte suspension was further fractionated by passage over an lg/anti-lg column at
4°C to minimize Fc binding. The passed cells, of which more than 95°, had the morphology of
small lymphocytes, did not bind AET-SRBC (<3°,) and lacked Slg (< 1°,). These were designated
null cells. The lymphocytes retained by the column were mechanically eluted by shaking the glass
beads in PBS; 86%, of the eluted lymphocytes stained positively for Slg and less than 2°, bound
AET-SRBC. This population was designated blood B lymphocytes.

Labeling of Cell Surface Glycoproteins with*H

Pretreatment with NE andfor GO. About 50 x 10° purified leukocytes, 150 ul packed plate-
lets, or 0.5 ml packed erythrocytes were washed in PBS and divided into three equal lots. The
cells were suspended in 1 ml Dulbecco’s PBS (containing Ca’* and Mg2+), and either (1) 25
units NE plus 5 units GO or (2) GO only were added to the tubes. The third tube served as con-
trol, receiving no enzyme treatment. The tubes were incubated at 37°C for 30 min with gentle
shaking. The cells were then washed twice with PBS and suspended in 0.5 ml PBS.

Pretreatment with periodate. 20-40 x 10° washed lymphocytes, 50 ul packed platelets, or
0.5 ml packed erythrocytes were suspended in | ml ice-cold PBS, and 10 ul of 0.1 M sodium
metaperiodate was added to give a final concentration of 1 mM (pH 7.4). After incubation on
ice for 10 min in the dark the cells were washed twice with PBS and suspended in 0.5 ml PBS.

After treatment with either enzymes or periodate, 0.5 mCi of NaBJH,‘ was added to each tube.
The cells were kept for 30 min at room temperature and then washed three times with cold PBS.
Then 0.2 ml PBS containing 1°, Triton X-100 and 2 mM phenylmethylsulfonylfluoride (as pro-
tease inhibitor) was added on ice. After incubation for 5 min the tubes were centrifuged at 3000
rpm for 10 min and the supernatants recovered.

Polyacrylamide gel electrophoresis (PAGE) in the presence of sodium dodecyl sulfate (SDS)
was performed according to the method of Laemmli'' as described previously7 using an acrylamide
concentration of 8%,. The treatment of the slab gels for ﬁuorographyI2 has also been described.’
Cylindrical gels were sliced and the radioactivities counted as described previously.3 The ap-
parent molecular weights of the labeled proteins were calculated according to the method of
Weber and Osborn.' The '*C-labeled standard proteins were described previously.

Study of possible proteolvtic degradation of surface glycoproteins during the labeling procedure.
Erythrocytes (0.5 ml packed cells) labeled after NE + GO or periodate treatment were divided
into two equal aliquots. To one of these were added 100 x 10° purified granulocytes, whereas
the other remained without added cells. The mixtures were incubated at 37°C for 30 min and the
erythrocyte membranes isolated.} Aliquots were then run on cylindrical gels to get a more
quantitative estimation of possible proteolytic degradation.
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RESULTS

Surface glycoprotein patterns of platelets. When platelets were labeled with
NaB?®H, after treatment with NE + GO the following major glycoproteins were
seen after slab gel electrophoresis: GP210, GP155, GP130, GP120 (the major
band), GP10S, GP97, GP80, GP68, GP54, GP42 (Fig. 1 A, Table 1). Selective
labeling of surface sialic acid residues after periodate treatment using the same
amount of platelets and the same amount of radioactivity yielded the following
major labeled surface sialoglycoproteins: GP225, GP205, GP155, GP130,
GP110 (major band), GP105, GP97, GP85, GP80, GP54, GP42 (Fig. 1B,
Table 1). The galactosyl-N-acetyl and galactosyl aminyl residues of the surface
glycoproteins of the platelets apparently were heavily coated by sialic acids,
since no labeling could be introduced after treatment with GO only (Fig. 2 A).
The abundance of sialic acid residues on the surface proteins of platelets is
further indicated by the clear reduction of the electrophoretic mobility of most
of the major proteins after NE treatment (cf. Fig. 1 A and B).

Surface glycoprotein pattern of granulocytes. The following major surface
glycoproteins were labeled in granulocytes after treatment with NE and GO:
GP245, GP230, GP165, GP155, GP130 (major band), GP105, GP97, GP85,
GP80, GP62, GP50, GP42 (Fig. 1 C). When the surface sialic acid residues were
labeled after periodate treatment a fluorography pattern rather similar to that
seen after NE + GO treatment was obtained. The main differences were seen in
the area of GP155-GP105; GP130 was not seen after periodate treatment, while
GP105 was relatively more strongly labeled than after NE + GO treatment
(Fig. 1 D).

In contrast to the situation in platelets, the galactosyl and galactosylaminyl

A B cC D E~F G H {-o20i) K
= . GF‘?’Z‘.?“5 F GP205
GP210-wm R “GP225 GP210- GP210- . 7SR50 -w wl.cri0 =™
GP170- = GP165 wmw -GP160
GP130- CP&R130-
GP!ZO GPuo GP110P120 GP120- il
GP105 -GP105 -- . -GP105 ‘-GPTOS
-GP100 -GP100
GPaT- GPos- -
GP80O- . GP85- - TR
- A
GPsa- W &
GP42- L)
GP31-
GP24-
== ammy - — - HE
Fig 1. Fluorography patterns of tritium-labeled surface glycoproteins separated by polyacryl-

amide slab gel electrophoresis. (A) Platelets labeled with NaB3H, after treatment with NE + GO
(GP210, surface glycoprotein with an apparent molecular weight of 210,000 daltons, etc.;
(B) platelets labeled after treatment with periodate; (C) granulocytes labeled after treatment
with NE + GO; (D) granulocytes labeled after periodate treatment; (E) monocytes labeled after
treatment with NE + GO; (F) monocytes labeled after periodate treatment; (G) non-T lymphocytes
labeled after treatment with NE + GO; (H) non-T lymphocytes labeled after treatment with
periodate; (1) T lymphocytes labeled after treatment with NE + GO; (J) T lymphocytes labeled
after periodate treatment; (K) '“C-labeled standard protein. TH, thyroglobulin; TR, transferin;
HA, human albumin; OA, ovalbumin; HB, hemoglobin.
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Table 1. Surface Glycoproteins of Blood Leukocytes

A t NonT y 8 Null
pparen
Mol Wi Platelets Granulocytes Monocytes Lymphocytes Lymphocytes lymphocytes,  Cells,

(x1073) NE+GO P NE+GO P NE+GO P NE+GO P NE+GO P NE+GO NE+ GO

GP245 - - + + - - - - - - - -
GP230 - - + + - - - - - - - -
GP225 - 2+ - - - - - - - N - -
GP210 2+ - - - 2+ + 2+ 2+ - - 3+ 3+
GP205 - 2+ - - + + 2+ 2+ + + - -
GP200 - - - - + - - - 2+ 2+ - -
GP180 - - - - - - + + 2+ 2+ + 2+
GP170 - - - - + + 2+ 2+ - - - -
GP165 - - + 2+ + - - 2+ 2+ - +
GP160 - - - - - - - + + - -
GP155 + + 2+ 2+ + + + + - - - -
GP120 2+ 2+ 3+ - 3+ - 2+ - + - - +
GP120 3+ - - - - - 3+ - 3+ - 2+ +
GP110 - 3+ - + - 3+ - + - - 2+ +
GP105 2+ 2+ 2+ 3+ - - - 3+ - 2+ - -
GP100 + + - - - - - 3+ + 3+ + +
GP97 - - 2+ - - - - - - - -
GP95 - - - - 2+ 2+ 2+ + + + + +
GP85 - + + + + + 2+ 2+ + + + +
GP80 2+ + + + + - - - - - -
GP68 + - - - - - - - - -
GP62 - + + - - - - - - - -
GP54 2+ 2+ - - - - - - - - - -
GP50 - + + + + + + - -
GP42 + + + + 2+ 2+ + 2+ + +
GP31 - - - - 2+ 2+ - 2+ + +
GP24 - - - - - - 2+ 2+ - - + +

NE + GO, cells pretreated with neuraminidase plus galactose oxidase; P, cells pretreated with periodate. The relative
labeling intensity is indicated on a scale of + to 3+.

residues of the granulocyte surface glycoproteins were relatively available to the
GO directly without NE treatment. Most of the major surface proteins were
labeled after treatment with GO only (Fig. 2 C). This finding and the similarities
between the patterns obtained after NE + GO treatment and periodate treat-
ment indicated that most of the surface glycoproteins with the exception of
GP130 (NE + GO)/GPI105 (periodate) of granulocytes are relatively poorly
substituted with sialic acid residues.

Surface glycoprotein patterns of monocytes. The following major surface
glycoproteins were labeled in monocytes after treatment with NE + GO:
GP210, GP205, GP200, GP170, GP165, GP155, GP130 (major band), GP95,
GP85, GP80, GP42 (Fig. 1 E). Labeling of the sialic acid residues after periodate
treatment of the same amount of isolated monocytes yielded a pattern similar
to that seen after NE + GO treatment. The main difference in the patterns were
recorded in the areas of GP165-GP110; GP110 was strongly labeled after
periodate treatment, while apparently the same protein showed the mobility of
GP130 when labeled after NE + GO treatment (Fig. 1 E and F, Table 1).

Several glycoproteins of monocytes were labeled after treatment with GO
only (Fig. 2 E). This shows that these proteins expose galactosyl/galactosaminyl
residues available for the GO. The labeling intensity, however, is relatively
weaker than that seen in granulocytes after treatment with GO only.
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Fig. 2. Fluorography patterns of surface glycoproteins labeled after treatment with galactose
oxidase only or without enzyme treatment and separated by polyacrylamide slab gel electro-
phoresis. (A) Platelets + GO; (B) platelets, no enzyme treatment; (C) granulocytes + GO;
(D) granulocytes, no enzyme treatment; (E) monocytes + GO; (F) monocytes, no enzyme treat-
ment; (G) T lymphocytes + GO; (H) T lymphocytes, no enzyme treatment; (I) '4C-labeled
standard proteins as in Fig. 1. The same amount of cells and serum borotritiate was used as for
the cells in Fig. 1 and the slab exposed for the same time as that of Fig. 1.

Surface glycoprotein patterns of non-T lymphocytes. The following major
glycoproteins were labeled on non-T lymphocytes after treatment with
NE + GO: GP210, GP205, GP180, GP170, GP155, GP130, GP120, GP95,
GP85, GP50, GP42, GP31, GP24 (Fig. 1G). Labeling after treatment with
periodate yielded a rather similar pattern. The major differences were GP105
and GP87, which were strongly labeled in the periodate-treated cells while the
apparently corresponding proteins showed the mobility of GP130 and 120 in the
pattern obtained after NE + GO treatment (Fig. 1 H).

Surface glycoproteins of T lymphocytes. GP200, GP180, GP165, GP160,
GP130, GP120, GP97, GP95, GP85, GP50, GP42 were the major labeled glyco-
proteins in T cells labeled after treatment with NE + GO (Fig. 11, Fig. 3 A).
Labeling after treatment with periodate gave a pattern similar to that seen after
NE + GO treatment (Fig. 1J). There was again the typical change in the
mobilities of two major bands. After NE + GO treatment they were GP130 and
GP120 but were GP105 and GP97 after periodate treatment. GP31 was labeled
after periodate treatment but was not seen after NE + GO treatment.
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Fig. 3. Fluorography patterns of
surface glycoproteins of T lympho-
cytes, B lymphocytes, and null cells
labeled after treatment with neur-
aminidase and galactose oxidase and
separated by polyacrylamide slab gel
electrophoresis. (A) T lymphocytes;
(B) B lymphocytes; (C) null cells; (D)
14C.labeled standard proteins as in
Fig. 1.

63

Surface glycoproteins of blood B lymphocytes. Figure 3 B shows the surface
glycoprotein pattern of normal blood B lymphocytes labeled after NE + GO
treatment. The dominating bands are GP210, GP120, and GP110. Slg, which
should migrate in the 50,000-dalton region, was not seen. GP31 and GP24 were

seen only after prolonged exposure.

Surface glycoproteins of blood null [ymphocytes. The most strongly labeled
band in null cells after NE + GO treatment was GP210. GP120 was more

weakly labeled than in T or B lymphocytes (Fig. 2 C).

Absence of detectable proteolytic degradation of surface glycoproteins during
the labeling procedures. When intact labeled erythrocytes were incubated with
granulocytes no changes in the labeled surface glycoprotein patterns were ob-

served (Fig. 4).

DISCUSSION

The surface glycoprotein patterns of the main populations of human blood
leukocytes were analyzed by using two different methods of radiolabeling with
tritium. The use of *H as a label gave an excellent resolution on the auto-

radiographs.

The GO-NaB’H, method has received wide application in the study of surface
molecules of different cells.>*’ This labeling method is specific for the cell sur-
face, since GO has a molecular weight of 75,000 daltons and apparently does
not penetrate the plasma membrane of viable cells.> When combined with NE
pretreatment, surface proteins with galactose residues covered by sialic acid
may tentatively be identified. However, removal of sialic acid may cause
artifactual changes in the physical or chemical properties of the sialoglyco-
proteins. This might affect their organization at the cell surface and is some-

times reflected by marked reductions in their electrophoretic mobilities.
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Fig. 4. Cylindrical PAGE patterns of labeled erythrocyte surface glycoproteins after incubation
with or without granulocytes. (A) Surface glycoproteins of erythrocytes labeled after NE + GO
treatment; (B) surface glycoproteins of erythrocytes labeled after NE + GO treatment and in-
cubated with granulocytes; (C) surface glycoproteins of erythrocytes labeled after periodate
treatment; (D) surface glycoproteins of erythrocytes labeled after periodate treatment and in-
cubated with granulocytes. PAS 1 and PAS 2, the major labeled sialoglycoproteins; BPB, position
of bromphenol blue marker dye.

Periodate in low concentrations specifically oxidizes sialic acids and after re-
duction with NaB*H, tritium-labeled 5-acetamido-3,5-dideoxy-L-arabino-2-
heptulosonic acid is the main product formed.'*'> We recently showed this
radiolabeling method to be specific for surface sialic acids under the conditions
used in this study.® When the oxidation is carried out at 0°C with low concen-
trations of periodate and short reaction times the cell membrane is “‘frozen” and
the transport of anions is low or absent.

By using these two methods of selective surface labeling we analyzed the ex-
posed glycoproteins of the main populations of human blood leukocytes by
running them on parallel slots on the same SDS-polyacrylamide slab gel. This
enabled us to accurately compare the glycoprotein patterns of different cell
populations and also gave information about the presence of glycoproteins of
similar apparent molecular weights. Because of the anomalous electrophoretic
behavior of glycoproteins on different gel systems, it should be emphasized that
the figures given for the molecular weights represent only apparent weights.

In comparisons of the glycoprotein patterns obtained by the two labeling
methods, all cells contained a major labeled glycoprotein with an apparent
molecular weight of 100,000-130,000 daltons. Although it obviously was differ-
ent in the various cells, it showed some common characteristics: it was a major
labeled component, and it was obviously rich in sialic acids because it was
weakly labeled with GO alone and it shifted electrophoretic mobility after
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treatment with NE. Its function is unknown but it is evidently important for
circulating cells.

After treatment of platelets with NE + GO, nine major labeled glycoproteins
were identified. The general glycoprotein pattern seen was very similar to that
recently published by Phillips and Agin'® using the GO labeling method, al-
though the apparent molecular weights of different components are higher
throughout in their report. Labeling of the sialic acid residues after periodate
treatment of platelets yielded a somewhat different electrophoretic profile. A
“new’’ band, GP225, was seen by this technique. This finding indicates that
GP225, which apparently is rich in sialic acid, either has very few galactosyl
residues or has them “deeply” located and not available to the GO. The GP210
of the NE + GO profile apparently corresponds to the GP205 of the periodate
profile and the GP120 to the GP110, which shows that the removal of sialic
acids increases the apparent molecular weights. GP120 probably corresponds to
glycocalicin,'” and the GP68 seen after NE + GO treatment was recently
showed to be the substrate for thrombin.'®

The most strongly labeled band of granulocytes had an apparent molecular
weight of 130,000 daltons (GP130). This protein is apparently rich in sialic acid
residues, since its mobility was considerably higher after labeling with periodate,
now recorded as GP105. Except for this protein, the general glycoprotein pat-
terns obtained after NE + GO labeling and periodate labeling were strikingly
similar. The granulocytes did not contain glycoproteins in the 160,000-200,000-
dalton region. Such proteins are characteristic for lymphocytes but are also
found in monocytes. The absence of glycoproteins in this region was apparently
not due to proteolytic degradation, since granulocytes do not cleave labeled
sialoglycoproteins of erythrocytes, which are known to be very protease sen-
sitive® (Fig. 4). In contrast to the surface proteins of platelets, the galactosyl
residues on the membrane proteins of granulocytes are only partially covered
by sialic acid since most of the surface proteins are labeled after treatment with
GO alone.

The general surface glycoprotein patterns of monocytes showed similarities
to those of granulocytes but also to those of lymphocytes. After treatment with
NE + GO the most strongly labeled protein was GP130. When the protein was
labeled after periodate treatment it was recorded as GP110. Most of the surface
molecules seen after NE + GO treatment were also labeled after periodate
treatment. The surface glycoproteins of monocytes apparently carry some
galactosyl residues not covered by sialic acid, since several of the major com-
ponents were labeled after treatment with GO alone.

We earlier reported that according to the GO-NaB?H, labeling method
human blood T and B lymphocytes have different surface glycoprotein pat-
terns.'® Null cells resemble both T and B lymphocytes. They contain the GP210,
which probably corresponds to the high molecular weight proteins of B cells. In
contrast to both T and B lymphocytes, the GP120 is weak. As in granulocytes
and monocytes, the major components in both T and B lymphocytes, GP120
apparently shows a higher electrophoretic mobility in the pattern obtained of
surface proteins labeled after periodate treatment.

At present very few surface glycoproteins have been identified and charac-
terized more extensively. The GP31 and GP24 of B cells are the human Ia

Carl_G_190x270_mm_blokki_FINAL.indd 86 06-Aug-23 1:53:31 PM



Paper 9 87

66 ANDERSSON AND GAHMBERG

antigens,'? and GP42 is the heavy chain of the HLA antigens.?'-* Obviously,
many of the other surface proteins are important for the physiologic functions
of the white blood cells. Knowledge of the membrane glycoprotein patterns on
normal blood leukocytes is fundamental for the discovery of possible molecular
defects associated with various dysfunctional states.”* Moreover, the normal
patterns also provide a basis for the search for surface molecules specifically
associated with malignant (leukemic) leukocytes.
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Activated human T lymphocytes display new surface glycoproteins
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ABSTRACT  We have analyzed the surface glycoproteins
of resting and in vitro activated human T lymphocytes by the
galactose oxidase/NaB%Hy and the periodate/NaBH, labeling
techniques. The labeled glycoproteins were separated b{lpoly-
acrylamide slab gel electrophoresis and visual ized by fluoro-
graphy. A “new” glycoprotein with an apparent molecular
weight of 130,000 (GP130) was strongly labeled on alloanti-
gen-activated T blasts but only weakly or not at all on mito-
§en-stimulated T blasts and resting T lymphocytes. These results
trate that h T cells, as earlier found in the mouse
system, express different surface molecules in relation to the
particular mode of activation and stage of differentiation.

The functionally differentiated cells in multicellular organisms
frequently carry specific surface structures which are involved
in intercellular communication. A detailed characterization of
such membrane molecules may allow a deeper insight to the
mechanisms operating during cell-to-cell cooperation.

A number of different cells interact in the immune system
to create optimal responses to various immunogenic substances.
The mode and magnitude of the immune response are largely
controlled by the T lymphocytes (1). Endowed with the ability
to display functions like help, suppression, or killing, T lym-
phocytes apparently are comprised of functionally discrete
subsets (2). Some of these subsets express specific differentiation
antigens which, in the mouse, can be detected by appropriate
alloantisera (3). Corresponding antisera specific for the subsets
of human T lymphocytes are not yet available, but the surface
molecules found in the murine system will most likely have
their counterparts on human lymphocytes.

The surface molecules on different lymphoid cells have re-
cently been studied by selective radiolabeling of the membrane
glycoproteins (4). These investigations have disclosed that both
murine and human resting T and B lymphocytes have their
own, distinct, surface glycoprotein patterns (5, 6). Blast trans-
formation and differentiation of the murine T cells in vitro
induced changes in their surface glycoprotein patterns which
were different depending on the mode of activation. T blasts
from cultures stimulated with allogeneic cells in mixed lym-
phocyte culture (MLC) had a surface glycoprotein pattern that
was different from that of mitogen-activated T cells (5). De-
tailed analysis revealed the expression of a unique surface
glycoprotein, called T145 (molecular weight, 145,000), that
appeared concomitantly with the expression of cytotoxic ability
by activated T cells. The cellular distribution of this particular
membrane protein indicated it to constitute a specific differ-
entiation marker for a subset of T cells in the mouse—namely,
killer cells (7).

In the present communication we report on the extension of
this work to include surface glycoproteins of human T cells at
various stages of differentiation. Mitogen- and alloantigen-

The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
“:dofertisemem" in accordance with 18 U. S. C. §1734 solely to indicate
this fact.
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activated (in MLC) human T blasts displayed different cell
surface glycoprotein patterns compared to normal resting T
lymphocytes. The MLC blasts carried a membrane glycopro-
tein, GP130 (molecular weight, 130,000) that appears to be a
human counterpart of the murine killer T cell glycoprotein
T145.

MATERIALS AND METHODS

Isolation of Blood Lymphocytes. Buffy coats from fresh
human blood were obtained from the Finnish Red Cross Blood
Transfusion Service. Mononuclear cells were isolated by Fi-
coll/Isopaque gradient centrifugation (8). Phagocytic cells were
removed by treatment with iron powder and a magnet. T
lymphocytes were purified by passage of the cells over a human
Ig/rabbit anti-human-Ig column (9). The contamination of the
T cells by surface-immunoglobulin-bearing cells was <1% as
judged by immunofluorescence staining. Blood B lymphocytes
and null cells (with lymphocytic morphology but lacking the
typical T and B cell surface markers) were purified as reported
in detail elsewhere (10). i

Cultivation and Purification of T Lymphoblasts. Lym-
phocytes enriched for T cells were cultivated at a density of 108
cells per ml in RPMI-1640 culture medium supplemented with
10% normal human AB plasma for the indicated times with
optimal concentrations of phytohemagglutinin (PHA) or con-
canavalin A (Con A). T lymphocytes were also cultivated with
mitomycin C-treated allogeneic mononuclear blood cells in
MLC. Blast cells were purified from the mitogen cultures and
the MLC by 1-g velocity sedimentation (11). The blast cell
populations consisted of >95% lymphoblasts as judged from
May-Gruenwald-Giemsa-stained cytocentrifuged smears.
More than 85% of the blasts formed rosettes with sheep eryth-
rocytes. Viability of all cells exceeded 95% as judged by the
trypan blue exclusion test.

Radiolabeling of Cell Surface Proteins. Cells were surface
labeled by reduction with NaB®H, after oxidation with either
neuraminidase plus galactose oxidase (4) or periodate (12).
About 50 X 108 cells suspended in 1 ml of Dulbecco’s phos-
phate-buffered saline (P;/NaCl) were incubated with 25 units
of Vibrio cholera neuraminidase (NE) (Behringwerke,
Mahrburg, Lahn) and 5 units of galactose oxidase (Kabi,
Stockholm). The enzyme preparations did not contain pro-
teolytic activity. Alternatively, the same amount of cells was
suspended in 1 ml of ice-cold P;/NaCl, 10 ul of 0.1 M sodium
metaperiodate was added, and the cells were kept on ice for 10
min. After treatment with enzymes or periodate, the cells were
washed with P;/NaCl and then suspended in 0.5 ml of P;/NaCl,
and 0.5 mCi of NaB3H, was added. After 30 min at room
temperature, the cells were washed with cold Pi/ NaCl, and 0.2

Abbreviations: MLC, mixed lymphocyte culture; Con A, concanavalin
A; GO, galactose oxidase; NE, Vibrio cholera neuraminidase; PHA,
phytohemagglutinin; P;/NaCl, phosphate-buffered saline.
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ml of cold P;/NaCl containing 1% Triton X-100 and 2 mM
phenylmethylsulfonyl fluoride was added. After 5 min on ice,
the nuclei were pelleted and the supernatants were used for
electrophoresis.

Polyacrylamide Slab Gel Electrophoresis. Electrophoresis
was performed on 8% polyacrylamide gels with 4C-labeled
marker proteins in peripheral slots (5). The gels were fixed and
treated for fluorography as described (13). Quantitative mea-
surements of the individual fluorographic profiles were per-
formed on a Joyce-Loebl recording densitometer.

RESULTS

Surface Glycoprotein Patterns of Resting Blood Lym-
phocytes. Fluorographic patterns of slab gels of surface-labeled
T and B and null lymphocytes purified from normal human
blood are shown in Fig. 1. The patterns of the main lymphocyte
populations are clearly different. In the fluorography pattern
of resting T lymphocytes, four closely spaced bands of equal
labeling intensity are seen in the high molecular weight region:
GP200, GP180, GP165, and GP160. B cells and null cells have
one major band in this region with an apparent molecular
weight of 210,000 (GP210). Both T and B lymphocytes express
a major band, GP120, which is weakly labeled in null cells. The
basic patterns of these lymphocyte populations were remark-
ably constant and did not differ between corresponding cells
obtained from different donors.

Surface Glycoprotein Patterns of In Vitro-Generated T
Blasts. T lymphoblasts recovered after activation in vitro with
mitogens or with allogeneic cells still showed the basic glyco-
protein patterns of resting T lymphocytes. On comparison of
the glycoprotein patterns of T blasts isolated from mitogen-
stimulated cultures with those of T blasts isolated from MLC,
some apparent differences were observed. The MLC blasts
expressed a major band, GP130, that was seen after 3 days in
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F1G. 1. Fluorography patterns of the surface glycoproteins la-
beled after neuraminidase/galactose oxidase treatment of human
blood lymphocytes. Lanes: A, T lymphocytes; B, B lymphocytes; C,
null lymphocytes; D, 14C-labeled marker proteins. TH, thyroglobulin;
TR, transferrin; HA, human serum albumin; OA, ovalbumin; HB,
hemoglobin. GP210 indicates a glycoprotein with an apparent mo-
lecular weight of 210,000, etc. [The smaller glycoproteins (i.e., the
HLA-D molecules on B lymphocytes) require longer exposure times
to become apparent.]
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culture and was strongly labeled after 6 days in culture (Figs.
2 and 3). This was only weakly expressed on PHA- and Con
A-stimulated blast cells and on T lymphocytes kept in unstim-
ulated cultures. GP120, on the other hand, was virtually absent
from MLC blasts at 6 days but was the major protein in this
molecular weight range on mitogen-activated T blasts.

Another major difference between mitogen- and alloanti-
gen-stimulated T blasts was in the labeling of the four closely
spaced bands in the high molecular weight region. As shown,
in Figs. 1, 2, and 3, GP200, GP180, GP165, and GP160 showed
approximately identical labeling intensities on resting T lym-
phocytes and on T lymphocytes kept in unstimulated cultures
for 6 days. GP200 and GP180 were weakly labeled on MLC-
activated blasts whereas on mitogen-activated T blasts, GP180
and GP165 were relatively strongly labeled. Stimulation of
lymphocytes from different individuals consistently yielded
these characteristic differences between the fluorography
patterns of their MLC T blasts and mitogen-induced T blasts
(Fig. 4).

The different fluorography patterns of MLC and mitogen-
induced T blasts obtained after labeling with the neuramin-
idase/galactose oxidase technique is apparently not due to
differences in accessibilities of galactosyl- or N-acetylgalacto-
syl-aminyl residues, because the same principal differences
were also observed after labeling of the sialic acid residues by
periodate/NaB3H, treatment (Fig. 5).

DISCUSSION

Analysis of exposed membrane glycoproteins by selective sur-
face labeling (4, 12) allows the identification of certain cells and
cell lineages with high accuracy (14, 15). In the present study
we have shown that blast cells derived from human peripheral
T lymphocytes express different surface glycoprotein patterns
as a result of various cellular activations.

The most striking finding was a prominent “new” band,
GP130, in the fluorography patterns of MLC blasts. GP130 was
undetected in small T lymphocytes of blood and was weakly
labeled in mitogen-stimulated T blasts and T lymphocytes kept
in nonstimulated cultures. This difference in the expression of
glycoproteins on human MLC and resting T cells parallels that
reported in the mouse system, where a certain glycoprotein,
called T145, was selectively found on Ly1~2* killer T blasts (7).
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FIG. 2. Fluorography patterns of the surface glycoproteins la-
beled after neuraminidase/galactose oxidase treatment of T blasts
and T lymphocytes cultured for different times. Lanes: A, PHA blasts,
3 days; B, Con A blasts, 3 days; C, MLC blasts, 3 days; D, T lympho-
cytes, kept in unstimulated cultures for 6 days; E, PHA blasts, 6 days;
F, Con A blasts, 6 days; G, MLC blasts, 6 days; H, marker proteins as
in Fig. 1.
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F1G. 3. Densitometric tracings of the fluorography patterns ob-
tained with surface labeled T blasts and T lymphocytes after 6 days
in culture. T-LY, T lymphocytes from nonstimulated cultures; MLC,
MLC blasts; PHA, PHA blasts; Con A, Con A blasts. The major la-
beled proteins are indicated. The quantitative differences in the la-
beling intensities (GP200-GP160) and the different expressions of
GP130 and GP120 are obvious. GP42, location of the heavy chain of
the HLA antigen.

Although of slightly different apparent molecular weight, the
behavior of this protein strongly indicates that it represents the
mouse counterpart of the human GP130. The question of
whether GP130 represents a marker for a functional differen-
tiation step or is already expressed on a small, undetectable
subpopulation of small T lymphocytes being strongly selected
for during the MLC is yet to be answered. The kinetics for the
appearance of GP130, however, are more compatible with a
sequence of differentiation because, although already present
on MLC blasts cultivated for 3-4 days, GP130 requires 5-7 days
to reach maximal expression. Moreover, we have not found
detectable expression of GP130 on thymocytes or on subpop-
ulations of human blood, spleen, and thymocytes or on sub-
populations of human blood, spleen, and tonsillar T lympho-
cytes selected for the presence of receptors for Fey, for Feu (16),
for the ability to form “fast” or “slow” rosettes with sheep
erythrocytes, etc.

On the other hand, we recently found that GP130 is a
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FIG. 4. Fluorography patterns of the surface glycoproteins la-
beled after neuraminidase/galactose oxidase treatment of MLC and
PHA blasts from four different persons. Lanes: A-D, MLC blasts; a-d,
PHA blasts; A and a originate from the same donor, etc.

prominent surface glycoprotein on blood T lymphoblasts from
patients with acute infectious mononucleosis (17), proving that
T blasts may also express this surface protein in vivo.

T145, which is the apparent murine counterpart of GP130,
has clearly been shown to constitute a differentiation marker
for the murine killer T cell. It is absent from resting spleen T
lymphocytes, regardless of their Ly phenotype, but the acti-
vation of the cytotoxic capacity in vivo or in vitro coincides with
the surface appearance of T145. T145 is only expressed on T
killer blasts of relevant Ly phenotype but is retained on “sec-
ondary” T cells (18) that have reverted to memory lymphocytes
upon prolonged culture of isolated MLC blasts in the absence
of stimulator cells.

GP28-

F1G. 5. Fluorography patterns of surface glycoproteins labeled
by periodate/NaB3H, treatment of Con A blasts (lane A), PHA blasts
(lane B), and MLC blasts (lane C). The p ti h
sialic acid residues gives the GP120 and GP130 }u.gher elech-ophoretlc
mobilities compared to those seen after the enzyme treatment.
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The functional role of GP130 is still unclear but it might
constitute a differentiation marker for the human killer T cell.
The strong expression of GP130 on T blasts obtained from pa-
tients with infectious mononucleosis lends further support to
this view, because these cells have been shown to exert lytic
activity in vitro against Epstein-Barr virus-transformed B cells
(19). The seemingly reciprocal expression of GP120 and GP130
suggests that these two proteins might be functionally related.
The difference in the electrophoretic mobility after neurami-
nidase/galactose oxidase treatment, however, is not simply due
to different amounts of sialic acid, because the same interre-
lationship between these proteins is observed when the sialic
acid residues are labeled by periodate/NaB3H, although both
proteins then show higher electrophoretic mobilities (Fig. 5).
Recent studies in the mouse system suggest that T145 carries
antigenic determinants that are detected by heterologous
anti-mouse killer T cell specific antiserum (20). Whether an-
tigenic structures of corresponding relevance for the human
system are present on GP130 is not known.

In contlusion, the present findings show that, upon activation
and blast transformation, human T cells display new glyco-
proteins on their outer surface. The expression of these new
glycaproteins varies according to mode of activation and re-
quires different time periods to achieve full expression. This
suggests that these glycoproteins represent markers for subsets
of T cells at different stages of differentiation.
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ABSTRACT  The human promyelocytic leukemia cell line
HL-60 can be induced to undergo morphological and functional
differentiation in vitro by various low molecular weight com-
pounds. The cellular morphology changes from blastoid ap-
pearance to that of granulocytes and the cells acquire the ability
to phagocytize. We here report that the surface glycoproteins
spec:flcally change dunng this differentiation, as shown by the
neur idase/NaB3H, surface-labeling
technique followed b polyacrylamlde slab gel electrophoresis.

e most prominent ciange is the loss of the major glycoprotein
band typical for the blast cells which has an apparent mol ecular
weight of 160,000 and the appearance of a major surface gly-
coprotein band with an apparent molecular weight of 130,000.
Expression of the 130,000 molecular weight band correlates with
the appearance of phagoc ic and chemotactic activities of the
cells. It has the same molecular weight as the major surface
glycoprotein of freshly isolated h bl

gr ytes.

The murine Friend erythroleukemic cells have been extensively
studied and serve as a model for leukemic cell differentiation
(1). These cells can be induced to differentiate by a variety of
apparently unrelated low molecular weight compounds like
dimethyl sulfoxide (MegSO) (1) and butyric acid (2). The
mechanism(s) involved has remained obscure, but it may in-
volve effects on the cell plasma membrane (3).

Very little information is available on the mechanisms op-
erating in human hematopoietic cell differentiation. This is
mainly due to the previous lack of suitable cell lines capable of
maturation in vitro. Recently, however, Collins et al. (4) de-
scribed a continuous human promyelocytic blastoid leukemic
cell line, HL-60, that can be induced to differentiate in vitro
by MeSO and other agents (5). The cells acquired both gran-
u](])lcyte morphology and the ability to phagocytize yeast
cells.

Little is known about the cell surface changes accompanying
granulocyte maturation, and the molecules involved in phag-
ocytosis and other granulocyte functions have not been char-
acterized. We have approached these problems by analyzing
the changes in the surface glycoproteins of the HL-60 cell
during its induced differentiation in vitro. In this report we
show that the major surface glycoprotein with a molecular
weight of 160,000 from HL-60 blasts can no longer be labeled
in differentiated HL-60 cells. Instead, a surface glycoprotein
with a molecular weight of 130,000 (GP130) is strongly labeled.
Concomitant with the appearance of GP130, phagocytic ac-
tivity and granulocyte morphology are acquired. Further

The publication costs of this article were defrayed in part by page
charge payment. This article must therefore be hereby marked “ad-

maturation is associated with the labeling of other surface
glycoproteins.

MATERIALS AND METHODS

Cells. The HL-60 cell line was obtained from R. C. Gallo
(National Institutes of Health). The cells were cultivated in
plastic flasks (Falcon) in RPMI-1640 culture medium supple-
mented with 20% fetal calf serum. The cells were induced to
differentiate by addition of MegSO to a final concentration of
1.0%. HL-60 blasts and HL-60 differentiated cells were purified
by 1 X g velocity sedimentation (6), and fractions exceeding

'95% purity were obtained. Human granulocytes were isolated

from buffy coats of normal blood units provided by the Finnish
Red Cross Blood Transfusion Service as described (7). The
granulocytes were >97% pure, as judged from May/Gruen-
wald/Giemsa-stained smears.

Chemicals and Enzymes. Me;SO (analytical grade), sodium
borohydride, and sodium metaperiodate were obtained from
Merck AG (Darmstadt, West Germany). NaB%H, (11.7 Ci/
mmol, 1 Ci = 3.70 X 10! becquerels) was purchased from the
Radiochemical Centre (Amersham, England). The galactose
oxidase (EC 1.1.3.9) (Kabi AB, Stockholm, Sweden) and Vibrio
cholerae neuraminidase (EC 3.2.1.18) (Behringwerke,
Marburg-Lahn, West Germany) were free of protease activity
when assayed as described (8).

Cell Surface Labeling and Polyacrylamide Gel Electro-
phoresis. Cells (20 X 10°) were surface labeled by use of
NaB®Hj after treatment with either neuraminidase and ga-
lactose oxidase or periodate as described in detail (8-10). Briefly,
the cells were treated with 5 units of galactose oxidase and 12
units of neuraminidase for 30 min at 37°C in Dulbecco’s
phosphate-buffered saline. The periodate treatment was at 0°C
for 10 min with a periodate concentration of 1 mM. The cells
were then washed by centrifugation and reduced with 0.5 mCi
of NaB3H, for 30 min at room temperature. After washing, the
cells were solubilized in Triton X-100 containing buffer (11)
and centrifuged at 1000 X g for 10 min, and the supernatants
were used for electrophoresis. Polyacrylamide gel electro-
phoresis in the presence of sodium dodecyl sulfate was per-
formed on slab or cylindrical gels with an acrylamide concen-
tration of 8% (12). The handling of the gels for fluorography
(13) and the 4C-labeled standard proteins have been described
(10). Films were scanned with a Joyce-Loebl Chromoscan
apparatus along the center of the gel lanes.

vertisement” in accordance with 18 U. S. C. §1734 solely to indicat
this fact.

Carl_G_190x270_mm_blokki_FINAL.indd 93

4087

Abbreviation: MegSO, dimethyl sulfoxide.

06-Aug-23 1:53:32 PM



94 Selected Papers of Carl G. Gabmberg

4088  Medical Sciences: Gahmberg et al.

B
&>
FIG. 1. Morphological and functional differentiation of HL-60
cells induced by Me;SO. (A) May/Gruenwald/Giemsa-stained smears
of undifferentiated HL-60 blasts. (B) Morphology after cultivation
for 5 days in the presence of 1.0% Me2SO. (C) Ingestion of Candida
albicans cells after differentiation for 2 days.

Preparation and Analysis of Glycopeptides and Oligo-
saccharides from the Major Labeled Surface Glycoprotein
of HL-60 Cells. Surface-labeled HL-60 cells were electropho-
resed after solubilization on cylindrical polyacrylamide gels.
The gels were sliced with a 2-mm gel slicer and the slices were
eluted for 24 hr with 1 ml of water. The radioactivity in the
aliquots was determined and the fractions containing the major
labeled surface glycoprotein were pooled and lyophilized.
These were then treated with Pronase (14) followed by 50 mM
NaOH/1 M NaBHj for 24 hr at 45°C (15). The labeled glyco-
peptides and oligosaccharides were then analyzed on a Bio-Gel
P6 (Bio-Rad) column prepared in 0.15 M Tris-HCI (pH 7.8)
containing 0.1% sodium dodecyl sulfate.

Proc. Natl. Acad. Sci. USA 76 (1979)
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FIG. 2. Surface glycoprotein patterns of HL-60 cells and normal
granulocytes labeled with 3H after treatment with neuraminidase and
galactose oxidase and separation by polyacrylamide slab gel electro-
phoresis. Lane A: undifferentiated HL-60 cells. Lanes B-E: HL-60
cells after cultivation in the presence of MezSO for 2 days (B), for 3
days. (C), for 4 days (D), and for 5 days (E). Lane F: purified HL-60
blasts. Lane G: purified HL-60 granulocytes. Lane H: normal human
granulocytes. Lane I: 14C-labeled standard proteins (TH, thyro-
globulin; TR, transferrin; HA, h Ibumin; OA, ovalbumin; Hb,
hemoglobin). The apparent molecul ights of the labeled proteins
are indicated: GP160, glycoprotein with an app t molecular weight
of 160,000, etc. NS, protein nonspecifically labeled by NaB3H,

alone.

Preparation of Antiserum against GP130 and Immu-
noprecipitation. One rabbit was immunized three times in-
travenously at 2-week intervals with 50 X 108 purified leukemic
cells from a patient with chronic myeloid leukemia (7). Ten
days after the last injection, serum was collected and 1 ml of the
serum was absorbed three times for 3 hr at 0°C with 1 ml of
packed normal lymphoid cells obtained by Ficoll-Isopaque
centrifugation (7). After this the serum was absorbed twice with
0.5 ml of packed cells of an Epstein-Barr virus-positive lym-
phoblastoid cell line established from the same patient (11).
Immunoprecipitations were performed from undifferentiated
and differentiated HI-60 cells that had been labeled with 3H
after treatment with neuraminidase and galactose oxidase.
Briefly, equal amounts of labeled cells were dissolved in Triton
X-100 containing buffer. The immunoprecipitations were done
with 5 ul of either immune serum or preimmunization serum
by a staphylococcal protein A technique as described in detail
(11).

Phagocytosis. Phagocytic cells were quantitated by incu-
bation of the HL-60 cells for 1 hr with opsonized Candida al-
bicans cells. The cellular morphology was studied from May/
Gruenwald/Giemsa-stained cytocentrifuged smears.

Table 1. Morphology and phagocytic activity of HL-60 cells during Me,SO-induced differentiation

% phagocytosing cells
With With 3

Day of Morphology 1-2 yeast or more yeast
culture % blasts* % granulocytes’ Total particles particles

0 98 2 3 3 —

1 94 6 8 6 2

2 63 37 49 20 29

3 45 55 56 22 34

4 17 83 46 35 11

* Myeloblasts, promyelocytes, and myelocytes.
t Metamyelocytes and neutrophils.
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RESULTS

Morphologic and Functional Differentiation Induced by
Me3SO. When HL-60 cells were grown without inducing agent,
the majority of the cells showed a promyelocytic appearance
with a few myelocytic and metamyelocytic cells (Fig. 14).
After 2 days in the presence of 1.0% Me2SO, most of the cells
showed obvious neutrophilic differentiation (Fig. 1B) and
phagocytic activity (Fig. 1C). The changes in morphology and
induction of phagocytosis with time in MesSO-containing
culture are shown in Table 1.

Surface Glycoprotein Patterns of Cells Labeled by Neu-
raminidase/Galactose Oxidase/NaB3H4 Method. The surface
glycoprotein profile of uninduced cells is shown in Figs. 2, lane
A, and 3, curve A. The most strongly labeled glycoprotein had
an apparent molecular weight of 160,000 (GP160). After 2 days
in the presence of MegSO, the surface glycoprotein pattern was
dramatically changed with a complete loss of GP160. Instead,
there appeared a strongly labeled GP130 (Figs. 2, lane B, and
3, curve B). At this stage there was very little label in other
surface glycoproteins. During subsequent growth in the pres-
ence of MegSO, the label in GP130 remained unchanged, but
now GP210 and GP155 appeared (Figs. 2, lanes C-E, and 3,
curves C-E). Purified HL-60 blasts contained label almost only
in GP160 (Figs. 2, lane F, and 3, curve F), whereas purified
differentiated HL-60 cells contained labeled GP155 and GP130
(Figs. 2, lane G, and 3, curve G). The NS band represents non-
specific label that is not dependent on enzyme treatments (16).
Purified granulocytes from peripheral blood had a surface
glycoprotein pattern similar to that of differentiated HL-60 cells
with a dominant GP130.

Surface Glycoprotein Patterns of Periodate/NaB3H,-
Labeled Cells. After periodate/NaB3H, labeling, GP110 was
the most strongly labeled protein in both undifferentiated and
differentiated HL-60 cells (Fig. 4).

Glycopeptides and Oligosaccharides of Major Labeled
Surface Glycoprotein. Fig. 5 shows the Bio-Gel P6 elution
patterns of glycopeptides and oligosaccharides from GP110
from uninduced (Fig. 5A) and induced (Fig. 5B) HL-60 cells
labeled with 3H after periodate treatment. The patterns are
remarkably similar. The apparent molecular weight of the
major peak is about 2300. When the glycopeptides and oligo-
saccharides from GP160 and GP130 were analyzed after neu-
raminidase/galactose oxidase/NaB3Hj labeling, the patterns
were similar and the major peaks had apparent molecular
weights of about 600 (data not shown).

Immunoprecipitation with Antiserum against GP130. Fig.
6 shows the immunoprecipitates from uninduced and induced
HL-60 cells labeled by the neuraminidase/galactose oxidase/
NaB3H, technique and analyzed on a polyacrylamide slab gel.
A strong GP130 was obtained from induced cells (Fig. 6, lane
C) and a weak GP130 from uninduced cells (Fig. 6, lane B). No
GP160 was precipitated from uninduced cells with antiserum
and no band was obtained with preimmune serum from in-
duced cells (Fig. 6, lane D).

DISCUSSION

The galactose oxidase/NaB3Hj (8, 9) and periodate/NaB3H,4
(10) surface-labeling techniques, combined with fluorography
of polyacrylamide slab gels, have proven useful for distin-
guishing different normal and malignant human blood cells (7,
17) and lymphoid cell lines (18, 19). In addition we have found
that, depending on the mode of activation, human T lym-
phoblasts have characteristic and easily distinguishable surface
glycoprotein patterns that are different from those of resting
T lymphocytes (20).
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In contrast to the more extensive information on surface
glycoprotein alterations accompanying lymphoid differen-
tiation, very little is known about molecular changes associated
with granulocyte/monocyte maturation (21-23). The surface

glycoprotein patterns of normal human granulocytes and mo-
nocytes are clearly different from those of blasts from patients

GP160
A GP120
GP130
B
NS
C GP155

GP97

GP210

F

GP130

T

i

GP130

GP155

200 150 100 50
Molecular weight X 1072
FIG. 3. Scanning patterns of HL-60 labeled surface glycoproteins
(neuraminidase/galactose oxidase pretreatment) separated by slab
gel electrophoresis and visualized by fluorography. Curves A-H, see
legend for Fig. 2. The apparent molecular weights of the proteins are
indicated.
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F1G. 4. Surface glycoprotein patterns of HL-60 cells and normal
granulocytes labeled with 3H after periodate treatment and separated
by polyacrylamide slab gel electrophoresis. Lanes A1, as in Fig. 2 but
labeled after periodate treatment. The apparent molecular weight
of the major labeled surface glycoprotein is now 110,000.

with acute or chronic myeloid leukemia (7, 17). This indicates
that in the myeloblast-granulocyte lineage, surface glycoprotein
changes normally occur during differentiation.

The recent establishment of the HL-60 promyelocytic cell
line (4) and the successful induction of its differentiation in vitro
(5) has made it possible to study cell surface changes at a mo-
lecular level during myeloid differentiation. When HL-60 cells
were labeled by the neuraminidase/galactose oxidase/NaB3H 4
technique, the most obvious cell surface protein change during
differentiation was the loss of GP160 and the appearance of
GP130. This is not a nonspecific effect of MesSO because the
K562 cell line (originating from a patient with myeloid leuke-
mia), which cannot be induced to differentiate by MeSO (5),
did not show any change in its surface glycoprotein pattern after
5 days in the presence of Me;SO (data not shown). On the other

5
A

3.
o1
=4
x
£ |8
g

5

3

14

20 40 60 80

Fraction
FIG. 5. Bio-Gel P6 elution patterns of periodate/NaB3H,-labeled
GP110 glycopeptides and oligc harides from uninduced (A) and
induced (B) HL-60 cells.
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F1G. 6. Fluorography patterns of immunoprecipitates with an-
tiserum against GP130 from neuraminidase/galactose oxidase/
NaB?H,-labeled cells. Lane A, standard proteins as in Fig. 2;1ane B,
uninduced HL-60 cells with immune serum; lane C, induced HL-60
cells with immune serum; lane D, control from induced HL-60 cells
with preimmune serum. Similar amounts of radioactivity were used
for immunoprecipitations, and the films were exposed for identical
times.

hand, this cell line can be induced to undergo erythroid dif-
ferentiation by using sodium butyrate (24).

No difference between uninduced and induced HL-60 cells
was seen when the cells were labeled by the periodate/NaB3H,
method, but all cells contained a strongly labeled GP110. We
think that both GP160 and GP130 move like GP110 on poly-
acrylamide gel electrophoresis in the presence of sodium do-
decyl sulfate when their sialic acids have not been removed by
neuraminidase treatment. This is characteristic of surface
glycoproteins containing O-glycosidic carbohydrate chains,
such as the major red cell sialoglycoprotein, glycophorin, and
the major T lymphocyte surface protein, which show increased
electrophoretic mobilities in the presence of sodium dodecy!
sulfate when their sialic acids are present (10, 20). GP160 and
GP130 evidently have common features. Both are rich in ap-
parently identical alkali-labile oligosaccharides containing sialic
acids. The simultaneous appearance of GP130 with the loss of
GP160 suggested the possibility of a precursor-product rela-
tionship. However, the antiserum reacting with GP130 did not
react with GP160, which indicates differences in antige-
nicity.

Normal granulocytes contain GP130 as the most strongly
labeled band (7). This protein must be closely similar to the
GP130 of induced HL-60 cells because it reacts with the anti-
serum against GP130 (data not shown). The simultaneous ap-
pearance of GP130 in HL-60 cells with the development of
phagocytic and chemotactic (unpublished results) activities
could mean that this protein is involved in such functions, but
no direct evidence can be provided at present. Some support
for a role of this protein in chemotaxis comes from our recent
studies in which it was shown that the GP130 protein is strongly
reduced in granulocytes of patients with monosomy-7 (25),
which have defective chemotaxis (26).

The results show that it is possible to follow human myeloid
differentiation by analyzing the surface glycoprotein patterns
and indicate the usefulness of this approach for investigating
granulocyte structural-functional relationships. This may be
particularly important when the differentiation stage of human
myeloid leukemic cells is determined (17).
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Regulation of the p59%" protein tyrosine kinase
by the CD45 phosphotyrosine phosphatase*

Triggering of the T cell antigen receptor/CD3 (TcR/CD3) complex leads to rapid
tyrosine phosphorylation of regulatory proteins that participate in initiating T cell
activation and proliferation. This signal transduction event requires the presence
of the TecR/CD3-associated protein tyrosine kinase p597. There is also evidence
that the CD45 phosphotyrosine phosphatase is involved in TcR/CD3 signalling.
We show here by capping experiments using double indirect immunofluorescence
techniques that the receptor phosphotyrosine phosphatase CD45 and the
intracellular protein tyrosine kinase pS9¥" specifically co-distribute in functional
T lymphocytes. Furthermore, we provide evidence that isolated p59%” is a
substrate for CD45 as indicated by the rapid dephosphorylation of the regulatory
Tyr>3! of p59%by CD45. This dephosphorylation is accompanied by a severalfold
increase in the catalytic activity of p59%” as measured by its autophosphorylation
and phosphorylation of an exogenous substrate. We also demonstrate that
CD45-mediated dephosphorylation and activation of p59%" apparently occurs at
a slow basal rate in resting T cells. This represents the first identification of a
physiologic regulator of p59%” and implies a mechanism for the role of CD45 in

TcR/CD3 signal transduction.

1 Introduction

Triggering of the TcR/CD3 complex leads to initial and
obligatory tyrosine phosphorylation events [1-3] including
phosphorylation of the y1 isoform of the phosphatidyl-
inositol-specific phospholipase C [4, 5]. This results in
enhanced hydrolysis of inositol phospholipids, activation of
protein kinase C and mobilization of intracellular calcium

(6.

The src family protein tyrosine kinase (PTK) p59%” [7, 8]
was recently found to be physically associated with the
TeR/CD3 complex [9, 10], and seems to be crucial for signal
transduction from this receptor complex [11]. In addition to
p5957, the closely related p56/ck [12] is probably also in-
volved in TeR/CD3-induced signal transduction [13-15] due
to its association with the CD4 and CDS glycoproteins,
which serve as accessory molecules in antigen recognition.
The relative contributions by p5%¥” and p56'* to TcR/CD3-
induced tyrosine phosphorylation, however, remain un-
clear and may depend on the mode of stimulation.

The catalytic activity of the src family of PTK is suppressed
in vivo by phosphorylation of a C-terminal regulatory
tyrosine residue [16, 17]. When the codon for this tyrosine
(Tyr33 in p5947 or Tyr3% in p56/c%) is altered or deleted and
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NIH3T3 cells are transfected with the mutated cDNA the
cells are transformed [16-18]. Accordingly, removal of
the suppressing phosphate from the C-terminal tyrosine
of p56% and p59%” by a phosphotyrosine phosphatase
(PTPase) would be expected to enhance their PTK activi-
ties. We have earlier shown that the major membrane
PTPase inT cells, the leukocyte common antigen (CD45),
is capable of activating p56'* in T cell membranes and
in vitro, by dephosphorylating the regulatory Tyr-505
[19, 20]. Here we show that p59%” co-localizes with CD45
in vivo and that CD45 activates p59%" by dephosphoryla-
ting the regulatory Tyr53!. We infere from these results that
the nonreceptor src family PTK p59%” and p56“* are
similarly regulated by CD45.

2 Materials and methods
2.1 Materials

A rabbit antiserum directed against a synthetic peptide
corresponding to amino acid residues 29-43 of p59%”
(afynN) [21] was a kind gift of Dr. T. Kawakami (La Jolla
Institute for Allergy and Immunology, La Jolla, CA), and
an antiserum against amino acids 22-35 of p59/" was raised
as described [10]. An antiserum against amino acid residues
3964 of p56/ was a kind gift of Dr. A. Altman (La Jolla
Institute for Allergy and Immunology, La Jolla, CA). The
peptide KRLIEDNEYAARQG, was synthesized using an
Applied Biosystems 430 synthesizer by t-Boc chemistry and
purified by HPLC. The product was found to contain the
expected amino acids. [y-32P] ATP was from Amersham
Int., Amersham, GB), phenylarsine oxide from Aldrich
(Steinheim, FRG) and TPCK-trypsin from Worthington
Biochemical Corporation (Freehold, NJ).

2.2 Cells

Human mononuclear leukocytes (PBL) were isolated from
the blood of healthy volunteers by gradient centrifugation

0014-2980/92/0505-1173$3.50+.25/0
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on Ficoll Isopaque (Pharmacia, Uppsala, Sweden). Human
T lymphocyte clones were raised, maintained and cultured
as described [22]. In the experiments illustrated in Fig. 1
(Sect. 3) the human CD4" Tcell clone HK.L41 was
used.

2.3 Immunofluorescence microscopy and capping

Capping experiments and immunofluorescence microscopy
were performed as described by Gassmann et al., [10]. The
following mouse and rat monoclonal antibodies were used:
HLe-1, specific for human CD45 (Becton Dickinson,
Montain View, CA) and YTH 81.5 specific for human
LFA-1 (a chain, CD11a; Serotec, Kidlington, GB). Poly-
clonal rabbit antisera specific for p59#" and the secondary
reagents were as described [10]. All the antibodies used as
secondary reagents were cross-adsorbed on appropriate
rabbit, rat or mouse IgG columns to eliminate cross-species
reactivities.

2.4 Western blotting

Immunoblotting was performed using PBL membranes
prepared as described [19] by sonication, removal of nuclei
and high-speed centrifugation (180000 X g for 15 min in a
Beckman Airfuge). Proteins were resolved by SDS-PAGE
on 10% or 12% gels and transferred onto nitrocellulose
filters. The antisera were used at 1:1000 dilution and the
blots developed by a standard alkaline phosphatase
method.

2.5 Immunoprecipitation

p597 was immunoprecipitated from 100 x 100 — 200 x 10°
PBL lysed in 1 ml of 3% NP40, 20 mM Tris, pH 8.0,
150 mm NaCl, 1 mM NazVOy, 10 pg/ml leupeptin and
10 pg/ml aprotinin. Precleared lysates were incubated for
2 h with 5-10 ul of p59%" antiserum, followed by agarose-
bound goat anti-rabbit Ig for 1 h. Immunocomplexes were
washed three times in lysis buffer, once in lysis buffer with
0.5 M NaCl, again in lysis buffer and, finally, twice in 10 mM
Hepes, pH 7.65. CD45 was immunoprecipitated as de-
scribed [19, 20] from human blood lymphocytes, lysed at
50 x 10%ml in 0.2 % NP40 in PBS and protease inhibitors.
Precleared lysates were incubated for 2 h with GAP 8.3
(ATCC Rockville, MD, #HB12) ascites fluid (0.3-1 pl/107
cell equivalents) or control antisera, followed by agarose-
conjugated goat anti-mouse or anti-rabbit IgG. The precip-
itates were washed five times in lysis buffer.

2.6 PTK assay

Phosphorylation of the synthetic peptide, KRLIEDNEYA-
ARQG, corresponding to the major autophosphorylation
site of the src family kinases, was measured as described
[19, 20]. In the experiments shown in Table 1 and Fig. 3, the
immunoprecipitates were mixed as indicated and incubated
at 30°C for 3 min with or without 1 mM NazVOy prior to the
PTK assay.
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2.7 Phosphorylation and dephosphorylation of p59/5"

For autophosphorylation of p59%%, the washed immu-
nopreciptates were incubated with 5uCi= 185kBq
[y-32P] ATP in 50 wl of 10 mM Hepes, pH 7.65, 0.2 % Triton
X-100, 10 mM MgCl,, 5 mM MnCl,, 5 mM 2-mercaptoetha-
nol and 1 mM Na3VOy for 10 min at 30 °C. The reaction was
stopped either with trichloroacetic acid (20 % final) and the
resulting precipitate washed three times in ice-cold ace-
tone, or directly boiled in SDS sample buffer. In situ
phosphorylation of p59%" (predominantly at Tyr5*!) was
performed as described for pp60cr [23]. Briefly, 50 x 10°
PBL were lysed in 50 ul of 10 mM Tris-HCI, pH 7.4, 1%
Triton X-100, 2.5 mM MnCly, 150 mm NaCl, 10 pug/ml
aprotinin and leupeptin and the lysate was kept on ice for
15min and then incubated in the presence of 1mM
NazVOy, 50 uCi of [y-*P]ATP, and 1uM ATP for an
additional 15 min on ice. The reaction mixture was diluted
to 1ml with ice-cold 3% NP40, 20 mm Tris, pH 8.0,
150 mM NaCl, 1 mM Na3VOy and protease inhibitors, and
p59%" immunoprecipitated as described above. For CD45-
mediated dephosphorylation, the immunoprecipitates
were washed two additional times in 50 mM imidazole,
pH 7.2, 5 mM EDTA and 10 mM octyl-3-D-glucoside and
suspended in 50 pl of this buffer and treated with 10 ul
(1.6 pg or 1.5 Units; 1 Unit = 1 nmol/min) of the purified
CD45 for 5 min at 30°C. Phosphorylated proteins were
separated on 10 % SDS polyacrylamide gels and visualized
by autoradiography.

2.8 Tryptic peptide mapping

Proteins were localized in the gels by autoradiography,
eluted, oxidized, digested with TPCK-trypsin and the
resulting peptides separated by electrophoresis at pH 8.9
(anode to the left) and ascending chromatography as
described in detail elsewhere [24]. The radiolabeled spots
were identified by comparison with published results
obtained with p356/ [16, 25] and pp60c*¢ [26, 27]. The
p59%™ peptide containing Tyr*? is identical to the corre-
sponding peptide obtained from autophosphorylated p56/*
(Fig. 3c), which has an identical mobility on thin layer
plates (data not shown).

2.9 Purification of CD45

CD45 was purified from PBL and all steps were carried out
at 4°C. Column fractions were monitored for the presence
of CD45 using the monoclonal antibody MEM-28 and by
measuring PTPase activity with o-phospho-L-tyrosine as
substrate [19, 20]. Cells were washed in 10 mm Tris-HCI,
pH 7.4, 140 mM NaCl, and lysed in 50 mM imidazole,
pH 7.2, 1% Triton X-100, SmM EDTA, 1 mM EGTA,
1 mM dithiotreitol, 1 mM benzamide, 5 pug/ml leupeptin
and 1 ug/ml aprotinin. After centrifugation at 100000 X g,
the supernatant was passed through a DEAE-cellulose
column equilibrated in the above lysis buffer. The column
was washed with 50 mM imidazole, pH 7.2, 0.015 % Triton
X-100, 5 mM EDTA, 1 mM EGTA, 0.1 mM dithiotreitol,
1 mM benzamide, 5 pg/ml leupeptin and 1 ug/ml aprotinin,
and eluted with a gradient of KCl (0-300 mM) in the same
buffer. Fractions containing CD45 were passed through a
wheat germ lectin-Sepharose 4B affinity column, and the

06-Aug-23 1:53:32 PM



100 Selected Papers of Carl G. Gahmberg

Eur. J. Immunol. 1992. 22: 1173-1178

column was washed extensively before eluting the bound
glycoproteins with 0.2 M N-acetyl-D-glucosamine in 50 mM
imidazole, pH 7.2, 0.015% Triton X-100, 1 mm EDTA,
0.2 mMm EGTA, 0.1 mM dithiotreitol. The eluate was con-
centrated by adsorption to DEAE-cellulose and the deter-
gent changed to 10 mM octyl-B-D-glucoside. The prepara-
tion was further concentrated using Centricon microcon-
centrators (Amicon, Lexington, MA) and subjected to gel
filtration through an Ultrogel AcA34 (LKB, Bromma,
Sweden) column in 50 mM imidazole, pH 7.2, 200 mM KCl,
10 mM octyl-B-D-glucoside, 1 mM dithiotreitol. Fractions
containing active CD45 were pooled and used in the
experiments.

3 Results
3.1 p594” and CD45 co-distribute in vivo

To study a possible association of p59/+ and CD45 in vivo,
the CD45 molecules on the surface of intact human
T lymphocytes were collected into caps by cross-linking
with specific antibodies and the capped cells were examined
by double indirect immunofluorescence to determine
whether intracellular p59/” was co-collected with the CD45
caps. The addition of anti-CD45 antibodies to the T cells
followed by fluorescein-conjugated F(ab'), fragments of
goat anti-mouse IgG, all at 4°C, resulted in a uniform
surface labeling (Fig. 1a). If the labeled cells were warmed
to 37°C, within 20 min the CD45 antigen was generally
collected into a cap (Fig. 1c). Fixed and permeabilized,
capped or uncapped cells were indirectly immunolabeled

Figure 1. Double indirect immunofluorescence labeling of surface
CD45 or LFA-1 and intracellular p59#” in human T lymphocytes.
a) Uncapped CD45, b) p59" in uncapped cells, ¢) Capped CD45,
d) p59%7 in CD45-capped cells, ¢) Capped LFA-1, and f) p59% in
LFA-1-capped cells. Note the co-localization of p59#" with the
CD45 cap.
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with p59%" followed by a rhodamine-conjugated F(ab'),
fragments of goat anti-rabbit IgG. A uniform intracellular
staining was observed for p59” in uncapped cells (Fig. 1b),
whereas CD45-capped cells displayed a significant co-
distribution of p59/” with the CD45 caps (Fig. 1d).This was
seen in >80 % of cells displaying CD45 caps. In contrast,
similar capping experiments involving LFA-1 cell surface
receptors (Fig. 1e) did not result in any detectable redistri-
bution of intracellular p595" (Fig. 1f). We have earlier
shown that p59%4" co-caps with TcR and CD3, while p56/
co-distributes with CD4 and CDS8, but not with TcR or CD3
[10] indicating further the specificity of our capping proto-
col. Thus, we conclude from the experiments presented
here that p59%” and CD45 are specifically associated
(directly or indirectly) in T lymphocytes which might
indicate that p59%” is a substrate for CD45.

3.2 Tmmunoprecipitated p59%" autophosphorylates

When p59%" immunoprecipitated from resting human
blood lymphocytes was incubated with [y-32P] ATP and
divalent cations, two bands at 59 kDa and ~81 kDa became
visible on the autoradiograms of the SDS gels (Fig. 2a,
lane 1). The former corresponds to autophosphorylated
p59%7 and the latter might represent an associated protein.

a b

12 1 2
s 1
106- 1“ =
80— (SN i
- w—a | 1

pp5of — "'-pp%l“k ppsoun > f.ﬁ «pp56ck
49.5— (e
e

32.5— i

Figure 2. Comparison of p59%" and p56/ from human PBL. a)
Autophosphorylation of immunoprecipitated p59#” (lane 1) and
p56/* (lane 2). b) Immunoblotting of PBL membranes with
anti-p59 (lane 1) and anti-p56/* (lane 2).

Table 1. Activation of p597" by CD45

Immunoprecipitating
antibody

NazVO, PTK Activity % of
(1 mM) (fmol/min/106 cells) control

Anti-fynN

Anti-fynN + GAP 8.3»
Anti-fynN + GAP 8.3
Anti-fynN + OKT39
Anti-fynN + anti-TcR {9

167+ 28(n=6) 100
66.8+11.6 (n=6) 399
187+ 93(n=7) 112
243+ 23(n=2) 145
187+ 01(n=2) 112

I+

a) The two proteins were immunoprecipitated separately, mixed as
indicated and incubated at 30 °C for 3 min with or without 1 mM
Na;VO;, prior to the PTK assay (with a peptide substrate).

b) GAPS8.3 is a monoclonal antibody against CD45.

c) OKT3 is a monoclonal antibody against CD3.

d) Anti‘TeR € is a polyclonal antiserum against the TeR €.
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Immunoprecipitated and similarly autophosphorylated
P56/, run in parallel lanes, migrated as a 2-3 kDa smaller
protein (Fig. 2a, lane 2). In immunoblots of human T cell
membranes the anti-p59/" antiserum recognized a 59-kDa
band (Fig. 2b, lane 1), slightly above the band representing
p56%* in the same membrane preparation (Fig. 2b, lane 2).
Since two different antisera are likely to differ in affinity,
the relative amounts of p56/* and p59%” cannot be
determined from these experiments. The immunoprecipi-
tated p59%" also phosphorylated a synthetic tyrosine-
containing peptide similar to the major autophosphoryla-
tion site of src family kinases (Table 1).

3.3 CD45 dephosphorylates p59/" at Tyr5!

Since attempts to label p59/” in PBL metabolically labeled
with [32P] ortho-phosphate to high enough specific activity
to allow peptide mapping were unsuccessful, we used an
alternative approach to study the dephosphorylation of
p59% by CD45. Schuh and Brugge [23] have established an
assay in which pp60°** becomes phosphorylated mainly on
its C-terminal tyrosine residue, Tyr®?7 (corresponding to
Tyr>3 in p59/47). This assay can also be applied to p56/¢ (our
unpublished observation). In these experiments p593" was
labeled with [y-32P] ATP and used as a substrate for CD45.
Purified CD45 rapidly dephosphorylated the labeled p59%»
(Fig. 3a). When the labeled p59%* (Fig. 3A, lane 1) was
eluted from the gel, oxidized and digested with TPCK-
trypsin and the resulting peptides subjected to two-dimen-
sional separation on thin layer plates, the label was mostly

b

a
1 2 g
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80— «81K
- t-pp59fyn b
49.5—
c : ’

PO,
v |
fyn (h) EERPTFEYLQSFLEDYFTATEPQYQPGENL-COCH
v 531
c-src  EERPTFEYLQAFLEDYFTSTEPQYQPGENL-COOH
\
Ick (h) EDRPTFDYLRSVLEDFFTATEPQYQPQP -COOH

PO,
fyn () AR'LIEDNE‘:Y:'(J)‘ARbGA
Ick (h) A]%JEDN'EYFAR'EGA

c-src Al!LIEDNEYTAR& GA

Figure 3. Dephosphorylation of p39%” by CD45. a) p59%" was
labeled in situ with [y->2P] ATP, immunoprecipitated and treated
with medium alone (lane 1) or 1.5 U (1.6 ug) or purified CD45
(lane 2), b) Tryptic peptide map of p59%” cut out from lane 1 in a).
Electrophoresis was in the horizontal direction, anode to the left,
and the second dimension was ascending chromatography. The
arrow marks sample origin. c) Predicted tryptic phosphopeptides
derived from p59%", compared to those from p56' and pp60°sre.
The upper peptide contains Tyr*3!, the lower peptide contains
Tyr*0. The arrows mark the points of tryptic cleavage.

Carl_G_190x270_mm_blokki_FINAL.indd 101

Eur. J. Immunol. 1992. 22: 1173-1178

a b
1 2 3 4 12
106- 106—
80— «81K 80—  w<8lK
_ «pp5oum . «pp59un
49.5—
5 49.5- «lg
32.5—
32.5-

Figure 4. Activation of p59%” by CD45 measured as its subsequent
autophosphorylation. a) Autophosphorylation of p59%" treated
for 3 min at 30°C with agarose-bound goat anti-mouse Ig alone
(lane 1), immunoprecipitated CD45 (lane 2), immunoprecipitated
CD45 + 1 mM NazVOy (lane 3) or immunoprecipitated CD3-¢
(lane 4). b) Autophosphorylation of p59%" treated for 3 min at
30°C with medium alone (lane 1) or 1.5 U (1.6 ug) of purified
CD45 (lane 2).

recovered in a doublet [27] corresponding to the Tyr33!-

containing peptide, while the Tyr*?’-containing peptide was
barely detectable (Fig. 3b). A similar analysis of CD45-
treated labeled p59%" (Fig. 3a, lane 2) did not reveal any
detectable radiolabeled spots (not shown), suggesting that
CD45 can dephosphorylate the regulatory Tyr>>', Whether
the autophosphorylation site, Tyr*?, was dephosphorylated
by CD45 remains uncertain, since it contained very low
amounts of phosphate to begin with. The amino acid
sequences of the labeled tryptic peptides are shown in
Fig. 3c.

3.4 CD45 activates p59/

To determine the effect of CD45-mediated dephosphoryla-
tion of p59/" on its enzymatic activity we first immunopre-
cipitated catalytically active CD45 with the monoclonal
antibody GAP 8.3 as previously described [19, 20]. When
p597% and CD45 immunoprecipitates (which did not have
PTK activity) were mixed and incubated at 30°C for
0-5min prior to PTK activity measurement, a rapid
increase in PTK activity towards the exogenous peptide
substrate was observed (Table 1). The increase was about
fourfold, reached a maximum within 1 min, and was
completely inhibited by 1 mM Naz;VOy,, a potent inhibitor
of the PTPase activity of CD45 [20]. Control immunopre-
cipitates (which displayed negligible PTK activity) did not
influence the activity of p59%".

Treatment of p59%" with immunoprecipitated CD45 also
caused an increase in its subsequent autophosphorylation
and in the phosphorylation of the co-immunoprecipitated
81-kDa protein (Fig. 4a). Other immunoprecipitated pro-
teins did not influence the activity of p59%”, except CD3
immunoprecipitates which gave a small increase in total
PTK activity. These precipitates might have contained some
additional p59%" even if the conditions used did not favor
co-immunoprecipitation [9].

To confirm that the observed effect of CD45 was due to this
molecule and not to possible contaminating factors, we

06-Aug-23 1:53:32 PM



102 Selected Papers of Carl G. Gahmberg

Eur. J. Immunol. 1992. 22: 1173-1178

a b

1 2 pps9¥"
106 — . '
80 — 81K
~pp59/un
495— g 2 }

purified catalytically active CD45 from PBL. The final
preparation contained several isoforms of CD45 as deter-
mined by immunoblotting, and a few minor contaminating
proteins of lower M; as visualized by silver staining. Using
o-phospho-L-tyrosine as a substrate the specific activity of
the enzyme was 0.94 umol/min/mg at 37°C. When p59/n
was treated with 1.6 ug of this purified CD45, a several fold
increase in its capacity to autophosphorylate and phospho-
rylate Ig heavy chains and the 81-kDa protein, was observed
(Fig. 4b).

3.5 PTPase regulates p595 in vivo

Phosphotyrosine phosphatases can be efficiently inhibited
in intact cells by treatment with submillimolar concentra-
tions of phenylarsine oxide (PAO) [27]. This drug does not
inhibit the catalytic activity of p59" in vitro [28], but
blocks TcR/CD3-induced tyrosine phosphorylation pre-
sumably by blocking a PTPase-mediated event [28]. When
resting T cells were treated with 30 uM of PAO for 1 h, and
P59 was isolated by immunoprecipitation and allowed to
autophosphorylate, it had lost most of its catalytic activity
(Fig. 5). The phosphorylation of other proteins in the
immunoprecipitate did not change. Whether these are
substrates for p59/” is not clear and their phosphorylation
does not necessarily reflect the activity of p59%” since they
might be present in minor quantities. Nevertheless, our
finding is compatible with the notion that a PTPase (such as
CD45) constantly dephosphorylates the regulatory Tyr3! of
P59 and thereby keeps it at a low, but detectable, basal
level of activity. When this PTPase is blocked by PAQO, the
dephosphorylation of Tyr**! ceases and the activity of p595”
declines. We cannot, however, exclude the possibility that
phosphate also accumulates on Tyr*?® during treatment of
the cells with PAO. The viability of the cells was not reduced
by treatment with 30 uM of PAO for 1 h and the level of
P39 did not change as determined by immunoblotting.

4 Discussion

By the means of antibody-induced capping and immuno-
fluorescence labeling experiments, we revealed a significant
and specific co-localization between the receptor PTPase
CD45 and the intracellular PTK p59%7 under physiologi-
cally relevant conditions in functional T lymphocytes. The
nature of the interaction remains to be elucidated. In
addition, our findings show that inhibition of intracellular
PTPase leads to reduced kinase activity of p59#" and that
p59% can be activated by CD45-mediated dephosphoryla-
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Figure 5. In vivo inactivation of p59”” using
PAO, an inhibitor of CD45. p597" was immu-
noprecipitated from cells treated without
(lane 1) or with 30 uM (lane 2) of PAO for
60 min. The washed immunopreciptates were
incubated with 5 uCi [y-2P] ATP for 10 min
at 30°C. a) Autoradiogram of the gel, b)
densitometric scan of the gel in a).

tion. Dephosphorylation most likely occurs at the regula-
tory tyrosine, Tyr>3!. This tyrosine residue is implicated in
suppression of the catalytic and transforming activity of
p59%7 [17] and is apparently phosphorylated to high
stoichiometry in normal T lymphocytes [21]. Taken togeth-
er, our findings suggest that CD45 is a physiologic regulator
of p59%*. Apparently, CD45 keeps p594” at a measurable
basal level of activity by constantly dephosphorylating its
Tyr>3L. This pre-existing dephosphorylation and activation
of p59%m is probably essential for TcR/CD3-induced T cell
activation. Indeed, in a mutant T cell line lacking CD45, no
tyrosine phosphorylation of cellular substrates or subse-
quent inositol phospholipid hydrolysis was seen after
triggering of the TcR/CD3 [29, 30].

CD45 is found at high levels on all leukocytes with different
isoforms expressed in leukocyte subpopulations [31]. Many
members of the src family of PTK are also restricted to
specific cells of hematopoietic origin. Thus, Ick is expressed
almost exclusively in T lymphocytes [12], lyn and blk are
abundant in B lymphocytes [32, 33}, fgr in natural killer
cells [34], hck in mature cells of the myeloid or monocytic
lineages [35] and c-src in platelets [36]. Since all these PTK
have an analogous conserved tyrosine residue near their
carboxy-terminal end and they are found in cells having
high levels of CD45, it seems plausible that they all are
regulated by this PTPase.

The extracellular domains of different CD45 isoforms
might interact with different cellular [37] or soluble ligands.
Thus, the combination of CD4S isoform and src family PTK
present in a particular leukocyte, could have a major impact
on the regulation of tyrosine phosphorylation in that cell.
The CD4-CD8- T cells from mice homozygous for the Ipr
gene express high levels of p595" [38] and, aberrantly, the
B cell form of CD45, B220 [39]. In these T cells the TcR T is
constitutively tyrosine phosphorylated [40] and the cells
accumulate in large numbers in the lymph nodes of the
animals thereby accelerating a systemic autoimmune syn-
drome [39]. We and others have found that the ipr T cells
appear to be in a preactivated state in vivo ([41], Cogge-
shall et al. submitted), as determined by their constitutively
enhanced inositol phospholipid turnover and elevated
tyrosine phosphorylation of a number of cellular substrates.
This is compatible with the notion that p59%* is a transducer
of mitogenic signals in T cells and that CD45 plays a role in
the regulation of its activity.

The authors are grateful to Dr. T. Kawakami (La Jolla Institute for
Allergy and Immunology, La Jolla, CA) for the kind gift of p59
antiserum and to Dr. Vaclav Horejsi (Czechoslovak Academy of
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LEUKOCYTE SURFACE ORIGIN OF HUMAN «,-ACID
GLYCOPROTEIN (OROSOMUCOID)*

By CARL G. GAHMBERG anp LEIF C. ANDERSSON

(From the Department of Bacteriology and Immunology, and the Transplantation Laboratory,
Department of Surgery IV, University of Helsinki, Helsinki 29, Finland)

Human a;-acid glycoprotein (orosomucoid) (a,-AG)! constitutes the main component of
the seromucoid fraction of human plasma. It belongs to the acute phase proteins, which
increase under conditions such as inflammation, pregnancy, and cancer (1, 2). a,-AG has
previously been found to be synthesized in liver (3), and after removal of terminal sialic
acids, it is cleared from the circulation by binding to a receptor protein on liver cell
plasma membranes (4).

The structure of a,-AG is well known. It is composed of a single polypeptide chain and
contains =45% carbohydrate including a large amount of sialic acid. The carbohydrate is
located in the first half of the peptide chain linked to asparagine residues (5, 6).

The function of a;-AG is unclear. However, Schmid et al. (5) and Ikenaka et al. (7)
and reported that the amino acid sequence of the protein shows a significant homology
with human IgG. This finding and the striking increase in inflammatory and lymphopro-
liferative disorders made us consider the possibility that leukocytes could be directly
involved in the synthesis and release of a,-AG.

We report here the presence of a membrane form of «;-AG, with an apparent
mol wt of 52,000, on normal human lymphocytes, granulocytes, and monocytes.
By the use of internal labeling with [*H]leucine in vitro, we demonstrate that
the membrane protein is synthesized by lymphocytes. It is apparently subse-
quently cleaved and released as the soluble serum form with the normal mol wt
of 41,000.

Materials and Methods

Isolation of a;AG. a,-AG was isolated from the urine of patients with acute infectious
mononucleosis by modifications of previously published methods (8). 6 liters of urine were
collected, dialyzed against tap water overnight, and lyophilized. The powder was dissolved in 0.02
M sodium phosphate, pH 7.2, and applied to a 50-ml column of DEAE-cellulose made in the same
buffer. After washing, a linear 200-ml gradient of 0.02 M sodium phosphate (200 ml of 1 M NaCl,
0.02 M sodium phosphate) was applied. The o,-AG-containing fractions, which were identified by
polyacrylamide slab gel electrophoresis, eluted with an NaCl concentration of 0.05-0.15 M. These
were combined, dialyzed against water, and lyophilized. The powder was dissolved in 95 ml of

* Supported by the Academy of Finland, the Finnish Cancer Society, and the Sigrid Jusélius
Stiftelse.

! Abbreviations used in this paper: a,-AG, ay-acid glycoprotein; AET, 2-amino ethylisothiou-
ronium bromide; buffer A, 0.15 M NaCl, 0.01 M sodium phosphate pH 7.4, 1% Triton X-100, 2 mM
phenyl methyl sulfonyl fluoride, 1% ethanol; CNBr, cyanogen bromide; FITC, fluorescein
isothiocyanate, LBL, lymphoblastoid B-cell line; MGG, May-Gruenwald-Giemsa stain; MLC,
mixed lymphocyte culture; PBS, 0.15 M NaCl, 0.01 M sodium phosphate, pH 7.4; SDS, sodium
dodecyl sulfate; SRBC, sheep erythrocytes.
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H,0, and 5 ml of 1 M sodium acetate was added. After addition of ammonium sulfate to a final
concentration of 2.73 M, the mixture was left at 4°C for 16 h. After centrifugation at 12,500 rpm in
a Sorvall SS-34 rotor for 15 min, the supernate was recovered. The pH of the supernate was
adjusted to 4.9 with 2 N HCI, and this was left again at 4°C for 16 h. After centrifugation, the pH
of the supernate was adjusted to 3.7 with 2 N HC], and the sample was left at 4°C for 16 h. After
centrifugation, the supernate was removed and the sediment was dissolved in H;O, dialyzed
against H,0, and lyophilized. The sample was then passed through a 15-ml column of concana-
valin A-Sepharose 4B (Pharmacia Fine Chemicals, Uppsala, Sweden) in 0.15 M NaCl-0.01 M
sodium phosphate, pH 7.4 (PBS), and after washing it was eluted with 0.1 M a-methyl
mannopyranoside (Calbiochem, San Diego, Calif.). The peak fractions eluted with the sugar were
pooled, dialyzed against H,O, and lyophilized. This sample was then passed over an Ultrogel
AcA54 column (LKB Produkter, Stockholm, Sweden) in PBS, and the peak fractions were
combined, dialyzed against H,;0, and lyophilized. The final yield of purified protein was 33 mg.

Isolation and Cultivation of Human Leukocytes. The following main populations of blood cells
were isolated: granulocytes, monocytes, platelets, T lymphocytes, and B lymphocytes. They were
isolated from buffy coats supplied by the Finnish Red Cross Blood Transfusion Service, Helsinki,
Finland. The platelets and mononuclear cells were separated from the granulocytes and erythro-
cytes by a one-step Ficoll-Isopaque (density 1.077; Pharmacia Fine Chemicals) gradient centrifu-
gation (9), at 400 g for 40 min.

Purification of Granulocytes. The pellets obtained after Ficoll-Isopaque centrifugation that
contained erythrocytes and granulocytes were suspended in 20 ml of PBS. 10 ml of 0.15 M NaCl
containing 6% dextran (Macrodex 6%; Leiras, Turku, Finland) was added, and the cell suspension
was kept for 40 min at 37°C. The granulocyte-rich buffy coat was then collected, and contaminat-
ing erythrocytes were lysed by incubation in 0.017 M Tris-0.84% NH,Cl, pH 7.45. The leukocytes
were then washed three times with PBS. This procedure yielded a cell population which contained
>97% granulocytes as judged from May-Gruenwald-Giemsa (MGG)-stained cytocentrifuged cell
smears. The cell viability was close to 100%, as seen in the trypan blue exclusion test.

Purification of Platelets. The platelets were purified from the cell population obtained from
the interphase after Ficoll-Isopaque centrifugation. This cell population was suspended in PBS,
centrifuged for 10 min at 200 g, and the platelet-rich supernate was recovered. This procedure was
repeated once, and the platelets were then pelleted at 400 g for 20 min. The purity of the platelet
preparation approached 100%, and the contamination by other blood cells was always <0.002%.

Purification of Monocytes. The blood monocytes were separated from the cell population
recovered at the interphase after Ficoll-Isopaque centrifugation. The platelets were depleted by
three washes with PBS at 200 g for 10 min. The mononuclear cell population was mixed at a ratio
of 1:50 with 2-amino ethylisothiouronium bromide (AET) (Sigma Chemical Co., St. Louis, Mo.)
treated sheep erythrocytes (SRBC) (10). After incubation for 15 min at 37°C, the mixture was
centrifuged for 10 min at 200 g and the T cells were allowed to rosette with the AET-SRBC for 1 h
on ice. The pellet was then gently suspended in cold PBS containing 30% newborn calf serum, and
the rosette-forming cells were separated from the non-rosette-forming cells by Ficoll-Isopaque
centrifugation. The cell population recovered from the interphase mainly contained monocytes
and non-T lymphocytes. The monocytes were then purified from the contaminating lymphocytes
by a 1-g velocity sedimentation (11). After sedimentation for 4 h at 4°C, the gradient was drained
into 20-ml fractions, and the cell content of each fraction was analyzed from MGG-stained smears.
The early fractions which contained mainly monocytes were pooled. The cell preparation thus
obtained contained 90-95% monocytes, as judged by conventional morphological criteria. The
viability always exceeded 98%. Slight contamination was caused by occasional lymphoblasts,
myeloid precursor cells, and some granulocytes.

Purification of T lymphocytes. The platelet-depleted mononuclear cell population recovered
from the Ficoll-Isopaque centrifugation was passed over a human Ig—rabbit anti-human-Ig
column as described by Wigzell et al. (12). The column-passed lymphocyte population contained
<1% surface immunoglobulin-bearing cells, as judged by staining with fluorescein isothiocyanate
(FITC)-conjugated polyvalent sheep anti-human immunoglobulin obtained from Professor Astrid
Fagraeus, State Bacteriology Laboratory, Stockholm, Sweden. The viability of the T-cell popula-
tion was always >98%, and >95% of the cells formed rosettes with AET-SRBC.

Purification of B Lymphocytes. The mononuclear cells obtained after Ficoll-Isopaque centrif-
ugation were suspended into RPMI culture medium supplemented with 10% normal human AB
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plasma. Carbonyl iron was added and the suspension was incubated for 1 h at 37°C. The majority
of the phagocytic cells was then removed with a magnet. The phagocyte-depleted cell population
was allowed to rosette with AET-SRBC as described above. The T cells were depleted by
centrifugation of the rosette-forming cell-containing cell suspensions on a Ficoll-Isopaque gra-
dient. The non-T lymphocytes recovered from the interphase were further purified by velocity
sedimentation as described above. The later fractions obtained after sedimentation for 4 h
contained mainly small lymphocytes, as judged from MGG-smears. These fractions were pooled
and the cell population thus obtained was contaminated by <3% nonlymphocytic cells. This
lymphocyte suspension was further fractionated over an Ig-anti-Ig column at 4°C to minimize Fe
binding. The lymphocytes retained by the column were mechanically eluted by shaking the glass
beads in PBS. 86% of the eluted lymphocytes stained positively for surface Ig, and <2% bound
AET-SRBC. This preparation was designated B lymphocytes.

Establishment of Continuous B Lymphoblastoid Cell Lines (LBL) from Peripheral Blood. LBL
were established by cultivation of T-lymphocyte-depleted blood leukocytes from different patients
with acute infectious mononucleosis (13). The cell lines studied in this work were grown
continuously for more than 4 mo before use in RPMI-1640 medium supplemented with 10% calf
serum.

Mixed Lymphocyte Culture (MLC). Human bloed T lymphocytes were purified and cultivated
in RPMI-1640 medium supplemented with fetal calf serum or rabbit serum with mitomycin C (30
ug/ml) treated allogeneic leukocytes at an initial density of 10° responder cells and 2 x 10°
stimulator cells/ml.

Labeling of Allogen-Activated T Lymphocytes with [*H]Leucine. MLC cells obtained after 5
days in culture were washed in Dulbecco’s PBS and suspended in 15 ml of leucine and serum-free
Eagle’s minimal essential medium. To this was added 1.5 mCi [*H]lL-leucine (58 Ci/mmole; The
Radiochemical Centre, Amersham, England) and the cells were incubated at 37°C for 16 h. The
cells were then pelleted by centrifugation and the medium was recovered. The medium was
extensively dialyzed against H,O and lyophilized. It was then dissolved in 5 ml of PBS and
centrifuged at 100,000 g for 60 min in a Beckman L2-50 centrifuge, and the supernates were
recovered. The cells were washed three times in PBS and lysed in PBS containing 1% Triton X-
100, 2 mM phenyl methyl sulfonyl fluoride (Sigma Chemical Co.), 1% ethanol (buffer A). After
centrifugation at 100,000 g for 60 min, the supernate was recovered. For subsequent immune
precipitations, both the growth medium and the cell extract were passed through 2-ml columns of
Lens culinaris-Sepharose, and the absorbed glycoproteins were eluted with 0.1 M a-methyl
mannoside in buffer A. Lens culinaris beans were obtained from Dr. M. J. Crumpton, Medical
Research Council, Mill Hill, England, and the lectins were purified by affinity chromatography
on Sephadex G-50 (14) and coupled to Sepharose 4B (Pharmacia Fine Chemicals) by CNBr activa-
tion (15). Aliquots of the fractions were counted for radioactivity in a Wallac-LKB 81000 liquid
scintillation counter (16). The radioactive fractions obtained after elution with the sugar hapten
were pooled and used for immunoprecipitations.

Preparation of a,-AG Antiserum. Rabbits were injected three times at 2-wk intervals with 0.5
mg of a,-AG boiled in 1% sodium dodecyl sulfate (SDS), emulsified in Freund’s adjuvant (Difco
Laboratories, Detroit, Mich.), and bled 10 days after the last injection.

Surface Labeling of Cells. Cells were labeled with *H by treatment with neuraminidase and
galactose oxidase followed by NaB®H, (16). The labeling conditions have been described in detail
previously (17). The Vibrio cholerae neuraminidase (500 U/ml; Behring-Werke AG, Marburg-
Lahn, W. Germany) and galactose oxidase (Kabi AB, Stockholm, Sweden) preparations did not
contain proteolytic activity when assayed as described (16). NaB®H, (26 Ci/mmol) was obtained
from The Radiochemical Centre. After labeling, the cells were dissolved in buffer A and centri-
fuged at 10,000 g for 15 min, and the supernates were recovered.

Chemical Determinations. Protein was determined according to Lowry et al. (18), with bovine
serum albumin used as a standard. Amino acid analysis was performed with a Beckman 120 C
amino acid analyzer (Beckman Instruments, Inc., Fullerton, Calif.) after hydrolysis in 6 N HCIl
under vacuum at 110°C for 22 h. No correction was made for the destruction of amino acids.
Methionine and 1/2 cystine were determined after performic acid oxidation (19). Sialic acids were
determined as described (20) with N-acetyl neuraminic acid (Sigma Chemical Co.) as a standard.
Amino sugars were quantitated by the Elson-Morgan reaction (21), and the proportions of N-
acetyl glucosamine and N-acetyl galactosamine were estimated by the use of the amino acid
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analyzer (22). Neutral sugars were determined after hydrolysis in 4 N H,SO, at 100°C for 4 h as
alditol acetates (23).

Labeling of Cell Culture Medium and Purified a,-AG with '*I. MLCs carried on for § days in
RPMI-1640 culture medium supplemented with 1% rabbit preimmunization serum were done as
described above. The cells were pelleted by centrifugation, and the supernate was centrifuged at
100,000 g for 60 min. After dialysis against H,O at 4°C for 24 h, 10 ul of the medium and 10 ug of
purified urinary o,-AG were iodinated by the chloramine-T method (24) using 0.5 mCi carrier-
free '°I (Amersham Corp.). Fractions were collected after passing through a 0.5 x 10-cm
Sephadex G-25 column made in PBS and counted in a Wallac-LKB 80000 gamma sample counter.

Immunoprecipitations Using Protein A Containing Staphylococcus aureus (Strain Cowan
I). Immunoprecipitations were made from Triton X-100 extracts of [*H]leucine-labeled cells or
[*H]leucine-labeled culture medium which were eluted with sugar from the Lens culinaris
columns. Immunoprecipitations were also done directly from Triton X-100 extracts of surface-
labeled cells and !%I-labeled culture medium. The samples were pretreated with 5 ug mouse IgG
and 5 ul rabbit anti-mouse IgG (prepared by standard techniques) for 1 h at 0°C. Then, 100 ul of
a 10% suspension of S. aureus Cowan I strain, obtained from Dr. P. Landwall of the Karolinska
Institute, Stockholm, Sweden (25) was added, and the samples were further incubated at 0°C for
60 min. 100 ul of the staphylococcal suspension bound IgG from 6 ul of rabbit serum. The tubes
were then centrifuged at 3,000 g for 10 min in a table centrifuge at 4°C, and the supernates were
recovered. To identical aliquots of this supernate were added either 5 ul rabbit anti-a,-AG
antiserum, or 5 ul rabbit preimmunization serum, and the tubes were incubated at 0°C for 2 h.
Then, 200 ul of the staphylococcal suspension was added, and the incubation was continued at 0°C
for 1 h. The staphylococci were then washed three times by centrifugation in 0.15 M NaCl, 0.05%
Triton X-100, 5 mM EDTA, 0.02% sodium azide, pH 7.4, and the absorbed antigens were eluted by
boiling for 2 min in 1% SDS. The staphylococci were pelleted by centrifugation, and the
supernates were recovered and used for polyacrylamide gel electrophoresis.

Radioimmunoassay of a,-AG from Supernates of Cell Cultures. One of the lymphoblastoid B-
cell lines was cultured at an initial cell density of 5 X 10° cells/ml in RPMI-1640 culture medium
containing 10% fetal calf serum (Flow Laboratories, Glasgow, Scotland). At indicated times, 1.5-
ml samples were taken, the cell number was counted, and 0.5-ml aliquots of the supernates were
used for radioimmunoassay.

A radioimmunoassay standard curve was made by using 0.00001-10 ug of purified a,-AG in 0.5
ml of the same fresh cell culture medium. 10 ul of rabbit preimmunization serum was added as
carrier, and the samples were incubated with = 30,000 cpm of *I-labeled a,-AG and 0.1 ul of
rabbit anti-a,-AG antiserum for 16 h at 4°C. The antiserum was calibrated to bind = 30% of the
total radioactivity. Then 100 ul of sheep anti-rabbit IgG antiserum was added, and after 1 h at
4°C, the samples were centrifuged and the pellets were counted for radioactivity. The test samples
were made in the same way, except that the purified a,-AG was omitted. The standard curve was
linear for 0.0005-0.5 ug of a,-AG.

Cleavage of Proteins with Cyanogen Bromide (CNBr). '®l-labeled purified «,-AG and labeled
proteins eluted from cylindrical polyacrylamide gels were cleaved by treatment with CNBr in
70% formic acid for 24 h at room temperature (26). After dilution with 20 vol of H,O, the samples
were lyophilized and run on cylindrical polyacrylamide gels.

Polyacrylamide Gel Electrophoresis. Slab and cylindrical polyacrylamide gels were run
according to Laemmli (27) in the presence of SDS with an acrylamide concentration of 8%. Slab
gels were stained with Coomassie brilliant blue according to Weber and Osborn (28). Cylindrical
gels were sliced and counted (16). Slab gels were treated for fluorography (29) and the gels were
vacuum-dried and covered with Kodak RP X-Omat film (Eastman Kodak Co., Rochester, N.Y.)
and exposed for 1-14 days at —70°C. The films were photographed and scanned with a Joyce-Loebl
Chromoscan (Joyce, Loebl and Co., Ltd., Gateshead-on-Tyne, England). “C-labeled standard
proteins were prepared as described (30).

Indirect Immunofluorescence. To exclude nonspecific IgG binding to Fc receptors, F(AB)2
fragments were prepared from anti-o,-AG anti-serum. 20 mg of IgG was digested with 0.5 mg of
porcine pepsin (Schwarz/Mann Div. Becton, Dickinson & Co., Orangeburg, N.Y.) for 16 h at 37°C
in 0.1 M sodium acetate buffer, pH 4.5, and the F(AB)2 fragments were isolated by gel filtration
on Ultrogel AcA34 (LKB Produkter). The F(AB)2 preparation appeared pure on polyacrylamide
gel electrophoresis.
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Fic. 1. Polyacrylamide gel electrophoresis of purified a;-AG. (A), 50 ug of purified a,-AG
was run on a polyacrylamide slab gel in the presence of SDS and 2-mercaptoethanol and
stained with Coomassie brilliant blue. (B), standard proteins: TR, transferrin; HA, human
albumin; OA, ovalbumin.

Cells were washed and suspended in 100 ul of ice-cold PBS containing 20% fetal calf serum. 100
ug anti-a,-AG F(AB)2, 10 ul anti-a,-AG antiserum or 10 ul preimmunization serum were added.
After 30 min on ice, the cells were washed twice with 10 ml of cold fetal calf serum in PBS and
suspended in 20 ul of 1:20 diluted FITC-conjugated IgG (1 mg/ml) isolated from sheep anti-rabbit
IgG antiserum. After 20-30 min on ice, the cells were washed and examined in a Zeiss Universal
fluorescence microscope (Carl Zeiss, Inc., New York) equipped with epi-illuminator III RS and a
high pressure mercury lamp (200 W). For capping experiments, the FITC-stained cells were incu-
bated at 37°C.

Results

Purity, Amino Acid and Carbohydrate Compositions of Urinary o,-AG.
When «;-AG was isolated from urine and analyzed by slab polyacrylamide gel
electrophoresis, only one band was obtained with an apparent mol wt of 41,000
(Fig. 1). Our antiserum gave a single precipitation line of normal human serum
on immunoelectrophoresis, and the same result was obtained with a commer-
cially available anti-a;-AG antiserum (Behringwerke).

Table I shows the amino acid content and the carbohydrate compesition of the
purified urinary protein. The amino acid composition is identical to that
reported by other groups for a;-AG.

Indirect Immunofluorescence with Anti-a,-AG Antiserum. Isolated T and B
lymphocytes, monocytes, and granulocytes showed a slightly granular mem-
brane fluorescence pattern after staining with rabbit anti-a,-AG F(AB)2 and
FITC-conjugated sheep anti-rabbit IgG. To exclude the possibility of «,-AG
adsorption from human serum, four lymphoblastoid cell lines cultivated for
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TasLE I
Amino Acid and Carbohydrate Compositions of a,-Acid Glycoprotein*

Calculated from
Amino acids Present study} amino acid sequence
%)
Lys 13.6 + 0.2 12.8
His 3.1+0.0 3.0
Arg 8.0 04 9.5
Asx 203 0.4 20.6
Thr 14.5 + 0.4 14.5
Ser 6.7+ 0.5 7.3
Glx 33.0 + 0.8 29.5
Pro 9.4 0.6 7.0
Gly 7.7+ 0.6 7.3
Ala 9.0 + 0.4 9.8
Val 9.2+ 05 8.6
Ile 9.2 + 0.2 9.0
Leu 149+ 0.1 14.5
Tyr 9.7+ 0.2 10.8
Phe 9.4+0.1 8.8
2 cys§ 4.1 0.2 4.0
Met$§ 0.9+00 1.3
Trp n.d. 3.0
Carbohydrates||
N-acetyl neuraminic acid 14.3
N-acetyl glucosamine 17.5
N-acetyl galactosamine 0
Fucose 7.2
Mannose 19.1
Galactose 27.2

* mol/mol, assuming a mol wt of 41,000.

+ Mean of four determinations + standard deviations.
§ Determined after performic acid oxidation.

| Mean of two determinations.

several months in the absence of human serum were also studied. All of the
four cell lines had a clear membrane fluorescence, which showed redistribution
or capping after incubation at 37°C (Fig. 2). No fluorescence was detected in
cells treated with preimmunization rabbit serum.

Surface Labeling of Leukocytes. T and B lymphocytes, granulocytes, mono-
cytes and MLC lymphoblasts were labeled with 3H after treatment with
neuraminidase and galactose oxidase followed by NaB®H,, and then run on slab
gels and exposed for fluorography. The cells contain a large number of labeled
characteristic surface proteins. The GP52 region is weakly labeled in all resting
cells, and this protein is evidently a minor component. Immunoprecipitation of
surface-labeled T lymphoblasts from MLC with anti-a,-AG anti-serum showed
one band with an apparent mol wt of 52,000 (Fig. 3, column G).

Immunoprecipitations of [*H]leucine-labeled cells and culture medium with
anti-a;-AG antiserum.

To show that the cell surface antigen and the cell medium antigen which
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Fic. 2. Indirect immunofluorescence of cells of a lymphoblastoid line treated with rabbit
anti-a,-AG F(AB)2 and FITC-conjugated sheep anti-rabbit IgG. (a), Cells were incubated
at 0°C; (b), redistribution of the fluorescence after incubation for 30 min at 37°C.

AEB G D F .  F 4G H

— -

OA- e

HB-——— 3 S S

Fi1c. 3. Polyacrylamide gel electrophoresis patterns of surface-labeled leukocytes and
leukocyte antigen precipitated with anti-a,-AG antiserum. (A), !*C-labeled standard
proteins: TH, thyroglobulin; TR, transferrin; HA, human albumin; OA, ovalbumin; HB,
hemoglobin. (B), T lymphocytes; (C), B lymphocytes; (D), granulocytes; (E), monocytes;
(F), MLC lymphoblasts; (G), pattern of immunoprecipitation from surface-labeled MLC
blasts with anti-a,-AG antiserum; (H), control with preimmunization serum.
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A

Fic. 4. Scanning patterns of immunoprecipitates obtained with anti-a;-AG antiserum
from [*H]leucine-labeled MLC lymphoblasts and culture medium separated by slab gel
electrophoresis and visualized by fluorography. (A), from MLC lymphoblasts with anti-a;-
AG antiserum; (B), from MLC lymphoblasts with preimmunization serum; (C), from MLC
culture medium with anti-a,-AG antiserum; (D), from MLC culture medium with preim-
munization serum. Or, origin.

react with anti-a;-AG antiserum are synthesized by lymphocytes, Triton X-100
extracts from MLC blasts labeled in culture with [*H]leucine and medium from
the same cultures were treated with anti-a,-AG antiserum or preimmunization
serum and staphylococci, eluted, and run on polyacrylamide gels. Fig. 4 A
shows the scanning pattern of the immunoprecipitated antigen from cells. The
apparent mol wt was 52,000. No radioactive band was obtained with preimmu-
nization serum (Fig. 4B). When the cell culture medium was treated with
antiserum and staphylococci, eluted, run on gels and scanned, the pattern of
Fig. 4C was obtained. The apparent mol wt of the major peak was 41,000. Again
no labeled protein was precipitated with preimmunization serum (Fig. 4D).

Immunoprecipitations of Surface-Labeled Leukocytes. Triton X-100 extracts
from surface-labeled MLC blasts were precipitated with anti-«,-AG antiserum
and staphylococci and analyzed on cylindrical gels. Two peaks were obtained
with apparent mol wt of 52,000 and 41,000 (Fig. 5A). The size of the smaller
peak varied in different preparations. No peaks were obtained with preimmu-
nization serum (Fig. 5B). Similar patterns were obtained with labeled granulo-
cytes (Figs. 5C and D). Monocytes showed one major peak with a mol wt of
52,000 (Figs. 5E and F). No detectable amounts of labeled protein could be
precipitated from surface-labeled resting T and B lymphocytes, platelets, or
erythrocytes.

Immunoprecipitation of *I-labeled Cell Culture Medium with Anti-a,-AG
Antiserum. To characterize the shedded antigen found in culture medium, an
MLC was set up in RPMI-1640 containing rabbit preimmunization serum, the
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Fic. 5. Cylindrical polyacrylamide gel patterns of radioactive antigens precipitated with
anti-a;-AG antiserum from surface-labeled leukocytes. (A), MLC blasts with anti-o,-AG
antiserum; (B), MLC blasts with preimmunization serum; (C), granulocytes with anti-a,-
AG antiserum; (D), granulocytes with preimmunization serum; (E), monocytes with anti-
a;-AG antiserum; (F), monocytes with preimmunization serum. C and D were passed over
a Lens culinaris column and eluted with a-methyl mannoside before immune precipitation.
This procedure removed the nonspecific material of low molecular weight running in the
front. BPB, position of bromphenol blue marker dye.

medium was labeled with !*I, and immunoprecipitated with anti-a,-AG anti-
serum. The pattern of Fig. 6 was obtained with the major peak corresponding to
a mol wt of 41,000.

Accumulation of a,-AG in the Medium of Lymphoid Cell Cultures. The rate
of accumulation of a;-AG in the culture medium during cell proliferation was
studied with radioimmunoassay. For these experiments, a lymphoblastoid ceil
line of high viability was used to avoid contamination by oy-AG originating
from human serum and to minimize accumulation of products from disaggregat-
ing cells. Fig. 7 shows the increase of «;-AG when determined by radicimmu-

Carl_G_190x270_mm_blokki_FINAL.indd 112 06-Aug-23 1:53:33 PM



Paper 13 113

516 LEUKOCYTE ;-ACID GLYCOPROTEIN
25k
20}
© 5
£
o |O_
5-
AR
20 a0 ¥

BPB
FRACTION NUMBER

Fic. 6. Cylindrical polyacrylamide gel pattern of immune precipitated radioactive anti-
gen obtained with anti-a;-AG antiserum from '?*I-labeled MLC culture medium supple-
mented with rabbit preimmunization serum.
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Fic. 7. Accumulation of ;-AG in the culture medium of a B-lymphoblastoid cell line as
determined by radioimmunoassay. (x--Xx), cell number x 10-3/ml; (O——O0), ng/ml.

noassay from the culture medium. After an initial, more rapid increase, there
was a slower accumulation.

Cleavage with CNBr of a,-AG and of Molecules Recovered by Anti-o-AG
Antiserum from Cells and Culture Medium. To prove that our anti-a,-AG
antiserum ‘was monospecific for a;-AG, we performed CNBr cleavage of the
immunoprecipitated molecules. Purified, **I-labeled «;-AG from urine ran on
cylindrical gels as a single peak (Fig. 8 A). Cleavage of this protein with CNBr
resulted in three peaks (Fig. 8 B). Cleavage of the iodinated, immunoprecipi-
tated protein isolated from the culture medium of MLC in rabbit serum gave a
pattern similar to that of CNBr-treated purified «,-AG (Fig. 8C). When the
membrane-bound form of «,-AG was isolated by immunoprecipitation from
[*H]leucine-labeled cells and cleaved by CNBr treatment, the pattern of Fig.
8D was obtained. Again, the peaks of highest molecular weights correspond to
those of CNBr-cleaved pure a,-AG.

Discussion
We have purified a,-AG or orosomucoid from the urine of patients with acute
infectious mononucleosis. Anti-a;,-AG antiserum and its F(AB)2 fragments
reacted with normal T and B lymphocytes, T lymphoblasts, granulocytes, and
monocytes and lymphoblastoid B-cell lines as shown by immunofluorescence.
We were not able to find this antigen on platelets, erythrocytes, or cultured
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Fi1c. 8. Cylindrical polyacrylamide gel patterns of pure !*I-labeled a,-AG (A), its CNBr
fragments (B), the CNBr fragments of the antigens precipitated with the anti-a,-AG
antiserum from !**I-labeled MLC culture medium (C), and [*H]leucine-labeled MLC blasts
(D).

normal human fibroblasts.? The immunofluorescence and capping experiments
indicate that the antigen is closely associated with the lipid bilayer of the
membrane (31). Surface radiolabeling of cells followed by immunoprecipitation
and polyacrylamide gel electrophoresis revealed that the membrane form of a;-
AG has a mol wt of 52,000. The same molecule was obtained after metabolic
labeling of lymphoblasts in MLC with [3H]leucine. On the other hand, the
molecule isolated from the culture medium either after [*H]leucine labeling or
after '*I-iodination of the medium, had an apparent mol wt of 41,000 which
corresponds to that of «;-AG in serum and urine. Although the «,-AG was
detectable on resting T and B lymphocytes by indirect immunofluorescence,
sufficient radioactivity could not be introduced by surface labeling to yield a
distinguishable band in the fluorography patterns of cells, or to allow isolation
of significant amounts by immunoprecipitation. In the fluorography patterns of
surface-labeled MLC T blasts and LBL (data not shown, 32), the GP 52,000 band
was clearly seen and could be specifically recovered by the antiserum. This
indicates that the a;-AG constitutes only a minor component on the surface of
resting lymphocytes, whereas it is more abundantly expressed on activated and

2 C. G. Gahmberg and L. C. Andersson. Manuscript in preparation.
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Fic. 9. Scheme of the cleavage points of a;-AG with CNBr. The CNBr-sensitive methio-
nine regidues are at positions 110 and 156, resulting in peptides 2 and 1 (Fig. 8). The five
oligosaccharide side chains are indicated.
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proliferating T and B cells. The 41,000 mol wt protein found in variable amounts
on freshly isolated blood granulocytes might partially represent adsorbed serum
al-AG.

The difference seen in molecular weights between the membrane-bound and
secreted molecules may be due to a hydrophobic fragment, which anchors the
protein to the membrane. This would thus resemble the HLA-molecules where
the membrane-bound form apparently has a hydrophobic intramembrane por-
tion (33).

The structure of soluble «,-AG is well known from the studies by Schmid et
al. (2, 5) and Ikenaka et al. (7). It is rich in carbohydrate, containing five
asparagine-linked oligosaccharide side chains. The carbohydrate is all in the
first part of the molecule, and in this respect it resembles another well-studied
membrane glycoprotein, the major sialoglycoprotein of human erythrocytes
(34).

Elucidation of the primary structure of «,-AG showed one constant methio-
nine residue at position 110, and variably one more at residue 156 (5). Treatment
with CNBr therefore results in cleavage at position 110 and in addition, in part
of the molecules at position 156 giving large and easily distinguishable frag-
ments. A schematic drawing of the cleavage points is shown in Fig. 9. The mo-
lecular weights of fragments 1 and 2 seen on the gels (Fig. 8) correspond to those
expected from the primary structure. Fragments 1 and 2 both contain carbohy-
drate, which was seen after cleavage of a,-AG labeled with H by the galactose
oxidase method.?

The antigen on granulocytes and monocytes with an apparent mol wt of
52,000 reacting with anti-a;-AG antiserum had the same apparent molecular
weight as that of lymphocytes. We have not studied the molecule from the
nonlymphoid cells as extensively as that of lymphoid cells, but it is reasonable
to assume that they are identical or nearly similar.

The elevated serum concentrations of «a,-AG under various conditions have
been somewhat difficult to explain by stimulation of liver synthesis alone (2).
Inflammation, major surgery, and cancer are associated with proliferation of
leukocytes, and at least part of the increased serum «a,-AG may originate from
such cells.

Serum «;-AG has been shown to bind different steroids (35). The cell surface-
located form of a;-AG would also be expected to do it. Steroids have profound
effects on lymphocyte functions in vivo and in vitro (36), and both T and B
lymphocytes contain steroid receptors (37). Although the cytoplasmic and

Carl_G_190x270_mm_blokki_FINAL.indd 115 06-Aug-23 1:53:33 PM



116 Selected Papers of Carl G. Gahmberg

CARL G. GAHMBERG AND LEIF C. ANDERSSON 519

nuclear binding of steroids are well documented (38), there may also be surface-
located receptors.

Isoelectric focusing resolves desialylated a,-AG from one individual into
several bands, indicating heterogeneity (5). Whether these variants of serum
a,-AG are specific products of different types of cells or tissues remains to be
established. o,-AG might be important for intracellular communication and
recognition by leukocytes. Such a role for a,-AG is supported by the recent
findings of Chiu et al. (39) that addition of a;-AG to lymphocyte cultures altered
the MLC response.

Summary

Specific antibodies against human a,-acid glycoprotein reacted with human
lymphocytes, granulocytes, and monocytes. The antigen on the leukocytes is an
externally located integral membrane glycoprotein which is made by the cells
and has an apparent mol wt of 52,000. It is released from cells in vitro to the
culture medium. The mol wt of the soluble fragment is 41,000, which corre-
sponds to that of ay-acid glycoprotein in serum and urine. Peptide mapping
confirmed that the main part of the cellular membrane antigen consists of ;-
acid glycoprotein with an additional, probably hydrophobic fragment. This
finding may partially explain the increase in the serum levels of a,-acid
glycoprotein observed in many disorders involving leukocyte proliferation. In
addition, the known sequence homology of a,-acid glycoprotein with immuno-
globulins can now be more easily understood by their origin in similar cell

types.

The skillful technical assistance of Anneli Asikainen, Marja Wilkman, and Liisa Raisénen is
acknowledged.
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Expression of the Major Sialoglycoprotein
(Glycophorin) on Erythroid Cells in
Human Bone Marrow

By Carl G. Gahmberg, Mikko Jokinen, and Leif C. Andersson

The major sialoglycoprotein of human
erythrocyte membranes (glycophorin) is
one of the most-studied membrane pro-
teins. Although the structure is relatively
well known, almost nothing is known
about its expression in erythroid cells. To
study this we raised an antiserum that re-
acted specifically with this protein. This
was accomplished by immunization of

erythrocyte membranes, which lack glyco-
phorin. By use of this antiserum and a

,.L,' cUs p tei A tech '.. we
could establish that only bone marrow
cells of erythrocyte lineage express glyco-
phorin at the cell surface. This occurs in
basophilic normoblasts and later stages of
erythrocyte differentiation, whereas pro-
normoblasts do not seem to contain

rabbits with a preparation of glycophorin
followed by absorption with En(a-)

glycophorin.

UMAN ERYTHROCYTE MEMBRANE has been extensively studied

and serves as a model for plasma membranes in general.'” The proteins
are asymmetrically distributed, so that the integral glycoproteins of the mem-
brane have their carbohydrates exposed only to the exterior,*® and they are
firmly embedded in the lipid bilayer.

The major sialoglycoprotein (glycophorin, MN-glycoprotein, PAS 1)™® is
one of the best-characterized integral membrane glycoproteins. It contains
about 60%, carbohydrate’ and penetrates the membrane.'>'? The amino acid
sequence has been established and shows some interesting features:® the NH,
terminal is hydrophilic and is located on the outside, the middle portion of the
polypeptide is hydrophobic, and the COOH terminal is again enriched in hy-
drophilic amino acids. Glycophorin possibly interacts with peripheral proteins
on the cytoplasmic surface of the membrane.'*"

In contrast to the large body of information on the structure of glycophorin,
almost nothing is known about its synthesis and expression in bone marrow
cells. It is not known which cells in the erythrocyte lineage actively synthesize
the protein.

Recently we and others have found that erythrocytes of the rare human
blood group En(a-) lack glycophorin."*'” We took advantage of this fact to
produce a specific antiglycophorin antiserum. Rabbits were immunized with a
crude preparation of glycophorin and the resulting antiserum absorbed with
erythrocyte membranes of the En(a—) blood group. This antiserum was em-
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ployed to study (by a staphylococcal protein A technique) at which stage of
erythrocyte differentiation glycophorin appears at the cell plasma membrane.

MATERIALS AND METHODS

Chemicals and enzymes. Acrylamide and N,N’'-methylenebisacrylamide were obtained from
Eastman Kodak, Rochester, N.Y. NaBJH4 (8.6 Ci/mmole) was purchased from the Radio-
chemical Centre, Amersham, England. Neuraminidase (Vibrio cholerae, 500 U/ml) was obtained
from Behringwerke, Marburg-Lahn, Germany. Galactose oxidase (200 U/ml) was obtained from
Kabi, Stockholm, Sweden. The neuraminidase and galactose oxidase preparations did not contain
measurable proteolytic activities when assayed as described previously.'a

Cells. Normal human erythrocytes (AB Rh+) and En(a-) erythrocytes, from patient G.W.
(AB Rh+), were obtained through the Finnish Red Cross Blood Transfusion Service, Helsinki.
Bone marrow aspirates from patients with nonmalignant diseases with no obvious disturbances in
erythropoiesis were obtained from Helsinki University Hospital through Dr. P. Vuopio.

The suspension of bone marrow cells was depleted from most of the erythrocytes and mature
granulocytes by centrifugation on a one-step Ficoll-Isopaque density gradienl.w The cells
used for surface radiolabeling were further incubated with a 0.84", aqueous solution of
NH4C1-0.017 M Tris pH 7.45 for 10 min at 37°C to remove contaminating erythrocytes. After
this treatment no mature erythrocytes were left.

Protein A-containing Staphylococcus aureus strain Cowan | was obtained from Dr. P. Landwall
(Statens_Bakteriologiska Laboratorium, Stockholm, Sweden) and cultivated as previously de-
scribed.® The bacteria were collected immediately after the logarithmic growth phase, heat
killed at 80°C for 10 min, and washed three times in 0.15 M NaCl-0.01 M sodium phosphate
pH 7.4 (PBS). They were then fixed by heating in 5°, trichloroacetic acid at 70°C for 10 min
and washed three times in PBS. The bacteria were stored in PBS-0.02", sodium azide at 4°C.
Before use they were washed in 0.05°, Triton X-100-0.15 M NaCl-5 mM EDTA 0.02", sodium
azide pH 7.4 (buffer A) and suspended as a 10", suspension in this buffer. One hundred micro-
liters of the preparation bound IgG from 6 ul of rabbit serum.

Cell surface labeling and solubilization of membranes. Erythrocytes (0.5 ml packed cells) or
100 x 10" bone marrow cells were washed three times in PBS and suspended in | ml of Dulbecco’s
PBS containing Ca®*. Then 25 ul of the neuraminidase and 25 ul of the galactose oxidase
preparations were added to the tubes: these were incubated at 37°C with continuous gentle shak-
ing. Control tubes received no enzymes. The cells were then washed twice with PBS and sus-
pended in | ml PBS. To each tube 0.5 mCi NaBjH4 was added, and the samples were incubated
at room temperature for 30 min. The cells were subsequently washed three times in PBS. Mem-
branes were isolated from the erythrocytes as previously described.'® Samples for immune
precipitations were obtained by dissolving the labeled erythrocyte membranes or bone marrow
cells in PBS containing 1%, Triton X-100-1", ethanol and 2 mM phenylmethylsulfonylfluoride (as
a protease inhibitor) at 0°C followed by centrifugation at 2000 g for 10 min. Aliquots were
counted for radioactivity in a Wallac-LK B Liquid Scintillation Counter model 81000.

Production of antiglycophorin antiserum. A glgcophorin preparation was isolated from normal
erythrocytes by chloroform-methanol extraction. ! One major band was present on gel electro-
phoresis in the presence of sodium dodecyl sulfate (SDS) with an apparent molecular weight of
85,000 daltons. Rabbits were immunized subcutaneously with 0.5 mg of this preparation in 0.5 ml
PBS emulsified with 1 ml Freund adjuvant (Difco) with 2-wk intervals. Ten days after the last
injection the rabbits were bled and the serum collected; | ml of this serum was absorbed three
times with | ml of packed En(a-) erythrocyte membranes at 4°C for 24 hr. After the last
absorption the serum was centrifuged at 100,000 g for 1 hr and stored at 4°C with 0.02°;
sodium azide.

Immunoprecipitation. To aliquots of Triton X-100-solubilized 3H-labeled normal or En(a-)
erythrocyte membranes and bone marrow cells was added 5 ug mouse IgG and S ul rabbit anti
mouse IgG prepared by standard techniques. All subsequent incubations were done at 0°C. After
1 hr, 100 ul of the staphylococcal suspension was added and the tubes incubated for 30 min.
These were then centrifuged and the supernatant solutions recovered. To identical amounts of
supernatant solutions were added either S ul antiglycophorin antiserum or preimmunization

Carl_G_190x270_mm_blokki_FINAL.indd 120 06-Aug-23 1:53:34 PM



Paper 14 121

GLYCOPHORIN ON HUMAN BONE MARROW CELLS

381
PAS | PAS 2 PAS 2
20-
1 7
g 2 st
& §
10
I PASI PAS 3
83 PAS St 83
20 20 1 20 a0 ¢
B8PB8
FRACTION NUMBER FRACTION NUMBER &P8
2 5
£ PAS 2
5 § 3t
2»
1k
20 30 20 T R
FRACTION NUMBER FRACTION NUMBER 8P
3t F
: 5 o
£ &
o o I -
20 0 20 a0 4o
FRACTION NUMBER FRACTION NUMBER
Fig. 1. PAGE patterns of 3H-labeled erythrocyte b and i ipitations with
annglycophorm cnhumm (A) Pattern of normal erythrocytes labeled ufm heclmem with
id and g id (25 ug p in). (B) Pattern of the same sample as in A
but ining 5 pg protein. (C) Pattern of membranes from En(a-) erythrocytes, labeled
after tr t with inid and galact id (D) Pattern obtained from normal
erythrocyte b after treatment with antiglycophorin iserum and protein A—con-
taining staphylococci. (E) Pattern obmmcd from En(a-) membmnn after treatment with
antiglycophorin iserum ond i phyl . (F) Pattern obtained from
normal erythrocyte b cf'er treat t with prei ization serum and staphylococci.

BPB, position of the marker dye bromphenol blue. B3, position of band 3.8

Carl_G_190x270_mm_blokki_FINAL.indd 121

06-Aug-23 1:53:34 PM



122 Selected Papers of Carl G. Gahmberg

382 GAHMBERG ET AL.

serum, and the tubes were incubated for 2 hr. Then 0.2 ml of the staphylococcal suspension was
added, and the incubation was continued for 1 hr. The bacteria were then washed three times in
buffer A and the proteins eluted from the staphylococci by boiling in 19, SDS.

Polvacrylamide gel electrophoresis (PAGE). Samples for electrophoresis were prepared by
boiling in the sample buffer of Laemmli.”" Cylindrical gels were run in the presence of SDS with
8°, acrylamide in the separating gel. The gels were then sliced into 2-mm slices and treated with
NCS (Amersham /Searle) solubilizer and the slices counted in a toluene-based scintillation fluid.

Incubation of bone marrow cells and ervthrocytes with antiglycophorin antiserum and protein A-
containing staphylococci. Bone marrow cells or erythrocytes (20-50 x I06) were suspended in
0.1 ml cold HEPES buffered Hanks' basic salt solution (HBSS) containing 0.02”, sodium azide
and 1°, bovine serum albumin. Then 10 gl antiglycophorin antiserum or 10 ul preimmunization
serum from the same rabbit was added. After 30 min on ice, the cells were washed twice with
10 ml HBSS and suspended in 0.1 ml of the same medium; then 5 ul packed staphylococci were
added. After incubation for 30 min at room temperature with intermittent shaking, the sus-
pension was washed three times at 600 g for 5 min to remove loose bacteria, and cell smears
were prepared by use of a Shandon cytocentrifuge. Cells binding five or more staphylococci at
their cell surfaces were considered positive. The smears were stained with the Lephene modifica-
tion of the peroxidase reaction™ to detect cells containing hemoglobin and counterstained with
May-Grilnwald-Giemsa stain.

RESULTS

Reaction of antiglycophorin antiserum with surface-labeled erythrocytes.
When normal erythrocytes were labeled with *H after treatment with neur-
aminidase and galactose oxidase, the membranes isolated, solubilized in SDS,
and run on PAGE, three major protein peaks corresponding to the major
carbohydrate-containing sialoglycoproteins were obtained (Fig. 1A). Other gly-
coproteins contain much less galactose/N-acetylgalactosamine and were there-
fore relatively weakly labeled.® The dimer of glycophorin migrates as peak PAS
1 and the monomer in peak PAS 2.2 When a smaller amount of membrane is
electrophoresed, PAS 2 becomes the dominating peak (Fig. 1B). In contrast to
normal erythrocytes, En(a—) erythrocytes do not contain glycophorin (Fig.
1C). When normal labeled erythrocyte membranes were solubilized with Triton
X-100 and precipitated with antiglycophorin antiserum and staphylococci and
run on PAGE, the pattern of Fig. 1D was obtained; only the PAS 2 peak was
seen. No peak was obtained from En(a—) membranes with antiglycophorin
antiserum (Fig. 1E) or from normal membranes with preimmunization serum
(Fig. IF).

Reaction of antiglycophorin antiserum with surface-labeled bone marrow cells.
When a mixture of bone marrow cells from which all mature erythrocytes had
been removed by hypotonic treatment was labeled with *H after treatment with
neuraminidase and galactose oxidase and precipitated with antiglycophorin
antiserum, one major peak corresponding to PAS 2 was obtained (Fig. 2A).
The pattern obtained with preimmunization serum is shown in Fig. 2B. The
nature of the nonspecifically precipitated material running in the front is not
known.

Visualization of bone marrow cells expressing surface glycophorin with S.
aureus Cowan I rosettes. The erythrocytes and normoblasts in bone marrow
pretreated with the antiglycophorin antiserum were heavily coated with
staphylococci (Fig. 3). When the bone marrow smears were stained for hemo-
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Fig. 3. Cytocentrifuged smear of bone marrow cells pretreated with iglycophori tiserum
and S. Cowan I. S was stained for h globin with Lephene’s p id reacti
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Strong binding of staphyl i to B, C, and D is clearly seen. B, C, and D were stained green.
The few staphylococci bound to the cell F rep pecific binding, which was occasionally

seen with both antiserum and prei ization serum.
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Fig. 4. Specificity of staphylococcal rosette technique. Cytocentrifuged smears stained and
photomicrographed as described for Fig. 3. A, normal erythrocytes plus antiglycophorin anti-
serum; B, normal erythrocytes plus rabbit preimmunization serum; C, En(a-) erythrocytes
plus antiglycophorin antiserum.

globin with the peroxidase-benzidine reaction and counterstained with May-
Griinwald-Giemsa stain and analyzed, the surface expression of glycophorin
apparently coincided with the presence of hemoglobin in the erythroid cell
lineage. The pronormoblasts were negative for hemoglobin staining and did not
form rosettes. The basophilic normoblasts showed weak hemoglobin reaction
and binding of staphylococci. Strong binding could be seen on cells repre-
senting the subsequent stages of erythrocyte maturation. No rosettes were
found in bone marrows pretreated with normal rabbit serum (Table 1). Sig-
nificant binding of staphylococci to bone marrow cells outside the erythrocyte
lineage was not observed. Cells of the monocyte and granulocyte series, which
are rich in IgG Fc receptors, showed only occasional binding of staphylococci
(Fig. 3F), presumably because of aggregated IgG present in the sera. These
experiments were repeated four times with different bone marrow samples, and
each time more than 100 erythroid cells were examined. Pronormoblasts were
consistently negative, whereas the subsequent stages of erythroid differentia-
tion were always positive.

Table 1. Surface Binding of Staphylococci Cowan | to Erythroid Cells in Bone Marrow
After Treatment With Antiglycophorin Anti or With Prei ization Serum

No. of Surface-bound Staphylococci

Antiglycophorin Antiserum Preimmunization Serum

Cell Type (Staphylococci/Cell + SD*) (Staphylococci/100 Cells)
Erythrocytes (normocytes + reticulocytes) 193+ 58 4
Oxyphilic normoblasts 141 + 3.2 8
Polychromatic normoblasts 123 £ 3.0 5
Basophilic normoblasts 100 + 5.3 7
Pronormoblasts 0.3+0.7 5

*More than 20 cells of each type were scored.
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DISCUSSION

We labeled surface glycoproteins of normal and En(a—) erythrocytes by the
neuraminidase-galactose oxidase/NaB’H, technique.*®'® The major protein
peaks obtained from normal erythrocytes corresponded to the sialoglycopro-
teins PAS 1, PAS 2 and PAS 3.7 By use of labeled cells we could establish the
specificity of the antiglycophorin antiserum. Interestingly, only the monomer
form of glycophorin (PAS 2) is seen on PAGE in the presence of SDS* owing
to efficient disaggregation of the glycophorin dimer (PAS 1) at low concentra-
tions of protein (see Figs. 1A and 1B).

It has been established that the NH,-terminal portion of glycophorin is
located outside the lipid bilayer.”” This part of the polypeptide contains the
MN antigens and receptors for influenza virus and various lectins.? The specific
antiglycophorin antiserum obtained after absorption with En(a—) membranes
clearly reacts with the external part of the glycophorin polypeptide and is dif-
ferent from the antiserum of Cotmore et al.,” which was made against the
COOH-terminal portion of glycophorin and in fact reacted only with the cyto-
plasmic surface of the membrane.”

To the best of our knowledge no studies have been made on the synthesis
of glycophorin. As a first step in this direction we used antiglycophorin anti-
serum to establish which cells in the human bone marrow express glycophorin
on their surfaces. For this purpose we adapted a rosette technique using S.
aureus Cowan I strain, which contains surface-bound protein A. Protein A has
a high affinity for the Fc portion of 1gG.”*?" The great advantage of this tech-
nique as compared to, e.g., imnmunofluorescence staining is that this can be
combined with conventional staining and histochemistry, which allows the
identification of the particular surface antigen-carrying cell from permanent
preparations. The presence of almost any surface antigen could probably be
analyzed in this way. One additional advantage with the rosette technique is
that the large size of the cell-staphylococci complexes should allow the selective
recovery of the antigen-containing cell by size and/or density fractionation
methods. The sensitivity of this technique is similar to that of direct immuno-
fluorescence.”

From this study it is clear that the basophilic normoblasts contain glyco-
phorin at their surface. These cells also contain hemoglobin. Glycophorin is
abundantly present in the later stages of erythrocyte differentiation. The pro-
normoblasts, however, do not form rosettes, nor do they contain hemoglobin
as detected by the peroxidase reaction. Thus the onset of hemoglobin synthesis
and the expression of glycophorin at the cell surface seem to occur at the same
stage of erythroid differentiation.

Bone marrow cells of other cell lineages never contain glycophorin at their
surface, as shown by the absence of specific staphylococcal binding. This pro-
tein is evidently specific for the erythrocyte lineage.

The molecular mechanisms involved in the biosynthesis of glycophorin are
unknown. The possibility exists that it is synthesized as a precursor before it is
expressed on the cell surface. By use of monospecific antisera such aspects are
now amenable to analysis.
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K562-—-A HUMAN ERYTHROLEUKEMIC CELL LINE

Leif C. ANDERssON !, Kenneth NiLssoN %, and Carl G. GAHMBERG ?
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Laboratory, University of Uppsala, Sweden; and * Department of Bacteriology and Immunology, University

of Helsinki, Finland

We have studied the surface membrane pro-
perties of the human leukemic cell line K562 which
previously has been reported to represent an early
stage of granulocyte maturation. The surface
glycoprotein pattern of the K562 cells obtained
after galactose oxidase-NaB[*H], labelling and
slab gel electrophoresis shows striking similarities
with that of normal erythrocytes but is completely
different from the patterns of normal and malignant
cells of various stages of the myeloblast to granu-
locyte differentiation. Moreover, the K562 cell
expressed the major red cell sialoglycoprotein,
glycophorin, on its surface as shown by immuno-
fluorescence and by immuneprecipitation from
labelled membrane preparations. As glycophorin
is exclusively found on erythroid cells in human
bone marrow we conclude that the K562 is a human
erythroleukemic line.

The continuous cell line K562 was originally
established by Lozzio and Lozzio (1975) from the
pleural effusion of a patient with chronic myeloid
leukemia (CLM) in terminal blast crisis. K562
has been reported to carry the Philadelphia chromo-
some marker and was considered to represent the
outgrowth of a CML clone (Lozzio and Lozzio,
1975). Other detailed studies on the biological
properties have failed to detect convincing pro-
perties characteristic of myeloid differentiation
but the absence of lymphoid features has neverthe-
less suggested an origin from an immature cell
of the myeloid differentiation lineage (Klein er al.,
1976; Drew et al., 1977; Minowada et al.; 1977,
1978; Janossy et al., 1978). The cell line has attained
widespread use as a highly sensitive in vitro target
for the natural killer cell assay (Ortaldo et al.,
1977; Saksela et al., 1978).

During our previous analysis of the surface
glycoprotein patterns of a large panel of human
hematopoietic cell lines, and of freshly isolated
populations of normal leukocytes and of leukemic
cells, we have noticed that the surface glycoprotein
profile (GP) of K562 is completely different from
those obtained with malignant and benign cells
representing various stages of the myeloblast to
granulocyte maturation sequence (Andersson e al.,
1977; Nilsson et al., 1977; Andersson and Gahm-
berg, 1978; Gahmberg and Andersson, 1978a).
Moreover, we recently observed that rabbit anti-
K562 antiserum, after extensive absorptions with
established cell lines and blood leukocytes to non-
reactivity against normal myeloblasts and blood
leukocytes, still showed strong reactivity with
erythrocytes and erythroid precursor cells. These
findings prompted us to investigate the biology
of the K562 cell line in greater detail. We report

Carl_G_190x270_mm_blokki_FINAL.indd 128

here evidence indicating that K562 in fact re-
presents a human erythroleukemic celi line.

MATERIAL AND METHODS
Cells

The K562 cell line was kindly provided by
Dr. G. Klein, Stockholm. The myeloid cell line
HL-60 (Collins et al., 1977) was obtained from
Dr. R. Gallo, Bethesda, Maryland. The cells were
grown in RPMI-1640 medium supplemented with
109 newborn calf serum. Normal human erythro-
cytes and buffy coat cells were obtained through
the Finnish Red Cross Blood Transfusion Service,
Helsinki. Blood samples from patients with CML,
acute myeloid leukemia, and acute promyelocytic
leukemia were obtained by Dr. P. Vuopio, Helsinki
University Hospital. Normal granulocytes and
leukemic cells were isolated as described in detail
(Andersson and Gahmberg, 1978).

Cell surface labelling and solubilization of membranes

Cell surface glycoproteins were radiolabelled
using the galactose oxidase-NaB[®*H], method
as described (Gahmberg and Hakomori, 1973;
Gahmberg ez al.; 1976a). Erythrocyte membranes
were isolated as described previously (Gahmberg
and Hakomori, 1973). The labelled cells or cell
membranes were solubilized at 0° C in phosphate-
buffered saline (PBS) containing 1% Triton X-100,
1% ethanol and 2 mm phenylmethylsulphonyl
fluoride as a protease inhibitor. Cell nuclei were
pelleted by centrifugation at 2,000 g for 10 min
and the supernatant was used for electrophoresis
and immune precipitation.

Anti-glycophorin antiserum

The production and specificity of the anti-
glycophorin  antiserum have been described
(Gahmberg et al., 1978). Briefly, rabbits were
immunized repeatedly with the major sialoglyco-
protein, glycophorin, isolated from normal ery-
throcyte membranes (Hamaguchi and Cleve, 1972).
The antiserum was rendered specific by absorption
with En (a-) erythrocyte membranes which lack
glycophorin (Gahmberg et al, 1976b; Tanner
and Anstee, 1976; Dahr et al., 1976). Preimmune
sera from the same rabbits were used as controls,

Immuneprecipitation

Immuneprecipitations from the Triton X-100—
solubilized, labelled membrane preparations were

Received: November 13, 1978
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FIGURE 1 — Surface glycoprotein patterns obtained by labelling with NaB[?H], after neuraminidase and galactose
oxidase treatments of a: normal red cells; b: the K562 cell line; ¢: the HL-60 cell line; d: normal granulocytes; e:
leukemic cells from a patient with Ph’ positive chronic granulocytic leukemia; f: cells from a patient with acute pro-
myelocytic leukemia; g: cells from a patient with undifferentiated acute myeloid leukemia; A: **C-labelled standard
proteins. TH: thyroglobulin, TR: transferrin, HA: human albumin, OA: ovalbumin, HB: hemoglobin. PAS1-PAS3
are the major red cell sialoglycoprotein bands, GP130 = a glycoprotein with an apparent molecular weight of 130,000

etc.

performed using the protein-A containing Staphy-
lococcus aureus Cowan I strain as described
(Gahmberg and Andersson, 1978b).

Indirect immunofiuorescence

To exclude non-specific IgG binding to the Fc
receptors present on K562 cells (Klein et al., 1976)
F(ab), fragments were prepared from the anti-
glycophorin antiserum. Twenty mg of IgG were
digested with 0.5 mg of porcine pepsin for 16 h
at +37° C in 0.1 M sodium acetate buffer, pH 4.5,
and the F(ab), fragmeuts were isolated by filtration
over an Ultrogel AcA34 column. The F(ab), pre-
paration appeared pure on polyacrylamide gel
electrophoresis.

Cells were washed and suspended in ice-cold
PBS containing 209 fetal calf serum. Ten ug of
anti-glycophorin F(ab), or 10 ¢l preimmune serum
were added. After 30 min at 0° C the cells were
washed twice with 10 ml of PBS containing 109
fetal calf serum, and suspended in 20 ul of 1:2p
diluted fluorescein isothiocyanate-conjugated IgG
(1 mg/ml) isolated from sheep anti-rabbit Ig anti-
serum. After 20 min in the cold, the cells were
washed and examined under a Zeiss Universal
fluorescence microscope (Gahmberg and Andersson,
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1978b). For capping experiments the FITC-stained
cells were incubated at +37° C.

Polyacrylamide slab gel electrophoresis

Samples were prepared by boiling in the Laemmli
sample buffer (Laemmli, 1970) and run on 89
polyacrylamide slab gels as described (Andersson
and Gahmberg, 1978) with *C-labelled marker
proteins in the peripheral slots (Gahmberg et al.,
1976a). The radioactive proteins were visualized
by fluorography (Bonner and Laskey, 1974).

RESULTS

Polyacrylamide slab gel electrophoresis patterns of
of surface-labelled cells

Samples of surface-labelled erythrocytes, K562
and HL-60 cells, normal granulocytes and cells
from patients with chronic myeloid leukemia and
acute promyelocytic leukemia were run in parallel
slots on the same slab gel. The fluorography patterns
are shown in Figure 1. The HL-60 line has a glyco-
protein pattern which is very similar to that of
granulocytes, CML cells and AML cells with the
strongest labelled proteins in the molecular weight
region of 130,000 (GP130). The glycoprotein
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pattern of K562 (Fig. 1g), on the other hand, is
completely different from these but instead shows
a striking similarity to that obtained with normal
erythrocytes. GP42 is strongly expressed on K562
cells and corresponds in electrophoretic mobility
to the monomer of glycophorin (PAS2, Marchesi
et al., 1976).

Studies using the anti-glycophorin antiserum

Immunofluorescence. K562 cells incubated in the
cold with the F(ab), preparation of the anti-glyco-
phorin antiserum and FITC-conjugated sheep
anti-rabbit ItG antiserum showed a strong mem-
brane fluorescence (Fig. 2b) as did normal ery-
throcytes (not shown). No significant staining of
HL-60, or CML cells was obtained, neither did
the pre-immune serum stain cells of either line.
After incubation of stained cells for 30 min at
+37° C a partial redistribution of the fluorescein
label was seen in some cells (Fig. 2¢). This indicates
that the anti-glycophorin antiserum reacts with
integral membrane protein(s) of K562 cells.

Immuneprecipitation. Immuneprecipitation was
performed with anti-glycophorin antiserum and
with preimmune serum from Triton X-100 lysates
of labelled K562 and normal erythrocytes. The
precipitated material was run on parallel slots
on slab gels. As shown in Figure 3, the antiserum
precipitated the PAS1 (glycophorin dimer) and
PAS?2 (glycophorin monomer) from normal erythro-
cyte membranes and the corresponding proteins
GP85 and GP42 were obtained from the K562
cells. No specific precipitations were obtained
with the preimmune serum.

DISCUSSION

The Philadelphia-chromosome-positive K562 cell
line was derived from a patient with CML in acute

blast crisis. The original suggestion by Lozzio
and Lozzio (1975) and Klein er al. (1976) that
K562 represents a leukemic cell of the granulocytic
series has become questionable since Greaves et al.
(1977) recently reported that the blast crisis in
CML often represents the clonal outgrowth of
an immature lymphoid cell resembling that of
acute lymphoblastic leukemia. K562 cells do not,
however, express markers characteristic for ALL
cells, like common ALL antigen, Ia-like antigen
or the enzymes deoxynucleotidyl transferase and
hexosaminidase. Therefore the K562 line has been
thought not to represent a lymphoid but some
undefined immature myeloid type of cell (Janossy
et al., 1978; Minowada et al., 1978). The previously
reported presence of the Philadelphia chromosome
marker in the K562 line does not prove the granu-
locytic origin of the cell since this chromosomal
aberration is encountered not only in myeloid
cells but also in megakaryocytes and cells of the
erythroid lineage during CML (for review see
Mark, 1977).

The present study favors the assumption that
K562 originates neither from a myeloid nor from
a lymphoid but rather from an erythroid cell clone.
Firsily, the surface glycoprotein pattern of K562
is very different from that of benign or malignant
cells belonging to the granulocytic series. The
pattern is also clearly dissimilar to that of a number
of common ALL cell lines recently studied by the
same surface labelling technique (Andersson et al.,
1977). On the other hand, many of the labelled
proteins of normal erythrocyte membranes are
apparently expressed on the K562 cells. This finding
not only indicates an erythroid nature of this
cell line but also further emphasizes the usefulness
of the analysis of the surface glycoprotein profile
as a tool for the identification and characterization
of benign and malignant cells.

FIGURE 2 — (a) Microphotograph of the K562 cells. May-Griinwald-Giemsa stained cytocentrifuged smears.
(b) Membrane fluorescence of K562 cells stained by F(ab). preparation of anti-glycophorin antiserum. (c) Re-
distribution of the anti-glycophorin fluorescence after incubation of the stained cells for 30 min at +37° C.
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Secondly, the erythroid origin of K562 is suggested
by its synthesis and surface expression of glyco-
phorin. Glycophorin (MN-glycophorin, PASI) is
one of the best characterized integral membrane
glycoproteins and is the major sialoglycoprotein
of human erythrocytes. It contains about 609
carbohydrate and penetrates the cell membrane
{(Marchesi et al., 1976). The amino acid sequence
has been established (Tomita and Marchesi, 1975).
Glycophorin is known to carry the MN blood
group antigens, but its involvement in normal
erythrocyte function and/or maturation is unknown.
The occurrence of the rare human blood group
En (a-), which lacks glycophorin, has enabled
us to produce monospecific antibodies against
the molecule. Using this antiserum, we previously
showed that glycophorin is specific to erythroid
cells in the normal human bone marrow and is
expressed on basophilic normoblasts and in later
stages of erythroid differentiation (Gahmberg et al.,
1978). Although a large body of information is
available on the structure of glycophorin, nothing
is so far known about the biosynthesis of this
membrane protein. The availability of K562 will
now permit studies of such aspects.

Some previous findings with K562 also seem to

be compatible with an erythroid nature of K562. .

The morphology of the K562 cells with the baso-
philic cytoplasma and the absence of intracyto-
plasmic granules resembles that of cells in the
early stages of erythroid maturation in normal
human bone marrow. Moreover, the reported
absence of surface expression of the HLA-antigen
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FIGURE 3 Immuneprecipi-
tation with anti-glycophorin anti-
serum from surface-labelled red
cells and K562 cells. a: Surface
glycoprotein pattern of red cells;
b: precipitation of glycophorin
from red cell membranes with
antiserum; c¢: with pre-immuni-
zation serum; d: precipitation from
K562 cells with antiserum; e:
with preimmunization serum; f:
surface glycoprotein pattern of
K562 cells.

-GP42 -

is also well compatible with an erythroid origin
(Drew et al., 1977).

The high sensitivity of K562 natural killer cell-
induced cytotoxicity is also highly compatible
with its erythroid origin. The human natural killer
cell expresses strong lytic activity against heterolo-
gous erythrocytes (chicken erythrocytes) and against
the K562 line (Saksela et al., 1978). The reason for
this is unknown but the K562 line might represent
the proliferative stage of a cell which in vivo com-
prises a physiological target for the natural killer
cells.

The demonstration that K562 expresses erythroid
markers has some important implications regarding
the natural history of CML. Obviously, this disease
includes the stem cell as demonstrated by previous
studies employing chromosome (Mark, 1977) and
G-6-PD isoenzyme (Fialkow ef al., 1977) markers.
The erythroid features of K562 presented here
suggest that, during blast crisis, the neoplastic
stem cell has the potential to differentiate not only
to immature myeloid or lymphoid cells but also
along the erythroid differentiation lineage.
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K562 — UNE LIGNEE DE CELLULES ERYTHROLEUCEMIQUES HUMAINES

Nous avons étudié les propriétés de la membrane de surface de la lignée de cellules leucémiques humaines K562 qui,comme
on I’a déja signalé, représente un stade précoce de la maturation des granulocytes. Le tableau des glycoprotéines de la surface
des cellules K562 obtenu aprés marquage 2 la galactose oxydase-NaB[*H], et électrophorése sur gel présente des similitudes
frappantes avec celui des érythrocytes normaux mais est totalement différent de celui des cellules normales et malignes a divers
stades de la différenciation des myéloblastes en granulocytes. De plus, la cellule K562 exprime a sa surface la sialoglycopro-
téine majeure des globules rouges, la glycophorine, comme le montrent I'immunofluorescence et I'immunoprécipitation a
partir de préparations de membranes marquées. La glycophorine n’étant présente que sur les cellules érythroides de la moelle
osseuse humaine, nous en concluons que la lignée K562 est une lignée érythroleucémique humaine.
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Induction of erythroid differentiation
in the human leukaemia cell line K562

MURINE erythroleukaemic cell lines can be induced by various
low molecular weight compounds to differentiate in wvitro'.
Corresponding human cell lines have not previously been
described but we now report that human leukaemic celis of the
K562 cell line can be induced to red cell differentiation in vitro.
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Table 1  Accumulation of erythrocyte-like, benzidine-positive
particles in sodium butyrate treated cultures

Per cent of benzidine
positive particles*

Days in culture 0 1 2 3 4

1 mM Na-butyrate 14 39 12 35 48
Control 14 09 09 11 14

*Cytocentrifuged smears were stained with benzidine-Giemsa.
Percentages were calculated by counting more than 300 cells.

The K562 line was originally established by Lozzio and
Lozzio from the pleural effusion of a patient with chronic
myelogenous leukaemia in terminal blast crisis®. This cell line,
which has been considered to represent an early differentiation
stage of the granulocyte lineage’, is commonly used as a sensi-
tive target cell in the human natural killer cell assay®.

We have recently analysed the surface glycoprotein patterns
of various established human haematopoietic cell lines®® and
those of isolated populations of normal and lgukaemic leuko-
cytes”. The surface glycoprotein pattern of K562 cells was
found to be clearly different from those of benign and malignant
cells representing various stages of the myeloblast to granulo-
cyte differentiation sequence. In contrast, we observed several
common features of normal erythrocytes and K562 cells. These
observations led us to investigate more closely the K562 cells.

The cells were cultivated in RPMI 1640 culture medium
supplemented with 10% newborn-calf serum. K562 cells carry
on their surface’® and synthesise'* glycophorin A, which is the
major sialoglycoprotein on human red cells'?>. This provides
additional evidence for the erythroid nature of the K562 cells, as
glycophorin A is known to be expressed exclusively on baso-
philic normoblasts and on later stages of the red cell differen-
tiation in human bone marrow”®. The K562 cells evidently also
contain spectrin as seen by indirect immunofluorescence using
rabbit anti-spectrin antibodies on acetone-fixed smears (data
not shown).

Fig.1 Microphotographs
of cytocentrifuged smears
of K562 cells cultivated
for 4 days in the presence
of 1 mM sodium butyrate.
a, Stained with Giemsa-
eosin and photographed
using a green filter. b,
Stained with Lephene’s
benzidine method-
Giemsa  and photo-
graphed using a red filter.
c-e¢, Details of the
apparent sequence of
generation of erythro-
cyte-like  particles in
butyrate induced K562
cultures. The  arrow
indicates a normoblast-
like cell. These were
stained with Giemsa-
eosin and photographed
with a green filter.
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Fig. 2 a, Cell counts from K562 cultures treated with 1 mM
sodium butyrate (@) and from control cultures without inducer (O).
Each point represents the average from duplicate determinations.
b, Synthesis of haemoglobin in sodium butyrate induced K562 cells
as determined by radioimmunoassay. K562 cells were cultivated at
an initial density of 0.2 x 10° cells per ml in the presence of 1 mM
sodium butyrate (@) or without inducer (O) (the same cultures as in
(a)) and aliquots taken on indicated days. After washing the cells
three times in phosphate-buffered saline, aliquots were removed
for protein determination'’. The rest of the samples were solu-
bilised in Triton X-100 containing buffer and used for radioim-
munoassay. Anti-haemoglobin antiserum was prepared in rabbits
and anti-rabbit IgG in sheep. Haemoglobin was radioiodinated
with '?°I by the chloramine T method'®. The antibody concen-
tration was calibrated to bind approximately 30% of the radioac-
tivity and more than 95% of the binding was inhibited by
nonradioactive haemoglobin. The preparation of antisera and the
radioimmunoassay will be described in detail elsewhere. The
results are given as ug haemoglobin per g of protein and each point
represents the average of duplicate analyses.

As the cultures of K562 cells were found to contain occasional
benzidine-positive particles (Table 1) the differentiation
capacity of this cell line was further investigated. Because the
commonly used inducing agent dimethyl sulphoxide' did not
cause obvious erthyroid differentiation, sodium butyrate was
used as inducer’®. When K562 cells were cultivated for 4 days in
the presence of 1 mM sodium butyrate (optimal concentration
1-3 mM) differentiation was observed. This amount of sodium
butyrate did not significantly affect the growth rate of the K562
cells (Fig. 2a). Eosinophilic particles resembling erythrocytes
accumulated in the cultures. These particles were surrounded by
a membrane and showed positive staining reaction with ben-
zidine (Table 1) indicating the presence of haemoglobin (Fig. 1).
The induction of haemoglobin synthesis was confirmed by
radioimmunoassay (Fig. 2b).

The mode of generation of the erythrocyte-like particles
seems to be unusual. Although occasional normoblast-like cells
were seen (Fig. 1e), most of the erythrocyte-like particles are
apparently generated intracytoplasmatically (Fig. 1¢). As shown
in Fig. 1c—e this seems to start with an accumulation of cyto-
plasmic eosinophilic inclusions which condense to one or several
erythrocyte-like particles which are subsequently expelled.
Scanning electron microscopy shows the erythrocyte-like parti-
cles to be spherical with a smooth surface resembling sphero-
cytes (in preparation). The mechanism may be similar to the
platelet generation by megakaryocytes. The phenomenon of in
vitro erythrocyte generation by this cell line is being further
studied using time-lapse cinematography.
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The findings presented here not only prove the erythroid
character of the K562 cell line, but also further emphasise that
malignant transformation of human haematopoietic cells does
not necessarily mean irreversible loss of differentiation capacity.
After 8 years in culture in vitro, the K562 cell line has retained its
ability to react to appropriate stimuli by undergoing erythroid
differentiation. The effect of sodium butyrate on human eryth-
roid leukaemic cells might have interesting clinical implications.

This study was supported by the Academy of Finland and by
the Finnish Cancer Society. We thank Liisa Alajoki and Anneli
Asikainen for technical assistance. K562 cell lines were
obtained from Dr G. Klein (Karolinska Institute, Stockholm)
and Dr K. Nilsson (Uppsala).
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Biosynthesis of the major human red cell

sialoglycoprotein,

glycophorin A, in a continuous cell line

Mikko Jokinen & Carl G. Gahmberg

Department of Bacteriology and Immunology, University of Helsinki, Haartmaninkatu 3, SF 00290 Helsinki 29, Finland

Leif C. Andersson

Transplantation Laboratory, and Department of Pathology, University of Helsinki

During biosynthesis of glycophorin A in K562 cells a
precursor is rapidly transferred through the endoplasmic
reticulum membrane with the COOH-terminal remaining
in the cytoplasm. This is glycosylated within the cell and
appears at the cell surface after about 30 min. The biosyn-
thetic pathway resembles that described for viral membrane
glycoproteins.

MosT, if not all, surface proteins of mammalian cells are
glycoproteins'?. Their peptide portions often span the lipid
bilayer membrane®* and their carbohydrate is exposed to the
external milieu®~. The biosynthetic assembly of the peptide and
sugar portions and the mechanisms leading to the appropriate
membrane disposition of these proteins raise intriguing ques-
tions.

Studies on virus-coded proteins have provided us with most of
our more detailed knowledge of integral membrane protein
biosynthesis. The polypeptides are synthesised on membrane-
bound ribosomes and transferred as nascent chains through the
endoplasmic reticulum membrane; glycosylation takes place on
the luminal side®°. The attachment of the core portions of the
oligosaccharides may occur, through lipid-linked intermediates,
even before the polypeptide chains have been completely
synthesised. As the virus proteins use the host cell machinery for
their biosynthesis, similar mechanisms may be antici-
pated for mammalian surface proteins.

Most of our information on cell membrane structure is
derived from studies on the easily available human erythrocyte
membrane>'>'*, Its major sialic acid-rich glycoprotein, glyco-
phorin A (refs 15, 16), is the best characterised integral
membrane protein. Glycophorin A spans the membrane with its
NH,-terminus on the outside and its COOH-terminus in the
cytoplasm™*, and has a molecular weight (MW) of 31,000. On
polyacrylamide gel electrophoresis in the presence of SDS it
shows a higher apparent MW because of its 60% carbohydrate
content>'’. Determination of its amino acid sequence'®'?
indicates that it has 15 serine/threonine-linked oligosaccharides
and one asparagine-linked complex oligosaccharide on the
external surface of the erythrocyte.

We have produced specific anti-glycophorin A antiserum®® by
immunising rabbits with a crude preparation of glycophorin
followed by absorption with En(a —) red cell membranes, which
lack glycophorin'®?'"2, The availability of this specific reagent
for glycophorin A and our extensive knowledge of the molecular
structure of this glycoprotein provide a potentially useful system
for elucidating the pathways involved in mammalian plasma
membrane glycoprotein biosynthesis.

We have previously observed that the human continuous
leukaemia cell line K562 (ref. 24) is erythroid, and synthesises
and expresses glycophorin A on its surface>*?°. In this report we
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outline the biosynthesis of glycophorin A from a precursor form,
its insertion into the endoplasmic reticulum membrane, its
subsequent glycosylation and its migration to the plasma
membrane.

Identification of a precursor
for glycophorin A

For studies on the biosynthesis of glycophorin A, K562 cells
were labelled with **S-methionine for 5 min and chased with
medium containing non-radioactive methionine. The labelled
cells were solubilised in buffer containing Triton X-100 and
immune precipitation was carried out with anti-glycophorin A
antiserum or control serum and protein A-containing staphylo-
cocci®®. The precipitates were analysed by polyacrylamide slab
gel electrophoresis in the presence of SDS followed by fluor-
ography. After 5 min of labelling a single protein was specifically
precipitated. It had an apparent MW of 37,000 and was desig-
nated GP, (Fig. 1a, B). The use of internal labelling meant that a
high background radioactivity could not be avoided and there-
fore the appearance of the specifically precipitated protein could
only be followed by using controls with preimmunisation serum.
When chased for 10 min (Fig. 1a, D) the final glycophorin A
molecule (designated GP.), with an apparent MW of 39,000,
became visible, and its concentration relative to that of GP,
increased during chase for 25-60 min (Fig. 1a, F-J).

Appearance of glycophorin A at the
cell surface

As surface-exposed glycophorin A can be cleaved by trypsin
the time course of its externalisation was followed by trypsin
treatment of labelled intact cells. After labelling for 5 min
followed by chase for 10 min, neither the precursor protein,
GP,, nor the completed glycophorin A (GP,) had reached the
cell surface, as indicated by their i itivity to trypsinisation
(Fig. 15, E, G). After 25 and 45 min chase no GP. was seen in
trypsin-treated cells, but GP, was still detected (Fig. 15,1, K). In
the absence of trypsin treatment the GP. band was stronger than
the GP, band at these time points (compare Fig. 14, F, H). This
shows that after 25 min glycophorin A had appeared at the cell
surface but that GP, had not become exposed.

15.26

Glycophorin A precursor is

incompletely glycosylated

We followed the sequence of glycosylation using lectin columns
of known specificity. The glycophorin A precursor, GP,, already
contained glucose/mannose-like residues because it bound to
lentil lectin—Sepharose and could be eluted with a-methyl
mannoside (Fig. 2B). However, the following results indicate
that GP, does not contain significant amounts of galactose or
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Fig.1 q, Fluorography of a polyacrylamide slab gel of immune precipitates
obtained from pulse-chased >*S-methionine-labelled K562 cells with anti-
glycophorin A antiserum and control serum. K562 cells (80 % 10°) were
grown in RPMI-1640 culture medium (GIBCO) containing 10% newborn
calf serum. After washing three times with 0.15 M NaCl and 0.01 M sodium
phosphate, pH 7.4 (PBS), at 37°C, the cells were suspended in 5 ml of
hioni -frec Eagle’s minimal dium (MEM) ining 0.2%
bovine serum albumin (Sigma). The cells were incubated with gentle shaking
in a CO,-atmosphere for 30 min at 37°C and 1.2 mCi of **S-methionine
(Radiochemical Centre, 1,130 Ci mmol™") added. After 5 min 1 ml of the
suspension was withdrawn to ice-cold PBS and the cells immediately washed
three times with PBS at 0 °C. The rest of the pulse-labelled cells were rapidly
washed at 37 °C with MEM containing a 50-fold excess of cold methionine
and suspended in 4 ml of this medium. After incubation for 10, 25, 45 and
60 min 1-ml aliquots were removed and the cells washed at 0 °C asabove. All
washed cell samples were then suspended in 4 ml of PBS at 0°C and 1 ml
from each taken for trypsinisation (see b below). The rest of the samples
were centrifuged and the cells dissolved at 0 °Ci |n PBS contammg 1% Triton
X-100, 1% ethanol and 2 mM ph t Ifluoride (Sigma) as a
protease inhibitor (buffer A). Allquols of thc Triton X-100 extracts were
taken for immune precipitation experiments using 5 ul anti-glycophorin A
antiserum or control serum and the Staphylococcus aureus protein A tech-
nique as described in detail previously?>2°. The immune precipitates were
studied by polyacrylamide slab gel electrophoresis in the presence of SDS**
using a 12% acrylamide ion in the ing gel. The t
of the slab gels for ﬂuomgraphy” and the '*C-labelled*® standard proteins
have been described earlier’”. A, '*C-labelled standard proteins: TH =
thyroglobulm TR-transfemn, HA human albumin, OV =ovalbumin;
B, btained with anti-glycophorin A antiserum from
K562 cells labelled for 5 min with **S hioni C, with prei
serum; D, immune precipitate obtained with antiserum from cells labelled
for 5 min with **S- methlomne lollowed by chase for 10 min; E, with
serum; F, precip btained with armserum from
cells after 25 min chase; G, with prei serum; H, i
obtained with antiserum from cells after 45 min chase; I, with prelmmune
serum; J, immune precipitate obtained with antiserum from cells after
60 min chase; K, with preimmune serum. b, Fluorography of a poly-
acrylamide slab gel of labelled erythrocyte membranes and immune pre-
cipitates obtained from trypsm-trea!ed K562 cells labelled with *°S-
methionine. Part of the **S hi labelled cells obtained from the
experiment described for a were treated with 0.1 mgml™" trypsin (Merck,
Darmstadt) for 10 min at 37 °C. The samples were then immediately washed
with PBS at 0°C and solubilised in buffer A. Immune precipitations and
polyacrylamide slab gel electrophoresis were carried out as described in a. A,
4C-labelled standard proteins (same as in a); B, surface glycoprotein
pattern of erythrocyte membranes labelled with *H after treatment of
erythrocytes with neuraminidase and gal oxidase followed by NaB*H,
(ref. 6); C, surface glycoprotein pattern of erythrocyte membranes obtained
after labelling erythrocytes by the periodate/NaB*H, method?’, PAS 2 =
predominantly glycophorin A monomer; D, surface glycoprotein pattern of
periodate/NaB>H,-labelled L. after tr of labelled intact
erythrocytes with 0.1 mgml™' trypsin for 10 min at 37°C; E, immune
precipitate obtained with anti-glycophorin A antiserum from lrypsmlsed
K562 cells that had been labelied with 35S-x'ru-,tluonme for S min; F, with

serum; G, i b d with antiserum from
cells labelled for 5 min with ”S methlomne followed by chase for 10 min; H,
with prei serum; I, pr i with antiserum from cells
after 25 min chase; J, with prei; serum; K, i i with

antiserum from cells after 45 min chase; L, with prelmmune serum.
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Fig. 2 Fluorography of a polyacrylamide slab gel of glycophorin molecules
bound to lentil lectin-Sepharose and the effect of neuraminidase on their
electrophoretic mobilities. K562 cells were labelled with **S-methionine as
described in Fig. 1a legend, wzshed at0 "C with PBS, solubilised in buffer A
and applied to lentil lectin-S Lens culinaris lectin was
prepared by affinity chromatography and coupled to CNBr-activated
Sepharose 4B as described in detail previously?’. The material eluted with
0.1M thyl ide (Calbiochem) was pooled and concentrated by
vacuum dialysis to 3 ml. To 1-ml aliquots from each sample was added 0.3 mi
of Dulbecco’s PBS containing Ca>* and Mg?* and 100 units of Vibrio
cholerae neuraminidase (Behringwerke). The neuraminidase preparation
did not contain proteolytic activity when assayed as described previously®.
Two other identical aliquots did not receive neuraminidase. All samples
were incubated for 10 min at 37 °C. After incubation one control sample and
the neuraminidase-treated sample were incubated with 5 ul anti-glyco-
phorin A anuserum and the third tube with preimmune serum followed by
protein A ing staphyl The i pr were then
analysed by polyacrylamide slab gel electrophoresis as described above. A,
surface glycoprotem pattern of penodate/NaB’H‘ labelled crythmcyle

membranes; B, i d with anti horin A
antiserum from the glymprotem fracnon of K562 cells labellcd for 5 min
with *°S C, pr with antiserum from the

idase-treated gi P i fractmn of cells labelled for 5 min; D,
with prei serum; E, i ined with antiserum

from the glycoprotein fraction of cells labelled for 5 min followed by 10 min
chase; F, immune precipitate with antiserum from the neuraminidase-
treated glycoprotem fraction of cells labelled for 5 mm iollowcd by 10 min

chase; G, with p: serum; H, i p ined with
antiserum after 25 min chase; I, immune preclpltate with antiserum of the
25-min chase sample treated with ;J, with prei serum;

K, immune precipitate obtained with antiserum after 60 min chase; L,
xmmune preclpnata with antiserum of the 60-min chase sample treated wnh
M, with prei serum. The corresp
patterns of the glycophorin regions are shown below and were obtamed with
a Joyce-Loebl Chromoscan apparatus.

sialic acids. First, it did not bind to Ricinus communis lectin-
Sepharose columns specific for 8-D-galactose (data not shown).
Second, as it is known that neuraminidase treatment of eryth-
rocyte glycophorin A reduces its mobility on SDS-gel electro-
phoresis this phenomenon was used to determine the presence
of sialic acids®’. Part of the **S-methionine-labelled eluates from
the lentil lectin columns were treated with neuraminidase before
immune precipitation. GP, mobility on SDS-gel electrophoresis
did not change after neuraminidase treatment, but instead of
final glycophorin A, a molecule, designated GP,, with an
apparent MW of 41,000, was detected. This demonstrates that
GP. contains sialic acids. GP. could be adsorbed not only to
lentil lectin-Sepharose but also to R. communis lectin-
Sepharose columns, indicating that it contains terminal 8-D-
galactosyl residues. This experiment also indicates that at this
stage GP, does not contain the penultimate galactosyl residues
because its mobility would then have corresponded to that of
GP,.

The NH,-terminal portion of glycophorin A
precursor is rapidly
incorporated into microsomes

The incorporation of the glycophorin A precursor into endo-
plasmic reticulum was studied by labelling K562 cells for 5 min
with **S-methionine. The labelled cells were then immediately
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cooled to 0°C, homogenised and a microsomal fraction pre-
pared. Half of this fraction was treated with trypsin. The
untreated and the trypsin-treated samples were solubilised in
buffer A (see Fig. 1a legend) and passed through lentil lectin
columns; the glycoproteins were eluted with a-methyl
mannoside and immune precipitated with anti-glycophorin A
antiserum. The immune precipitates from the trypsin-treated
and untreated samples were electrophoresed on parallel slots of
a polyacrylamide slab gel. Complete, 37,000 MW, glycophorin
precursor, GP,, was recovered from untreated microsomes (Fig.
3B) but the molecule (GP,,) obtained from the trypsin-treated
microsomes had an apparent MW of 34,000 (Fig. 3C). This
shows that a fragment of approximate MW 3,000 could be
cleaved off by trypsin at this stage.

ABCD

L L A

GR —= _ _GR,

Fig. 3 Fluorography patterns of immune precipitates from K562 micro-
somes analysed by polyacrylamide slab gel electrophoresis. K562 cells
(170 x 10°%) were labelled for 5 min with **S-methionine as described in Fig.
1a legend. They were then rapidly washed three times with PBS at 0 °C and
suspended for 10 min in 15 ml of 10 mM KCl, 10 mM Tris and 1.5 mM
MgCl,, pH 7.4, at 0°C. The cells were then homogenised in a tight-fitting
Dounce homogeniser with 20 strokes and the nuclei removed by centri-
fugation at 1,000g for 10 min. The supernatant was centrifuged at 50,000g
for 90 min at 4 °C in a Spinco rotor 30 and the microsomal pellet obtained
suspended in 1 ml of Dulbecco’s PBS. Half of this material was incubated
with 0.01 mgml™" trypsin for 10 min at 37°C. The control sample was
handled in the same way except that trypsin was omitted. After incubation
0.5 mg of soybean trypsin inhibitor (Sigma) was added to both samples.
These were then dissolved in buffer A, both divided into two and immune
precipitated with either 5 p,l anti-glycophorin A antiserum or preimmune
serum. The i were then lysed on a 12% poly-
acrylamide slab gel. A, Control microsomes + preimmune serum; B, control
microsomes + anti-glycophorin A antiserum; C, trypsin-treated micro-
somes + anti-glycophorin A antiserum; D, trypsin-treated microsomes+
preimmune serum. Note the decrease in the apparent MW of trypsin-
treated GP,.

Discussion

We recently showed that glycophorin A is expressed not only on
mature red cells but also on nucleated precursor cells in human
bone marrow?®. This finding prompted us to look for cell lines
synthesising glycophorin A. Our observation that the human
continuous cell line K562 is erythroid®® was the basis for the
present experiments. The cells expressed 10° copies per cell of a
surface glycoprotein which is indistinguishable from erythro-
cyte glycophorin A. The K562 protein has an apparent MW
identical to that of glycophorin A from red cells, it dimerises
easily—a characteristic of the erythrocyte protein—it reacts
with anti-glycophorin A antiserum, contains MN blood group
activity, gives rise to CNBr fragments and contains glycopep-
tides/oligosaccharides which closely resemble those of glyco-
phorin A (ref. 26). Furthermore, treatment of K562 cells with
sodium butyrate induces erythroid differentiation including
haemoglobin synthesis and the generation of erythrocyte-like
particles®

A schematic model of the way in which we consider the
biosynthesis of glycophorin A to occur is shown in Fig. 4. Three
forms of glycophorin A can be recognised, GP,, GP, and GP..
GP. is the final glycophorin A molecule which is synthesised
completely within the cell and is present at the cell surface after
35 min of pulse labelling. (This includes the 10 min required for
trypsinisation.) This glycoprotein contains the terminal sialic
acid residues and the penultimate galactosyl residues®® and has
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an apparent MW of 39,000 on 12% polyacrylamide gels. The
presence of sialic acids gives it a higher electrophoretic mobility
in the presence of SDS than after removal of these residues”’
(Fig. 2). GPy,, which can be obtained from GP, only after
neuraminidase treatment, has an apparent MW of 41,000.

GP, is obviously a precursor of glycophorin A. It reacts with
anti-glycophorin A antiserum and the precursor/product rela-
tionship is evident from the pulse-chase experiments (Fig. 1a). It
has an apparent MW of 37,000, does not adsorb to R. communis
lectin-Sepharose and does not contain sialic acids (Fig. 2B,C).
The 4,000 MW difference between desialylated glycophorin A
(GPy,) and GP, should correspond to approximately 20 mono-
saccharides. This cannot be accounted for solely by the
completion of the complex oligosaccharide at Asn 26 but must
involve the addition of galactosyl groups to the 15 alkali-labile
chains. Apparently, the sialic acids are then rapidly added
because a precursor form corresponding to desialylated glyco-
phorin A (GP,) is never observed during the pulse-chase
experiments The addition of galactosyl and sialic acid residues
is known to occur late in the biosynthesis of glycoproteins,
mainly in Golgi membranes®®

GP, is found after 5 min of labelling in microsomes when the
carbohydrate is protected from the action of trypsin (Fig. 3).
Trypsin treatment decreases its apparent MW by 3,000 and the
released peptide should correspond to residues 101(102)-131 of
erythrocyte glycophorin A or tryptic peptide T, (ref. 19) located
at the COOH-terminal end. When sealed, everted erythrocyte
ghosts are treated with trypsin no reduction in the apparent MW
of glycophorin A is observed®. One possibility is that proteo-
Iytic cleavage does occur, but the 3,000 MW difference is not
seen because glycophorin A gives a broad and diffuse band on
electrophoresis of ghosts. Another, and more likely, possibility
is that the COOH-terminal portion of newly synthesised glyco-
phorin A in microsomes is more easily accessible to proteases
than the molecule in the finished erythrocyte membrane where it
may be covered by other proteins. Treatment of intact cells with
trypsin releases much more from the NH,-terminal end of the
polypeptide in soluble form'>>", This indicates that the COOH-
terminal part already in the endoplasmic reticulum has a similar
location in the red cell membrane.

The biosynthetic pathway of glycophorin A corresponds well
to that described for the glycoprotein (G protein) of vesicular
stomatitis virus. Glycophorin A has a more complex carbo-
hydrate composition than the viral protein, involving two types
of quite different oligosaccharides. The glycosylation of gly-
cophorin A probably involves both lipid intermediates for the
synthesis of the N-glycosidic oligosaccharide'? and direct glyco-

SEQUENCE OF SYNTHESIS

CYTOPLASMIC  SURFACE

Fig. 4 Our schematic view of the biosynthesis of glycophorin A. GP,,
glycophorin A precursor; GP,, glycophorin A treated with neuraminidase to
demonstrate the stage before addition of sialic acid residues; GP,, final
glycophorin A. @ = hexosamine, O = neutral hexose, V =sialic acid. The
trypsin cleavage site of GP, in microsomes is shown. The asparagine-linked
oligosaccharide located at residue 26 in the polypeptide chain is shown in
GP, in an ‘untrimmed’ form from the structure described by Li et al.'2.
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sylation of the serine/threonine residues from UDP-N-acetyl-
D-galactosamine®’. However, similar times are required for
insertion into the endoplasmic reticulum membrane, glyco-
sylation and appearance at the cell surface. Whether glyco-
phorin A contains an additional NH,-terminal signal sequence
found in most glycoprotein precursors® is not known and is
being investigated.

We thank Anneli Asikainen, Marja Wilkman and Liisa
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the Finnish Cancer Society and Ladke Oy.
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The biosynthesis of the major human red cell sialog-
lycoprotein, glycophorin A, was studied in the eryth-
roleukemia cell line K562 with emphasis on O-glyco-
sylation. The cells were pulse-chase labeled with [3°S]
methionine, and either directly immune precipitated
with anti-glycophorin A antiserum or detergent-solu-
bilized extracts first passed through columns contain-
ing the N-acetylgalactosamine-specific lectin from He-
lix pomatia or the glucose/mannose specific lectin from
lentil beans. From the sugar-eluted fractions anti-gly-
cophorin A antiserum was used to identify precursor
molecules. After 5 min of labeling the first glycophorin
A precursors were seen. The largest had an apparent
molecular weight of 37,000, and bound to lentil lectin-
Sepharose, but not to H. pomatia lectin-Sepharose. The
lentil lectin-reactive glycophorin A molecules in-
creased to M, = 39,000 during chase and obtained sialic
acids after 9 min of chase reflecting terminal N- and
O-glycosylation. After 5—6 min of labeling two H. po-
matia-interacting glycophorin A precursors with ap-
parent molecular weights of 24,000 and 30,000 were
obtained. These did not bind to lentil lectin-Sepharose.
During chase also these molecules increased in size to
M, = 39,000. The immune precipitation of all anti-
glycophorin A-reactive precursor molecules was inhib-
ited by purified red cell glycophorin A.

The carboxylic ionophore, monensin, caused the ac-
cumulation of incompletely O-glycosylated glyco-
phorin A molecules, which bound to H. pomatia lectin-
Sepharose. These were degraded by treatment with
endo-3-N-acetylglucosaminidase H reflecting incom-
plete processing of the N-glycosidic oligosaccharide.

The biosynthesis of asparagine-linked oligosaccharides has
been extensively studied. It is initiated by the transfer of a
high mannose-type oligosaccharide from the dolichol-PP de-
rivative to the polypeptide. The oligosaccharide is then proc-
essed by the action of glycosidases and glycosyltransferases
to the complete form on its way from the rough endoplasmic
reticulum to the Golgi apparatus (1).

The biosynthesis of O-linked oligosaccharides has not been
studied to a comparable extent. It is generally believed to take
place post-translationally in the Golgi apparatus by the action

*These studies were supported by the Academy of Finland, the
Sigrid Jusélius Foundation, the Association of Finnish Life Insurance
Companies, the von Platen Foundation, the Finska Lakaresallskapet,
and National Cancer Institute Grant 5 R0O1 CA 26294-05. The costs
of publication of this article were defrayed in part by the payment of
page charges. This article must therefore be hereby marked “adver-
tisement” in accordance with 18 U.S.C. Section 1734 solely to indicate
this fact.

of glycosyltransferases utilizing nucleotide-sugar derivatives
(2-4), although co-translational glycosylation also has been
proposed (5).

The major human red cell sialoglycoprotein, glycophorin A,
is one of the best characterized membrane proteins. Its amino
acid sequence is known, and it contains one N-glycosidic
oligosaccharide at asparagine 26 and 15 O-glycosidic oligosac-
charides linked to serine and threonine residues in the NH,-
terminal portion of the molecule (6). The structures of the
major O-glycosidic and the N-glycosidic oligosaccharides have
been determined (7, 8).

The well-known molecular structure of glycophorin A
should make it an excellent model system for elucidating the
pathways involved in membrane glycoprotein biosynthesis. In
particular, the presence of the large number of O-linked
oligosaccharides in glycophorin A makes it an attractive
mode] for studies on the mechanism of O-glycosylation.

We have earlier shown that the human leukemic cell line
K562 synthesizes a surface membrane glycoprotein which was
identified as glycophorin A. This protein could be immune
precipitated with specific anti-glycophorin A antiserum both
from surface-labeled and metabolically labeled K562 cells.
Cyanogen bromide peptides of glycophorin A from erythro-
cytes and the corresponding protein from K562 cells were
identical and the glycopeptides and oligosaccharides obtained
from Pronase and mild alkaline borohydride treatments were
closely similar (9). The glycophorin A molecules from K562
cells were less O-glycosylated than those from red cells (10).

The biosynthesis of glycophorin A has been studied in
considerable detail. Using glycophorin mRNA from K562 cells
a 19,500 molecular weight molecule was obtained in a cell-
free protein synthesizing system in the absence of membranes
(11). When dog pancreatic membranes were included the
apparent molecular weight increased to 37,000 (11). An evi-
dently identical precursor molecule was obtained in vivo after
a short pulse with [**S]methionine (12). After chase its gly-
cosylation was completed in about 10 min. The precursor
molecule interacted with the mannose/glucose-specific lectins
from Lens culinaris but not with the N-acetylgalactosamine-
specific lectins from Helix pomatia. Tunicamycin prevented
the N-glycosylation of glycophorin A, but not its O-glycosy-
lation (13). It had no effect on the intracellular migration of
glycophorin A to the cell surface.

In this article we have studied temporal aspects of O-
glycosylation. We have now found two “new” glycophorin A
precursor molecules with apparent molecular weights of
24,000 and 30,000. These precursors were found early during
biosynthesis and they contained N-acetylgalactosamines as
shown by their interactions with the N-acetylgalactosamine-
specific lectin from H. pomatia. After chase the mature M, =
39,000 glycophorin A molecules were obtained, and both the
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lentil lectin- and H. pomatia lectin-reactive glycophorin A
molecules contained O-glycosidic carbohydrates. The results
show that part of the glycophorin A molecules became O-
glycosylated at an early stage and part at a late stage of
biosynthesis. The carboxylic ionophore monensin inhibited
the terminal glycosylations of glycophorin A, but the O-
glycosylations were already initiated.

MATERIALS AND METHODS

Cells—K562 cells were cultivated in RPMI 1640 culture medium
supplemented with 10% newborn calf serum. Normal and En(a—) red
cells were obtained from the Finnish Red Cross Blood Transfusion
Service, Helsinki, Finland.

Chemicals—The sources of the chemicals were: acrylamide N,N’-
methylenebisacrylamide (Eastman Kodak Co., Rochester, NY); 2,5-
diphenyloxazole and 1,4-bis[2-(5-phenyloxazolyl) ]benzene (New Eng-
land Nuclear); sodium metaperiodate, NaBH, (Merck AG, Darm-
stadt, Federal Republic of Germany); N-acetylgalactosamine, sodium
dodecyl sulfate (SDS*), sodium deoxycholate, bovine serum albumin
(BSA), ovalbumin, human transferrin, and bovine submaxillary mu-
cin (Sigma); methyl-a-D-mannopyranoside (Calbiochem-Behring);
Triton X-100 (British Drug House Ltd., Poole, United Kingdom);
monensin and tunicamycin (Eli Lilly & Co., Indianapolis, IN). The
concentration used for monensin was 10 uM. Higher concentrations
clearly inhibited the protein synthesis. The concentration of tunica-
mycin was 20 ug/ml as described previously (13). Lentil and wheat
germ lectins were isolated as described (14, 15) and 5 mg of protein
was coupled to Sepharose 4B by the cyanogen bromide method (16).
H. pomatia lectin-Sepharose was obtained from Pharmacia (Uppsala,
Sweden).

Isotopes—Tritiated sodium borohydride (11.7 Ci/mmol), [*S]me-
thionine (1130 Ci/mmol), '¥I- (carrier free), and '*C-labeled standard
proteins were obtained from the Radiochemical Centre, Amersham,
United Kingdom.

Enzymes—Endoglycosidase H (Streptomyces griseus) was from
Seikagaku Kogyo Co., Tokyo, Japan, a-N-acetylgalactosaminyl-oli-
gosaccharidase (Clostridium perfringens) was from Bethesda Re-
search Laboratories, neuraminidase (Vibrio cholerae) from Koch-
Light Laboratories (Coinbrook Berks, United Kindgom) and S. gri-
seus protease (Pronase) from Sigma.

Radioactive Cell Surface Labeling of Erythrocytes—Erythrocytes
and K562 cells were labeled with *H using the periodate/NaB[*H],
surface-labeling technique as described in detail previously (17).
Lactoperoxidase-catalyzed iodination (18), and the isolation of eryth-
rocyte membranes (19) were done as described.

Preparation of *I-labeled Proteins—A glycophorin A preparation
was isolated from lactoperoxidase-'*I-labeled erythrocyte membranes
after chloroform/methanol extraction and partition with water (20).
155]_labeling of BSA, ovalbumin, transferrin, and bovine submaxillary
mucin was done by the chloramine-T method (21) using 10 ug of the
proteins. Part of the glycophorin A preparation and all of the other
15[ -]abeled proteins were treated with 10 milliunits of neuraminidase
in 0.3 ml of Dulbecco’s phosphae buffer for 30 min at 37 °C.

Isolation of Red Cell Glycophorin A-Nonradioactive glycophorin A
was isolated from red cell membranes by chloroform/methanol ex-
traction (20), followed by chromatography on wheat germ lectin-
Sepharose. The glycoproteins eluted with 0.1 M acetylglucosamine
were finally fractionated on Sepharose 4B in 0.05 M Tris, pH 8.2,
0.1% deoxycholate.

Radioactive Metabolic Labeling of K562 Cells—KB562 cells were
washed three times in 0.15 M NaCl, 0.01 M sodium phosphate, pH 7.4
(NaCl/PO,), and preincubated for 30 min with or without 10 ug of
monensin in 5 ml of Eagle's essential medium lacking methionine
but containing 0.2% BSA. The media were then supplemented with
0.5 mCi of [*S]methionine. After incubation for 1 h the cells were
transferred to NaCl/PO, at 0 °C, washed three times in the buffer,
and lysed in NaCl/POQ, containing 1% Triton X-100, 1% ethanol, and
2 mM phenylmethylsulfonyl fluoride (buffer A). After centrifugation
at 1000 X g for 10 min the supernatants were recovered and used for
subsequent studies.

For pulse-chase experiments, K562 cells, preincubated as above
with or without 10 xM monensin, were labeled for 5 min with 0.5 mCi

! The abbreviations used are: SDS, sodium dodecyl sulfate; BSA,
bovine serum albumin.
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of [¥S]methionine, rapidly washed with normal Eagle’s minimal
essential medium at 37 °C, and transferred to culture bottles in
normal Eagle’s minimal essential medium. At indicated times, cell
aliquots were removed, immediately cooled to 0 °C, and the cells
washed three times in NaCl/PO,. The labeled cells were solubilized
in buffer A and cleaned by centrifugation as above.

Lectin-Sepharose Affinity Chromatographies—The [*S]methio-
nine-labeled cell extracts and the '*I-labeled proteins were passed in
buffer A through 2 ml of lectin-Sepharose columns and the adsorbed
material eluted with buffer A containing 0.05 M of «-methylmanno-
pyranoside for the lentil lectin columns, and 0.01 M N-acetylgalac-
tosamine for the H. pomatia lectin columns (13). Aliquots were
counted for radioactivity and the radioactive peak fractions eluted
with sugar were pooled and subjected to immune precipitation.

Periodate/NaB[*H],-labeled K562 cells were solubilized in buffer
A and passed through a lentil lectin-Sepharose column. The adsorbed
glycoproteins were eluted with 0.05 M «-methylmannopyranoside in
buffer A. The passed-through fraction was applied to another lentil
lectin-Sepharose column to ensure that all adsorbable glycoproteins
had been removed. The sugar-eluted fraction was recovered, and the
passed-through fraction applied to a wheat germ lectin-Sepharose
column. The adsorbed proteins were eluted with 0.1 M N-acetyl-D-
glucosamine in buffer A. The sugar-eluted fractions were then im-
mune precipitated with anti-glycophorin A antiserum.

Preparation of Anti-glycophorin A Antiserum and Immune Precip-
itation— Anti-glycophorin A antiserum was prepared as described in
detail (22). In short, a rabbit anti-glycophorin A antiserum was
extensively absorbed with En(a—) red cell membranes, which lack
glycophorin A. The labeled samples from lectin columns were immune
precipitated in Triton X-100-containing buffer using the staphylo-
coccal protein A technique as described previously (22). Direct im-
mune precipitation from labeled cell extracts was performed in NaCl/
PO, containing 0.5% Triton X-100, 0.25% deoxycholate, 0.25% SDS,
and 5 mg/ml BSA to decrease nonspecific adsorption. To prove the
identity of glycophorin A precursor glycoproteins, cells were labeled
with [*S]methionine, and the glycoproteins eluted from lectin-Seph-
arose columns. The eluates were used for immune precipitation with
5 ul of anti-glycophorin A antiserum in the abence or presence of 25
ug of purified red cell glycophorin A.

Treatment of [*°S]Methionine-labeled Glycophorin A Precursors
with Endo-B-N-acetylglucosaminidase H, a-N-Acetylgalactosaminyl-
oligosaccharidase and Neuraminidase—The radioactive precursor
molecules obtained after immune precipitation with anti-glycophorin
A antiserum were treated with endo-3-N-acetylglucosaminidase H as
described (23). The treatment with «-N-acetylgalactosaminyl-oligo-
saccharidase was carried out in 0.05 M K-phosphate, pH 6.5, for 18 h
at 37 °C. The neuraminidase treatments were done either before the
H. pomatia lectin-Sepharose affinity chromatographies or after the
immune precipitations as described previously (Refs. 12 and 24; see
figure legends).

Polyacrylamide Slab Gel Electrophoresis—Polyacrylamide slab gel
electrophoresis in the presence of SDS was performed according to
Laemmli (25). The acrylamide concentration was 12% if not otherwise
indicated. The apparent molecular weights of the proteins were
obtained using “C-labeled phosphorylase b, BSA, ovalbumin, car-
bonic anhydrase, and lysozyme (11). The treatment of gels for fluo-
rography was done according to Bonner and Laskey (26). Gels were
stained for protein with Coomassie Brilliant Blue.

Analysis of Glycopeptides/Oligosaccharides—°H surface labeled gly-
cophorin A molecules were isolated from the lentil lectin and wheat
germ lectin-Sepharose columns run in series by immune precipitation.
The precipitates were treated with 0.5% Pronase at 60 °C for 24 h,
lyophilized, and the alkali-labile oligosaccharides released as de-
scribed (27). The labeled glycopeptides/oligosaccharides were ana-
lyzed on Bio-Gel P-6 columns in 0.1 M NH,HCO;, 0.1% SDS.

RESULTS

Specificity of H. pomatia lectin for a-N-Acetylgalactosamine/
D-galactose-B(1-3)N-acetylgalactosamine-containing Glycopro-
teins—Crucial for the demonstration of the presence of N-
acetylgalactosamine residues in glycophorin A precursors was
the establishment of a reliable test system for glycoproteins
containing this sugar. H. pomatia lectin is known to interact
most strongly with N-acetylgalactosamine and D-galactose-
B(1-3)N-acetylgalactosamine structures (28). This was con-
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firmed using '*I-labeled BSA, ovalbumin, transferrin, bovine
submaxillary mucin, and glycophorin A.

12].]labeled and neuraminidase-treated BSA, ovalbumin,
and transferrin showed no binding to H. pomatia lectin-
Sepharose (Fig. 1, A-C). Neuraminidase-treated '**I-bovine
submaxillary mucin, which contains O-glycosidic oligosaccha-
rides, showed partial binding (Fig. 1D). Native glycophorin A
showed some binding (Fig. 1E), which substantially increased
when using neuraminidase-treated glycophorin A (Fig. 1F).

Pulse-Chase Labeling of K562 Cells—K562 cells were pulse-
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Fic. 1. H. pomatia lectin-Sepharose chromatographies of
125]_labeled proteins. '*I-BSA, '*I-ovalbumin, '*I-transferrin, '*I-
bovine submaxillary mucin, and '*I-glycophorin A were chromato-
graphed on H. pomatia lectin-Sepharose columns after treatment
with neuraminidase. Glycophorin A was also run without neuramin-
idase treatment. A, neuraminidase-treated '*I-BSA, B, neuramini-
dase-treated '*I-ovalbumin; C, neuraminidase-treated '*°I-transfer-
rin; D, neuraminidase-treated '*I-bovine submaxillary mucin; E, '#1-
glycophorin A; F, neuraminidase-treated '*I-glycophorin A. The ar-
rows show the addition of a-N-acetylgalactosamine.
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F1G. 2. Fluorography pattern of a polyacrylamide slab gel
of pulse-chase labeled glycophorin A molecules. K562 cells were
labeled for 5 min with [*S]methionine and chased with nonradioac-
tive medium. After detergent solubilization the glycophorin A mole-
cules were immune precipitated with anti-glycophorin A antiserum.
A, pattern of *C-labeled standard proteins. PH,, phosphorylase b;
BSA, bovine serum albumin; OA, ovalbumin; CA, carbonic anhydrase.
B, pattern of periodate/NaB[*H]s-labeled red cell membranes. C,
pattern obtained with antiserum after a 5-min pulse with [**S]methi-
onine. D, pattern obtained with antiserum after a 3-min chase. E,
pattern obtained with antiserum after a 6-min chase. F, pattern
obtained with antiserum after a 9-min chase. G, pattern obtained
with antiserum after a 12-min chase. H, pattern obtained with preim-
mune serum after a 5-min pulse. , pattern obtained with preimmune
serum after a 12-min chase. GPA-D, glycophorin A dimer, GPA-M,
glycophorin A monomer; GPB, glycophorin B; GPA., mature glyco-
phorin A; GPA,, glycophorin A precursor with apparent molecular
weight of 37,000, GPAy,, glycophorin A precursor with apparent
molecular weight of 24,000; GPAps,, glycophorin A precursor with
apparent molecular weight of 30,000.

chase labeled with radioactive methionine, and solubilized in
Triton X-100 containing buffer. Immune precipitation with
anti-glycophorin A antiserum followed by polyacrylamide gel
electrophoresis, and fluorography (Fig. 2) showed three
weakly labeled anti-glycophorin A reactive bands after a 5-
min pulse (GPAy;, GPAy,, and GPA,). The apparent molec-
ular weights of these were 24,000, 30,000, and 37,000 (Fig.
2C). After chase, the glycophorin A GP. becme stronger and
the GPAn,, GPAy,, and GPA, gradually disappeared (Fig. 2,
D-G). The strongly labeled band above GP. is actin, which
also was obtained using preimmune serum (Fig. 2, H and I).
To demonstrate the presence of specific carbohydrate in gly-
cophorin A precursors the detergent extracts were treated for
5 min with neuraminidase to ensure the exposure of galactose/
N-acetylgalactosamine residues. The extracts were then ap-
plied to H. pomatia lectin-Sepharose columns and eluates
obtained with N-acetylgalactosamine were immune precipi-
tated with anti-glycophorin A antiserum. The precipitates
were analyzed by polyacrylamide gel electrophoresis. After a
5-min pulse, the precursor molecule GPAy; with an apparent
molecular weight of 24,000 was faintly seen and the dimer of
GPA4: (Fig. 34). When chased for 3 min the GPAj, molecule
with the apparent molecular weight of 30,000 increased (Fig.
3C). After a 9-min chase the complete glycophorin A monomer
and dimer appeared (GPA4, GPA4-D, Fig. 3G).

In parallel K562 cells were pulse-chase labeled with [*S]
methionine and the detergent-solubilized extracts passed
through lentil lectin-Sepharose columns reactive with glu-
cose/mannose residues. The sugar eluates were immune pre-
cipitated with anti-glycophorin A antiserum and half of the
samples were treated for 10 min with neuraminidase. The
antiserum precipitated the 37,000 molecular weight protein
GPA, from pulse-chase labeled cells (Fig. 44) and this in-
creased in size with time to GPA. (Fig. 4G). It is apparent
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FiG. 3. Fluorography pattern of a polyacrylamide slab gel of pulse-chase labeled glycophorin A
molecules bound to H. pomatia lectin. K562 cells were labeled for 5 min with [*S]methionine and chased as
indicated. Detergent extracts were treated with neuraminidase for 5 min to expose N-acetylgalactosamines before
applying to H. pomatia lectin-Sepharose columns. Eluates obtained with «-N-acetylgalactosamine were immune
precipitated with anti-glycophorin A antiserum and subjected to polyacrylamide slab gel electrophoresis prior to
fluorography. A, immune precipitate obtained with antiserum from K562 cells labeled for 5 min with [*S]
methionine; B, with preimmune serum; C, as A but followed by a 3-min chase; D, with preimmune serum; E, as A
but followed by a 6-min chase; F, with preimmune serum; G, as A but followed by a 9-min chase; H, as A but
followed by a 12-min chase. GPA,, mature glycophorin A treated with neuraminidase; GPAy,-D and GPA4-D,
dimers of GPAy, and GPAy. Positions of standard proteins are marked: see legend to Fig. 2. L, lysozyme.
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FiG. 4. Fluorography pattern of a polyacrylamide slab gel of pulse-chase labeled glycophorin A
bound to lentil lectin. K562 cells were labeled for 5 min with [*S]methionine and chased as indicated. Detergent
extracts were applied to lentil lectin-Sepharose columns and eluates were immune precipitated with anti-
glycophorin A antiserum. Aliquots of the immune precipitates were treated with neuraminidase (NE) for 10 min
followed by polyacrylamide slab gel electrophoresis and fluorography. A, immune precipitate obtained with
antiserum from K562 cells labeled for 5 min with [**S]methionine; B, as A but treated with neuraminidase; C, as
A but followed by a 3-min chase; D, as C but treated with neuraminidase; E, as A but followed by a 6-min chase;
F, as E but treated with neuraminidase; G, as A but followed by a 9-min chase; H, as G but treated with
neuraminidase. C, control. GPA.-D, dimer of mature glycophorin A.
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Fi1G. 5. Fluorography pattern of a polyacrylamide slab gel
of pulse-chase labeled glycophorin A in the presence of mo-
nensin. K562 cells were labeled in the presence of 10 uM monensin
for 5 min with [*S]methionine, and chased as indicated. Detergent
extracts were applied to H. pomatia lectin-Sepharose columns, sugar
eluates were immune precipitated with anti-glycophorin A antiserum,
and subjected to polyacrylamide slab gel electrophoresis followed by
fluorography. A, immune precipitate obtained with antiserum from
monensin-treated K562 cells labeled for 5 min with [**S]methionine;
B, with preimmune serum; C, as A but followed by a 3-min chase; D,
with preimmune serum; E, as A but followed by a 6-min chase; F,
with preimmune serum; G, as A but followed by a 9-min chase; H,
with preimmune serum; I, as A but followed by a 12-min chase; o,
with preimmune serum. The identities of the upper weakly labeled
bands are uncertain.

that the N-acetylneuraminic acids appeared in glycophorin A
after a 9-min chase because neuraminidase treatment de-
creased the apparent molecular weight of the protein (Fig.
4H). Samples obtained with preimmune serum did not contain
any specific material (data not shown). The GPAy; and
GPAp: molecules did not bind to the lentil lectin columns.

Effect of Monensin on Glycophorin A Synthesis—Monensin
is a carboxylic ionophore and is known to inhibit the intra-
cellular migration of newly synthesized membrane proteins
(29). When K562 cells were pulse-chase labeled with [*S]
methionine in the presence of 10 uM monensin, but without
neuraminidase treatment, the GPAy; precursor molecule ac-
cumulated (Fig. 5). The identity of the bands which move
more slowly is not certainly known.

When monensin-treated cells were labeled for 1 h with [*S]
methionine the H. pomatia lectin-bound precursor GPAy,; was
partially processed to the GPAum molecule (Fig. 6C). Both
proteins were incompletely processed since their N-linked
oligosaccharides remained sensitive to endo-3-N-acetylglu-
cosaminidase H treatment (Fig. 6D). Fig. 6B shows the cor-
responding glycophorin A molecule (GPAy) bound to lentil
lectin from monensin-treated cells after labeling with [*S]
methionine. The protein is smaller than normal glycophorin
A (¢f. Fig. 10E), and seems to be incompletely processed. The
GPAm and GPAyy molecules are evidently the same because
both the lentil lectin-Sepharose column and the H. pomatia
lectin-Sepharose column were able to absorb all glycophorin
A molecules in this molecular weight region. In the presence
of monensin the glycophorin A molecules did not reach the
cell surface, since they were not degraded by trypsin treatment
(12, 13) of intact cells (data not shown).

Partial Characterization of the Glycophorin A Molecules—
Crucial for the interpretation of the results were the demon-
strations of the identity of the different molecules reacting
with anti-glycophorin A antiserum. For this purpose we ex-
tensively purified glycophorin A from red cell membranes,
and used the purified molecules in competitive experiments

Carl_G_190x270_mm_blokki_FINAL.indd 143

O-Glycosylation of Glycophorin A

A B C

GPA—-D —
,-GPA
GPA—M— - GPL/:AHM' o EP_AHM
GPAH1
GPB— GPA,— — —EH

Fi1G. 6. Treatment with endo-N-acetylglucosaminidase H of
glycophorin A molecules synth d in the pr of mo-
nensin. K562 cells were labeled with [**S]methionine for 1 h in the
presence of 10 uM monensin and detergent extracts applied either to
lentil lectin-Sepharose or to H. pomatia lectin-Sepharose columns
and sugar eluates immune precipitated with anti-glycophorin A anti-
serum. Aliquots of immune precipitates obtained from H. pomatia
lectin-Sepharose columns were treated with endo-N-acetylglucosa-
minidase H. All samples were then analyzed by polyacrylamide slab
gel electrophoresis followed by fluorography. A, pattern of periodate/
NaB[*H],-labeled red cell proteins; B, immune precipitate obtained
with antiserum from material bound to and eluted from lentil lectin-
Sepharose; C, immune precipitate obtained with antiserum from
material bound to H. pomatia lectin-Sepharose; D, as C but treated
with endo-N-acetylglucosaminidase H. GPA .y, glycophorin A precur-
sor synthesized in the presence of monensin and bound to lentil
lectin-Sepharose; GPAx and GPApy, glycophorin A precursors syn-
thesized in the presence of monensin and bound to H. pomatia lectin-
Sepharose; GPAym-EH and GPAy,-EH, GPAum and GPAy, treated
with endo-N-acetylglucosaminidase H.

during immune precipitation. Fig. 7 shows the purified gly-
cophorin A stained with Coomassie Blue. It shows two closely
spaced bands. This is always seen using discontinuous gel
systems. Two glycophorin bands are also seen in surface-
labeled membranes (see, for example, Fig. 8B). When K562
cells were pulse-chase labeled for 6 min with [*S]methionine,
and the detergent extracts run on H. pomatia-Sepharose, the
GPAn;, and GPAy, molecules were obtained from the sugar
chains by immune precipitation (Fig. 8C). When an identical
sample contained 25 ug of pure glycophorin A no GPAy,; and
GPApy; bands were obtained (Fig. 8D). Similarly, the immune
precipitation, of the GPA, molecule, obtained from lentil
lectin eluates, was completely inhibited by purified glyco-
phorin A (Fig. 8, E and F). When cells were labeled for 1 h,
and the detergent extract passed through lentil lectin-Seph-
arose, the GPA. was immune precipitated from the eluate
(Fig. 8G). Again, cold glycophorin A inhibited the precipita-
tion (Fig. 8H).

To show that both the lentil lectin and H. pomatia lectin-
reactive glycophorin A molecules really contained O-glycos-
idic carbohydrate, K562 cells were surface-labeled by the
periodate/NaB[*H], technique. The cells were solubilized in
Triton X-100 containing buffer and chromatographed on
lentil lectin-Sepharose (Fig. 94). From the sugar eluate gly-
cophorin A was immune precipitated, digested with Pronase,
and subjected to alkaline borohydride treatment. The liber-
ated glycopeptides/oligosaccharides were analyzed by gel fil-

06-Aug-23 1:53:35 PM



144 Selected Papers of Carl G. Gahmberg

O-Glycosylation of Glycophorin A 11319

tration on Bio-Gel P-6 (Fig. 9D). Peak 1 corresponds to the and the glycopeptides/oligosaccharides analyzed by gel filtra-

position of the N-glycosidic oligosaccharide, peak 2 to the O-  tion (Fig. 9E). Almost no glycophorin A molecules were ob-

glycosidic tetrasaccharide, and peak 3 to the O-glycosidic tained. When the passed-through fraction from the second

trisaccharides (24). The passed-through fraction was once lentil lectin column was added to a wheat germ lectin column,

more chromatographed on lentil lectin-Sepharose (Fig. 9B), a clear peak was eluted by sugar (Fig. 9C). Immune precipi-
tation gave a glycophorin A molecule, which contained the
normal glycopeptides/oligosaccharides (Fig. 9F).

A To obtain further information on the presence of O-glycos-
idic oligosaccharides, and the electrophoretic behavior of par-
tially de-O-glycosylated glycophorin A, we treated the protein
with neuraminidase and «-N-acetylgalactosaminyl-oligosac-
charides. *I-labeled glycophorin A from red cells was de-
graded to a lower molecular weight protein by the enzymes
(Fig. 10C). The protein obtained by lentil lectin chromatog-
raphy from control K562 cells was degraded, although less
efficiently (Fig. 10F), but that from tunicamycin-treated cells
degraded to a 22,000 molecular weight protein (Fig. 10H).
This protein is in the same region of the gel as GPAy;.

GPA-D s DISCUSSION
v | In many respects the biosynthesis of the major red cell
? sialoglycoprotein, glycophorin A, resembles that of other

mammalian and viral glycoproteins (30). Glycophorin A is
evidently synthesized with a signal peptide which is cleaved
co-translationally. Simultaneously N-glycosylation occurs
(11). It takes about 10 min for the protein to reach the Golgi
apparatus, and 25 min for it to appear at the cell surface (12).
Tunicamycin inhibited the synthesis of the N-glycosidic oli-
gosaccharide, but had no effect on the O-glycosylation, and
the intracellular migration of the protein (13).

The most interesting aspect of the biosynthesis of glyco-
phorin A and the advantage to use it as a model for biosyn-
thetic studies is to elicudate the mechanism of O-glycosylation

5 and the subcellular location of this process. For such investi-

Fi6. 7. Polyacrylamide gel pattern of purified red cell gly- gations glycop'horin A.is excellen_t because it contains a large
cophorin A. Purified glycophorin A (25 ug) was run on an 8% number of O'hnk?d oligosaccharides (6). L.

polyacrylamide gel, and the gel stained for protein with Coomassie The glycophorin A molecules of K562 cells are similar

Blue. Only the dimer form of glycophorin A is seen. although not identical to those of red cells. They differ in the
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FiG. 8. Inhibition of immune precipitation of [**S]methionine-labeled glycophorin A molecules by
purified glycophorin A. The immune precipitates were visualized by fluorography. A, pattern of *C-labeled
standard proteins; B, pattern of periodate/NaB[*H]s-labeled red cell membranes; C, pattern obtained with 5 ul of
anti-glycophorin A antiserum from the sugar eluate of a H. pomatia lectin-Sepharose column of cells labeled for 6
min with [*S]methionine; D, same as in C, but in the presence of 25 ug of purified glycophorin A; E, pattern
obtained with 5 ul of anti-glycophorin A antiserum from the sugar eluate of a lentil lectin-Sepharose column of
cells labeled for 6 min with [**S]methionine, F, same as in E but in the presence of 25 ug of purified glycophorin
A; G, pattern obtained with 5 ul of anti-glycophorin A antiserum from sugar eluates of a lentil lectin-Sepharose
column of cells labeled for 60 min with [*S]methionine; H, same as in G but in the presence of 25 ug of purified
glycophorin A.
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FiG. 9. Lectin-Sepharose and Bio-Gel P-6 chromatog-
raphies of periodate/NaB[*H],-labeled K562 cells and glyco-
phorin A glycopeptides/oligosaccharides. A, lentil lectin-Seph-
arose chromatography of *H-labeled K562 cell extract; B, lentil lectin-
Sepharose chromatography of the passed-through fraction of sample
shown in A; C, wheat germ lectin-Sepharose chromatography of the
passed-through sample shown in B. The arrows indicate the additions
of competing monosaccharide. Five-ul samples of a total of 2 ml were
counted for radioactivity; D, Bio-Gel P-6 gel filtraiton of glycopep-
tides/oligosaccharides of glycophorin A obtained from the sugar
eluate of A with anti-glycophorin A antiserum; E, as in D but from
sugar eluate of B; F, as in D but from sugar eluate of C. BD, position
of Blue Dextran 2000; I, position of N-glycosidic oligosaccharide; 2,
position of O-glycosidic tetrasaccharide; 3, position of O-glycosidic
trisaccharides. Only one-third of the immune precipitate was analyzed
in F.

degree of glycosylation. The majority of the O-glycosidic oli-
gosaccharides have the same structure in K562 cells and red
cells (9, 10), but the K562 cell glycophorin A contains less of
them (10).

It is a well-known fact that glycophorin A easily forms
dimers in the presence of SDS and 2-mercaptoethanol (31,
32). Many of the polyacrylamide slab gel patterns show vary-
ing levels of glycophorin A dimerization. The reason for this
is not well understood. Buffers containing Tris (like the
electrophoretic sample buffer) enhance the dimer formation
(33). Furthermore, dimers are more easily formed with in-
creasing concentrations of glycophorin A. It is possible that
poorly glycosylated glycophorin A molecules being relatively
more hydrophobic lead to an increased dimerization. On the
other hand, neuraminidase treatment lead to increased mon-
omerization. Using molecular weight standard proteins and
red cell glycophorin A molecules as markers, the identification
of the monomer and dimer forms is, however, easy.

We previously identified after a short pulse with [*S]
methionine the GPA, glycophorin A precursor which inter-
acted with lentil lectin (12). This fact and its endo-N-acetyl-
glucosaminidase H sensitivity showed that it contained the
single N-glycosidic oligosaccharide located at asparagine 26
(13). Whether it is O-glycosylated is not known, but the
apparent molecular weight substantially exceeds that of the
apoprotein. The protein did not, however, interact with the
N-acetylgalactosamine-specific lectin from H. pomatia.
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Fi1G. 10. Effect of a-N-acetylgalactosaminyl-oligosacchari-
dase on glycophorin A. K562 cells were labeled for 1 h with [*S]
methionine with or without 20 ug/ml of tunicamycin. Detergent
extracts were applied either to lentil lectin-Sepharose or wheat germ
lectin-Sepharose columns and sugar eluates immune precipitated with
anti-glycophorin A antiserum. Aliquots of immune precipitates were
treated with «-N-acetylgalactosaminyl-oligosaccharidase after pre-
treatment with neuraminidase. All samples were then analyzed by
polyacrylamide slab gel electrophoresis followed by fluorography. A,
pattern of '*I-labeled red cell membranes; B, immune precipitate
with antiserum from '*I-labeled red cell membranes; C, as B but
treated with the enzyme; D, pattern of periodate/NaB[*H],-labeled
red cell membranes; E, immune precipitate obtained with antiserum
from K562 cell extract bound to lentil lectin-Sepharose; F, as E but
treated with enzyme; G, immune precipitate obtained with antiserum
from K562 cells grown in the presence of tunicamycin and bound to
wheat germ lectin-Sepharose; H, as G but treated with enzyme.
GPAry, glycophorin A synthesized in the presence of tunicamyecin.
The positions of the standard proteins are marked.

The specificity of the H. pomatia lectins for a-N-acetylga-
lactosamine/D-galactose-3(1-3) N-galactosamine was tested
using '*I-labeled proteins with different types of glycan struc-
tures. The proteins were treated with neuraminidase to ensure
the exposure of penultimate galactosyl/N-acetylgalactosami-
nyl residues.

BSA is not a glycoprotein and did not interact. Ovalbumin
mainly contains high mannose-type oligosaccharides and
showed no binding, neither did transferrin, which contains
complex-type oligosaccharide chains. In contrast, bovine sub-
maxillary mucin, containing «-N-acetylgalactosamine linked
to serine and threonine residues, showed binding. Neuramin-
idase-treated glycophorin A bound most efficiently. It is
known that the affinity of the lectin for D-galactose-3(1-3)N-
acetylgalactosamine is higher than that for N-acetylgalactos-
amine (28).

We have now found two glycophorin A precursors, GPAy;,
and GPAjy., which interact with this lectin. Because the
molecules bind it is obvious that they contain N-acetylgalac-
tosamine residues. Interestingly, these molecules did not bind
to lentil lectin-Sepharose. It is, however, known that some
high mannose-type chains, which may arise during trimming
of N-glycosidic oligosaccharides do not bind to lentil lectin
(34).

Immune precipitation of GPA,, GPA., GPAy,, and GPAy,
was inhibited by purified red cell glycophorin A. The anti-
serum was rendered specific for glycophorin A by absorption
with En(a—) membranes, but the inhibition of precipitation
by the purified red cell glycophorin A further proved that the
precipitated proteins were indeed glycophorin A precursors.

From the pulse-chase experiments it became apparent that
some of the glycophorin A molecules were synthesized with
GPA, as precursor, and some through the GPAy, and GPAy,
intermediates. The GPAy, and GPAy. molecules contained
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N-acetylgalactosaminyl residues, whereas GPA, did not seem
to. The O-glycosylation through GPAu;-GPAy; is an early
biosynthetic event occurring before completion of N-glyco-
sylation. This was supported by the monensin experiments.
Monensin resulted in the accumulation of the GPAy, protein
in a partially glycosylated form and it did not reach the cell
surface. Some GPAuy protein was also obtained. Whether
this results from GPAyu;-GPAy, or GPA, is not known. The
subcellular site of monensin action is not known exactly, but
most studies indicate that it is somewhere in the Golgi region
(29). Monensin may, however, also directly affect the proc-
essing of N-glycosidic oligosaccharides (35) and this may vary
in different cells.

In contrast, the additon of N-acetylgalactosaminyl residues
to GPA, was much slower and took about 9 min of chase (Fig.
4). Analysis of the mature surface-labeled glycophorin A
molecules showed that they all contained O-glycosidic oligo-
saccharides, but all of them never acquired the activity to
bind to lentil lectin-Sepharose. The presence of O-glycosidic
oligosaccharides was also demonstrated by the decrease in
molecular weight after treatment with a-N-acetylgalactosa-
minyl-oligosaccharidase. Cummings et al. (36) has reported
that O-glycosylation of the low density lipoprotein receptor
occurs before the terminal glycosylation in the Golgi appara-
tus. This seems to be similar to the biosynthetic route of
glycophorin A through the GPAy, and GPAp; intermediates.

On the other hand some viral glycoproteins, which contain
O-glycosidic oligosaccharides seem to acquire them relatively
late (4, 37), and no O-glycosylation was observed in the
presence of monensin (4, 37).

These results show that the mechanisms and subcellular
sites of O-glycosylation may be more complex than commonly
believed.
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Introduction

Landsteiner and others did pioneering work on blood group antigens already in the early
1900s. However, the chemical nature of the various antigens long remained poorly known.
The best known were the ABO antigens and the MN antigens.

Glycolipids, carrying ABH antigens, were characterized by several groups including, that
of S.-i. Hakomori (1). Whether red cell membrane proteins also carry ABH blood group ac-
tivity, was unsettled. Actually, few membrane proteins had been isolated, and their purity was
not good enough. However, the development of the analytical methods changed the situation.
Many blood group antigens are minor components, which made their biochemical analysis
challenging.

The Rh-antigen system, were described by Levine and Stetson (2) and Landsteiner and
Wiener (3), but their molecular nature long remained unclear. The availability of excellent
antisera, and improved blood group typing, finally made it possible to identify and characterize
the antigens. The Rh system is complex, but clinically the most important antigen is Rh (D).

Comments on Papers 19 to 25

Above, I described studies on the expression and biosynthesis of glycophorin A. The mature
red cell carries the MN antigens, which need complete O-linked oligosaccharides in the
NH,-terminal of glycophorin A for activity. However, the M/N specificity is due to the amino
acid polymorphism at positions 1 and 5. M type glycophorin A has serine and glycine, whereas
N type has leucine and glutamic acid. Glycophorin A was incompletely O-glycosylated in
immature red cells, and concomitantly with maturation, it became more O-glycosylated and
MN positive (Paper 19).

ABO blood group antigens, were first chemically studied from soluble mucins, but red cell
expressing antigens had not been much studied. To be able to study red cell ABO antigens, we
isolated the blood group A-specific lectin from Vicia cracca seeds (4), and used it for affinity
chromatography of lactoperoxidase/'*I and galactose oxidase/NaB*H, and periodate/ NaB*H,
labelled erythrocyte membranes of different ABO blood groups. The labelled proteins were
analysed by gel electrophoresis (Paper 20). Mature red cells expressed blood group A activity
on the band 3 protein and on diffusely migrating protein bands of 40000-60000 apparent
molecular weights. The glycophorins were blood group A- negative. We then studied the ex-
pression of blood group A- antigens in bone marrow cells. After adding the Vicia craccalectin,
the cells were incubated with an antiserum to the lectin, followed by protein A- expressing
staphylococci. After cytological staining, we identified the blood group expressing cells. Only
cells of the erythroid lineage were positive from the basophilic normoblast to more differentiated
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cells (5). Further work showed that A and B blood group active oligosaccharides were located
on different glycosyl peptides from AB red blood cells (6). We later collaborated with Swedish
scientists to study the binding of RIFINs in Plasmodium falciparum infected red cells, to red
cells. Interestingly, there was a preferential binding to blood group- A cells (Paper 21).

We were also interested in the possibility to change the structure of oligosaccharides on cells
by chemical means. After oxidation of cell surface glycoconjugates by treatment with galactose
oxidase or periodate, we added oligosaccharide-hydrazines to the oxidized cells. This treatment
resulted in covalent bonds between the added oligosaccharides and the cellular oxidized sugars.
In this way we obtained blood group- A and -B active red cells from O cells (Paper 22).

'The molecular nature of the important Rh blood group antigens long remained contro-
versial. A molecular weight of 7000 was reported in 1979 for the Rh (D) antigen (7), and later
the band 3 protein with an apparent molecular weight of 90000, was proposed to carry the
antigen activity (8).I wondered how it is possible that the researchers could end up with such
different results, and I decided to study the Rh (D) antigen. I first tried to immune precipitate
the antigen from galactose oxidase/NaB’H, labelled red cell membranes, but without success.
However,when Rh (D) positive red cells were labelled by the '*I-lactoperoxidase method, several
protein bands were seen, but only a minor protein band of 28000-33000 apparent molecular
weight was specifically obtained from Rh (D) positive cells (Paper 23). It was obvious that the
previously reported findings were due to either degraded proteins or lipids running on gels in
the front, and the quantitatively dominating band 3 protein. Stephen Moore and co-workers
independently obtained a similar result (9). Convincing proof of the size of the antigen was
obtained from —D-/-D- ( “ super-D”) red cells, which express high amounts of the Rh (D)
antigen (Paper 24). Importantly, when a detergent extract from the red cell membranes was
passed over a column containing the galactose binding lectin from Ricinus communis lectin,
the Rh (D) protein bound. However, the purified protein, did not bind. The results indicated
that the Rho(D) protein was in complex with a glycoprotein. Later studies have shown that
the Rh (D) antigen indeed contains no sugar, and a Rh-associated glycoprotein was described
which explains the results (10).

I earlier proposed that mammalian cell surface proteins always are glycoproteins (Paper 5).
Although, the Rh (D) polypeptide does not contain sugar, it is bound with the Rh-associated
glycoprotein, and the complex is thus a glycoprotein. In that sense it resembles MHC type I
transplantation antigens, in which the heavy chains are glycosylated and form a dimer with
2 microglobulin, which does not contain carbohydrate. In a review we discussed why surface
proteins are glycoproteins (Paper 25). The importance of being glycosylated, may be due to
the fact that during biosynthesis, it is important for the polypeptides to have enough time
to fold, and associate with other polypeptides in a proper way. The proteins can be retained
within the cells by interaction with intracellular chaperons like calnexin and calreticulin (11-
13). Certainly, the cell surface carbohydrate often has receptor functions, but this fact does
not explain that a// cell surface proteins are glycoproteins.

It could be mentioned that Peter Agre and Jean-Pierre Cartron began to study the
Rh (D) protein (14). When Agre was purifying the protein, he ended up with a contaminant.
This turned out to be a water transport protein, which he named aquaporin (15). Aquaporin
has a similar molecular weight as the Rh (D) protein. Like aquaporin, the Rh (D) is very
hydrophobic, and it passes twelve times through the plasma membrane. This fact explains the
finding that the Rh (D) protein, was poorly solubilized using Triton X-100, and the majority
remained bound to the cytoskeleton (16).
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The LW (Landsteiner-Wiener) blood group was initially confused with the Rh blood

group. Rh (D) cells expresses more of the LW-antigen than Rh (D)cells,and Rh™" cells lack
the LW antigen. When the LW antigen was cloned and sequenced, it turned out that it shows
homology with the intercellular adhesion molecules ICAM) (17). We then showed that it
binds to $2-integrins, and renamed it ICAM-4 (see below).
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Proc. Natl. Acad. Sci. USA
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Cell Biology

Differentiation of human erythroid cells is associated with increased
O-glycosylation of"'the major sialoglycoprotein, glycophorin A
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Communicated by Robert L. Hill, July 13, 1984

ABSTRACT Glycophorin A, the major human erythro-
cyte sialoglycoprotein, is found exclusively on cells of the ery-
throid linéage. The amino acid sequence is known, and glyco-
phorin A isolated from mature erythrocytes contains a single
N-glycosidic and 15 O-glycosidic oligosaecharides. Monoclonal
antibodies against erythrocyte glycophorin A reacted weakly
with erythroid precursors while a monospecific rabbit antise-
rum reacted strongly with immature and mature red cells.
Glycophorin A was isolated from cells representirig various
stages of erythropoiesis in normal bone marrow, from blood
cells of neonates with erythroblastosis fetalis, and fromn the
erythroleukemic cell lines K562 and HEL before and after in-
duced differentiation. Analysis of the oligosaccharides showed
less O-glycosylation of glycophorin A in erythroid precursors.
The degree of glycosylation increased concomitantly with dif-
ferentiation.

The major sialoglycoprotein of human erythrocytes, glyco-
photin A (GPA), consists of 131 amino acids distributed in
three separate domains: at the cell surface, within the lipid
bilayer, and in the cytoplasm (1). The external NH,-terminal
portion is highly glycosylated, containing one N-glycosidic
oligosaccharide at Asn-26 and 15 O-glycosidic oligosaccha-
rides. The structure of the N-glycosidic oligosaccharide has
been determined (2). Most O-glycosidic oligosaccharides
have the structure NeuSAca2-3GalBl-3(NeuSAca2-6)Gal-
NAc (ref. 3; Neu5Ac, N-acetylneuraminic dcid; see ref. 4 for
the condenised symbolism for oligosaccharide chains).

It was shown that GPA is confined to the erythroid cell
lineage and appears at the basophilic normoblast stage of
erythropoiesis (5, 6). GPA is also fourid on the erythroleuke-
mia cell lines K562 (7) and HEL (8, 9). The biosynthesis of
the protein has been extensively studied in K562 cells and its
N- and O-glycosylations have been elucidated (10-12).

We have now isolated GPA from normal bone marrow
precursor cells and from the K562 and HEL cell lines before
and after induction of differentiation, and we have studied its
oligosaccharides. Our results show that, during differentia-
tion of red cells, the GPA molecules become increasingly O-
glycosylated. This change in structure of a major membrane
molecule may be important to the understanding of cellular
interactions and of the relationship between cellular differen-
tiation and membrane protein glycosylation.

MATERIALS AND METHODS
Cells. Normal and En(a—) erythrocytes were obtained
from the Red Cross Blood Transfusion Service, Helsinki.
Bone marrow was recovered from pieces of ribs, which were
resected during open thorax surgery at the Helsinki Univer-
sity Hospital. The cells were subjected to Ficoll-Isopaque
centrifugation, and the interphase cells were collected. Frac-
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tionation according to cell size was accomplished using 1 X g
velocity sedimentation (13). Blood from neonatal patients
with erythroblastosis fetalis was obtained from the Depart-
ment of Pediatrics, Helsinki University Hospital, and the
mononuclear cells were isolated. K562 cells were obtained
from G. Klein, Karolinska Institute, Stockholm, and HEL
cells from E. Papayannopoulou, University of Washington,
Seattle. .

Induction of Differentiation in K562 and HEL Cells. K562
cells and HEL cells were grown in RPMI 1640 medium con-
taining 10% fetal calf serum. Cells were induced to differenti-
ate for 1-6 days with 1.5 mM sodium butyrate, 0.1 uM retin-
oic acid, 10 nM phorbol 12-myristate 13-acetate (PMA), or
25-50 uM hemin as described (14-16). The degree of differ-
entiation was estimated from May-Griinwald—-Giemsa-
stained smears, and cultures containing differentiated cells
were harvested for further studies.

Antisera. Rabbit anti-GPA antisera were produced by im-
munizing with purified GPA (17). The antisera were ad-
sorbed with En(a—) red cell membranes, which lack GPA
(18-20), as described (5). Monoclonal anti-GPA antisera R10
and R18, and VIE-G4 were obtained from P. A. W. Edwards
(21) and W. Knapp (22), respectively.

Binding of Protein A-Containing Staphylococci to Anti-
GPA-Treated Bone Marrow Cells. The presence of GPA in
bone marrow cells was assessed with a quantitative staphy-
lococcal rosetting assay of anti-GPA antiserum-treated cells
).

Radioactive Labeling. Cell surface glycoconjugates were
radioactively labeled using the periodate/NaB>H, technique
(23). Radiolabeled red cell membranes were isolated as de-
scribed (24). Labeled nucleated cells and red cell membranes
were solubilized in 1% Triton X-100/0.01 M sodium phos-
phate/0.15 M NaCl, pH 7.4, at 0°C and centrifuged at 5000 x
g for 10 min, and the supernatants were recovered. For la-
beling with [**S]methionine and *H, 3 x 107 uninduced cells
or K562 cells induced with hemin for 3 days were incubated
for 90 min with [>*S]methionine (10), washed, and labeled by
the periodate/NaB>H, method. After solubilization in deter-
gent, the extracts were passed through lentil lectin-Sepha-
rose columns and the radioactive glycoproteins were eluted
with a-methylmannoside (10, 11).

Immunoprecipitation. Labeled cell extracts were subject-
ed to immune precipitation using the staphylococcal protein
A technique (25). When monoclonal antibodies were used,
rabbit anti-mouse IgG antiserum (Dako, Copenhagen) was
used as a second antibody.

Polyacrylamide Slab Gel Electrophoresis. Polyacrylamide
slab gel electrophoresis in the presence of sodium dodecyl
sulfate was done using 8% acrylamide gels (26). The gels
were fixed with 5% sulfosalicyclic acid and treated for fluo-
rography (27).

Abbreviations: GPA, glycophorin A; PMA, phorbol 12-myristate 13-
acetate.
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Table 1. Binding of protein A-containing Staphylococcus aureus cells to anti-GPA-treated bone marrow cells

Rabbit
mAb R10 mADb control Rabbit anti-GPA preimmune IgG

Cell type N Binding N Binding N Binding N Binding
Pronormoblasts 64 1.03 + 3.98 56 0.13 = 0.81 76 7.99 = 10.39 50 2.88 = 7.96
Basophilic

normoblasts 66 2.30 = 443 50 0.06 + 0.31 76 15.43 = 10.99 51 1.47 = 2.16
Polychromatic

normoblasts 53 11.83 + 10.14 50 0.04 = 0.20 63 21.60 + 11.24 53 3.92 +7.73
Orthochromatic

normoblasts 59 17.80 + 12.54 50 0.04 +0.20 63 21.27 £ 10.52 61 2.46 = 2.71
Mature

erythrocytes 76 16.84 + 10.91 50 0 0 50 2230 = 8.99 50 1.48 = 1.84

Binding of staphylococci to bone marrow cells that had been treated with the indicated antisera was determined by a
rosetting assay (5). Values are given as the mean and SD of the number of bacteria bound per bone marrow cell. N, number
of marrow cells examined; mAb R10, a monoclonal antibody specific for GPA; mAb control, a monoclonal antibody of

unrelated specificity.

Preparation and Analysis of Glycopeptides/Oligosaccha-
rides. *H-labeled GPAs isolated by immune precipitation
were treated with 5 mg of Streptomyces griseus protease
(Pronase, Sigma) per ml of 0.15 M NaCl/0.01 M sodium
phosphate, pH 7.4/0.1% sodium dodecyl sulfate at 60°C for
24 hr. After lyophilization, the samples were dissolved in
0.25 ml of 0.05 M NaOH/1 M NaBH, and incubated at 45°C
for 16 hr to liberate O-glycosidic oligosaccharides (28). One
drop of glacial acetic acid was then added and the samples
were lyophilized. The samples were dissolved in 0.1 M
NH,HCO;/0.1% sodium dodecyl sulfate and applied to a 1
X 80 cm Bio-Gel P-6 column equilibrated in the same buffer.
The void volume was determined each time using Blue Dex-
tran 2000 (Pharmacia). Radioactivity in eluate fractions was
measured in a Triton X-114-based scintillation fluid using an
LKB-Wallac 1210 Ultrobeta counter.

RESULTS

Reactivity of GPA from Normal Erythroid Cells and K562
Cells with Monoclonal Anti-GPA-Antibodies and Heteroanti-
serum. Results obtained using the staphylococcal rosetting
assay to detect reactivity with monoclonal (R10) and hetero-
anti-GPA antiserum in normal bone marrow cells are shown
in Table 1. The monoclonal antibody reacted poorly with
pronormoblasts and basophilic normoblasts whereas poly-
chromatic normoblasts and cells at later stages of differentia-
tion showed a strong reaction. In contrast, rabbit anti-GPA
antiserum showed a strong reactivity even with pronormo-
blasts and basophilic normoblasts.

Surface-labeled blood erythrocyte membranes were sub-

A B

GPA-D- . .
GPA-M‘“

FiG. 1. Fluorogram of a polyacrylamide slab gel after electro-
phoresis of i ipil obtained from equal numbers of sur-
face-labeled erythrocytes using monoclonal antibody R10 (lane A)
or rabbit anti-GPA antiserum (lane B). GPA-D, GPA dimer; GPA-
M, GPA monomer.
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jected to immune precipitation using the R10 monoclonal
anti-GPA antibody. Fractionation by polyacrylamide gel
electrophoresis revealed heavily labeled GPA monomer
(GPA-M) and dimer bands (GPA-D) (Fig. 1, lane A). A simi-
lar pattern was obtained using the rabbit antiserum (Fig. 1,
lane B).

The surface glycoprotein patterns of K562 cells before and
after hemin-induction are shown in Fig. 2 (lanes C and D).
There was a relative increase in radioactivity in the position
of GPA from induced cells. Rabbit antiserum precipitated
GPA molecules from uninduced cells (Fig. 2, lane E) but no
precipitate was seen with the R10 antibody (Fig. 2, lane F).
However, after hemin-induced differentiation, the monoclo-
nal antibody also precipitated GPA (Fig. 2, lane H). Flow
cytometry (FACS IV, Becton Dickinson) gave similar re-
sults: K562 and HEL cells showed increased reactivity with
the monoclonal antibodies R10 and R18 after induced differ-
entiation (results not shown).

Polyacrylamide Slab Gel Electrophoresis Patterns of GPA
from Bone Marrow Cells and Blasts from Patients with Eryth-
roblastosis Fetalis. Erythroid cells from bone marrow were
size-fractionated and surface-radiolabeled, and GPA was
isolated by immunoprecipitation with rabbit antiserum. The

A BCDEFGH
- i
M-
Po” 3 A F
BSA- & i 4
N
GPA-M— - S ® - —GPA-M
CA-
» @
Fic. 2. Fluorogram of a polyacrylamide slab gel after electro-
phoresis of extracts of surface-labeled uninduced and induced K562
cells and of i ipi btained with anti-GPA antisera.

Lane A: C-labeled standard proteins (M, myosin; PHy, phosphory-
lase b; BSA, bovine serum albumin; OA, ovalbumin; CA, carbonic
anhydrase). Lanes B-D: extracts of surface-labeled erythrocytes
(B), uninduced K562 cells (C), and hemin-induced K562 cells (D).
Lanes E-H: immunoprecipitates obtained using rabbit anti-GPA
antiserum and uninduced cells (E), lonal antibody R10 and
uninduced cells (F), rabbit anti-GPA antiserum and induced cells
(G), and monoclonal antibody R10 and induced cells (H). The cells
were allowed to differentiate for 3 days, and similar amounts of ra-
dioactivity were used for the immunoprecipitations.
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Table 2. Erythroid cell composition of bone marrow fractions

% of total cells
Pro-  Basophilic Poly- Ortho-
Frac- normo- normo- chromatic chromatic  Erythro-
tion* blasts blasts normoblasts normoblasts  cytes
1 20 45 20 15 0
2 5 15 17 63 0
3 3 2 5 55 35

*Cells were fractionated according to size by unit-gravity velocity
sedimentation (13).

erythroid cell compositions of the three cell fractions isolat-
ed are shown in Table 2. Fraction 1 was enriched in the early
precursor cells, fraction 2 consisted of a mixed cell popula-
tion, and fractlon 3 contained erythrocytes and late normo-
blasts. From fraction 1, two weakly labeled bands were ob-
served after polyacrylamide gel electrophoresis, one in the
position of the GPA monomer and the other, designated GP-
26, with an apparent molecular weight of 26,000 (Fig. 3, lane
B). The GPA monomer was the major species precipitated
from fraction 2 cells, but GP-26 was also obtained (Fig. 3,
lane C). Only the species corresponding to GPA monomers
and dimers were precipitated from fraction 3 (Fig. 3, lane D).
GPA-M and GP-26 were both recovered from nucleated
blood cells of patients with erythroblastosis fetalis (Fig. 3,
lane G).

Electrophoretic Mobilities of GPA Molecules Obtained from
K562 and HEL Cells Before and After Induction. Induction of
differentiation of K562 cells with sodium butyrate or hemin
decreased the electrophoretic mobilities of the GPA mole-
cules (Fig. 4, lanes A, C, and E and lanes G-J, respectively).
Treatment of HEL cells with retinoic acid or PMA did not
result in any major change in the apparent molecular weights
of the GPA molecules (results not shown).

Analysis of Glycopeptides/Oligosacchandes of GPA Mole-
cules. Gel filtration of *H-labeled Pronase/alkaline borohy-
dride-treated GPA molecules obtained by immune precipita-
tion was used to determine relative degrees of glycosylation.
We know (29) that the N-glycosidic glycopeptide appears in
the void volume (peak 1) of Bio-Gel P-6 columns, followed
by the O-glycosidic tetrasaccharide (peak 2) and the O-gly-
cosidic trisaccharides (peak 3). Fig. SA shows that GPA from
blasts of patients with erythroblastosis fetalis were labeled
mainly in the N-glycosidic oligosaccharide (peak 1). In GPA

A 0B G D E FaG
-2

‘ & GP
, . 100
= GPA-D-4

GPA-D-{ -
aran- @ ' ® coam- & ST
GPA-26
PB - ~GPA-26
. i_“‘"‘ 1 1 cre-@
N -

Fic. 3. Fluorograms of polyacrylamide slab gels after electro-
phoresis of extracts of surface-labeled erythrocytes (lanes A and E)
and of i ined using rabbit anti-GPA antise-
rum and bone marrow blast cells (fraction 1) (lane B), bone marrow
cells (fraction 2) (lane C), bone marrow cells (fraction 3) (lane D),
and nucleated precursor cells from a patient with erythroblastosis
fetalis (lane G). Also shown is the extract of the surface-labeled cells
of the patient (lane F). GPA-26, GPA molecule with an apparent
molecular weight of 26 000; GPB, glycophorin B; GP-100, glycopro-
tein with an apparent molecular weight of 100,000. The GPA-26
bands are barely seen in lanes B and G.
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from the most immature bone marrow cells (fraction 1, see
Table 2), there was more label in the O-glycosidic tetrasac-
charide and some in the trisaccharide region (Fig. 5B). GPA
from fraction 2 was highly O-glycosylated (Fig. 5C) and had
a labeling pattern similar to that of GPA from fraction 3, the
fraction which contained late normoblasts and erythrocytes
(Fig. 5D).

GPA isolated from uninduced K562 cells contained a rela-
tively small amount of O-glycosidic oligosaccharides, and
the tetrasaccharide/trisaccharide ratio was lower than in
GPA from bone marrow cells (Fig. 64). A very small amount
of radioactivity was precipitated with the monoclonal anti-
body R10 (Fig. 6B) After differentiation induced by hemin
the relative amount of tetrasaccharide increased (Fig. 6C).
The GPA molecules from induced cells reacted with the
monoclonal antibodies to give a glycopeptide/oligosacchar-
ide pattern (Fig. 6D) similar to that obtained using the rabbit
antiserum. Treatment with sodium butyrate gave a small rel-
ative increase in tetrasaccharides (results not shown).

To get a semiquantitative value for the change in glycosy-
lation, uninduced and hemin-induced K562 cells were la-
beled with both [*S]methionine and periodate/NaB*H,. The
GPA molecules were isolated and the *H/>S ratios were de-
termined. The ratios were 1.51 for uninduced cells and 2.01
for induced cells.

The glycosylation of HEL cell GPA molecules also
changed after treatment with inducing agents. After cultiva-
tion in the presence of retinoic acid, the relative level of tet-
rasaccharides increased (Fig. 7B); PMA treatment had the
opposite effect (Fig. 7C).

DISCUSSION

There are few examples of polypeptides whose carbohydrate
structures vary depending on the tissue localization or the
developmental stage of the cells of origin. Best known are
the ABO and Ii blood-group antigens, which in the red cell
are associated predominantly with the band 3 and band 4.5
proteins (30, 31). Fetal cells contain simple, essentially un-
branched i-active oligosaccharides whereas erythrocytes
from adults contain high molecular weight branched I-active
oligosaccharides (32). The rodent Thy-1 glycoproteins from
brain, thymocytes, and T-lymphocytes are also differently
glycosylated (33-35).

- GPA-D-#8 -
GPAM ﬁ‘——!

GPA-M- & -4 -9

s

FiG. 4. Fluorograms of polyacrylamlde slab gels after electro-
phoresis of i ined using rabbit anti-GPA anti-
serum and K562 cells before and after induction of differentiation
with sodium butyrate or hemin. Lanes A-F: patterns obtained from
uninduced cells with antiserum (A) and preimmune serum (B); pat-
terns obtained from cells induced with sodium butyrate for 3 days
with antiserum (C) and preimmune serum (D); patterns obtained
from cells induced with sodium butyrate for 6 days with antiserum
(E) and preimmune serum (F). Note the decreased mobility of the
GPA monomer from induced cells. Lanes G-J: patterns obtained
with antiserum and cells that were uninduced (G) or grown in the
presence of hemin for 1 day (H), 3 days (I), or 6 days (J). The mobil-
ities of the GPA monomer (GPA-M) and dimer (GPA-D) bands show
a decrease with increased time of induction.
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F1G.5. Bio-Gel P-6 chromatography of
3H-labeled glycopeptides/oligosacchar-
ides from GPA molecules immunoprecipi-

tated with rabbit anti-GPA antiserum. (A)
Pattern obtained from GPA of erythroid

roblastosis fetalis. (B) Pattern from GPA
of bone marrow cells (fraction 1, Table 2).
(C) Pattern from GPA of bone marrow
cells (fraction 2). (D) Pattern from GPA of
bone marrow cells (fraction 3). Peak 1 cor-
responds to the N-glycosidic glycopep-
tide, peak 2 to the O-glycosidic tetrasac-
charide, and peak 3 to the O-glycosidic tri-
ide. All cells were surface-labeled
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The type of variation in the glycosylation of GPA is quite
different. GPA acquires an increased number of O-glycosid-
ic chains when the erythroid cells differentiate. This was
true for GPA both from normal precursor cells and from
erythroleukemia cell lines induced to differentiate. The
changes in glycosylation were detected after labeling cell
surface sialoglycoconjugates by the periodate/NaB*H,
method, which is specific for sialic acids (23). The results
were essentially the same for cells labeled using the galac-
tose oxidase/NaB*H, technique (24) to detect terminal ga-
lactose/N-acetyl galactosaminyl residues. The increased
3H/*S ratio of [*S]methionine/periodate/NaB*H, labeled
GPA molecules from hemin-induced cells also indicates that
the number of O-glycosidic oligosaccharides increased dur-
ing differentiation. The GP-26 band seen in some precursor
cell preparations apparently represents GPA molecules with
a very low level of O-glycosylation because a similar mole-
cule was obtained when erythrocyte GPA was partially de-
glycosylated with endo-N-acetylgalactosaminidase (12).

GPA is not important for the mature red cell because
En(a-) individuals, lacking glycophorin A (18-20), do not

80 using periodate/NaB>H,. Arrow indicates
the void volume.

show any signs of erythrocyte malfunction. On the other
hand, it is possible that GPA is needed at earlier stages of
erythrocyte differentiation. GPA and its incompletely glyco-
sylated precursor molecules could function as receptors in
cellular recognition; B-galactosyl-binding lectins have been
found in several vertebrates (36).

GPA has recently been shown to act as a receptor for the
malarial parasite Plasmodium falciparum (37, 38). The dif-
ferentiation-related structural changes in the O-glycosidic
oligosaccharide composition of GPA reported here could ex-
plain the well-known restriction in infectibility of the P. fal-
ciparum merozoites to mature red cells (39) and the inhibi-
tion of merozoite binding by carbohydrate (40).

The change in GPA structure during erythroid differentia-
tion is also reflected in its reaction with monoclonal anti-
GPA antibodies. The R10 antibody reacts with an epitope in
the middle part of the polypeptide chain, the R18 antibody
reacts with a region close to the lipid bilayer (21), and the
VIE-G4 antibody needs sialic acid for reactivity (22). All of
these antibodies reacted weakly with the GPA molecules
from immature cells. This indicates that the carbohydrate

cpm x 1072

1 [ u/\\ F1

FiG. 6. Bio-Gel P-6 chromatography
patterns of *H-labeled glycopeptides/oli-
gosaccharides of immunoprecipitated
GPA from K562 cells. Shown are results
obtained using uninduced cells and rabbit
anti-GPA antiserum (A), uninduced cells
and monoclonal antibody R10 (B), cells
treated with hemin for 2 days and rabbit
anti-GPA antiserum (C), and cells treated

3
|
AN |
20 40 60 80 20 40
Fraction

Carl_G_190x270_mm_blokki_FINAL.indd 156

with hemin for 2 days and monoclonal
60 80 antibody R10 (D). Arrow indicates the
void volume.
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FIG. 7. Bio-Gel P-6 chromatography patterns of *H-labeled gly-
copeptides/oligosaccharides of GPA molecules isolated from HEL
cells using rabbit anti-GPA antiserum. Patterns were obtained from
digests of GPA from uninduced cells (4), from cells treated with
retinoic acid for 3 days (B), and from cells treated with PMA for 3
days (C). Arrow indicates the void volume.

contributes to the conformation of the antigenic determi-
nants of GPA.

We have earlier reported that the malignant blasts in a sig-
nificant proportion (<10%) of undifferentiated acute leuke-
mias carry surface structures that react with rabbit anti-GPA
antiserum (41). Using monoclonal antibodies to GPA for the
phenotyping of leukemic cells, only occasional reactivity is
found (22, 42). This discrepancy might be explained by the
differentiation-related structural changes in GPA.

We thank Drs. P. A. W. Edwards and W. Knapp for monoclonal
antibodies, U. Katajarinne for assistance, and B. Bjornberg for sec-
retarial help. This research was supported by National Cancer Insti-
tute Grant 2 R01 CA26294-04, the Sigrid Jusélius Foundation, and
the Academy of Finland.
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Summary

Normal human erythrocytes of blood groups A;, A,, B and O, and En (a—)
erythrocytes lacking glycophorin A, but with A,B-activity, were surface-labeled
with tritiated sodium borohydride after oxidation of terminal galactosyl and
N-acetylgalactosaminyl residues with galactose oxidase. A; cells were also
labeled by lactoperoxidase catalyzed iodination. After solubilization in Triton
X-100, the blood group A-active glycoconjugates were isolated using the A-spe-
cific lectin from Vicia cracca coupled to Sepharose. No radioactivity was bound
from erythrocytes of B and O blood groups. The glycoconjugates from A cell
membranes which bound to the lectin and were eluted with 0.01 M N-acetyl-
D-galactosamine were analyzed using cylindrical or slab gel electrophoresis in
the presence of sodium dodecyl sulfate. The A-active glycoproteins included the
major integral glycoprotein, band 3, and many minor, previously poorly
defined components. Glycophorins A and B did not contain A-activity.

Introduction

The ABO blood group determinants are known to reside in the carbohydrate
portion of various glycoconjugates, and N-acetyl-D-galactosamine ol — 3
(L-fucose a1 - 2) D-galactose is the antigenic determinant of A-active substances
[1,2]. Most of the original chemical work on the structure of ABO blood group
substances was done with glycoprotein from various body fluids [1]. The cur-
rent concept on the nature of ABO-active glycoconjugates of the human eryth-

* To whom correspondence should be addressed.
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rocyte membrane has, however, remained in a confused state. It is well estab-
lished that some low molecular weight glycolipids contain ABO-activity and
several such lipids have been isolated and their structures determined [3,4]. It
has also become evident that ‘macroglycolipids’ containing up to 60 mono-
saccharides per ceramide show ABO-activity [5—7].

Whether ABO-active glycoproteins exist in erythrocyte membranes has been
a more difficult question and a matter of much dispute [2,7]. Takasaki and
Kobata observed incorporation of N-acetyl[!*C]galactosamine from UDP-N-
acetyl['*C]galactosamine into several erythrocyte membrane proteins in vitro
[8]. More convincing proof for the presence of ABO-active glycoproteins in the
erythrocyte membrane was recently obtained by direct chemical analysis of
isolated glycopeptides and oligosaccharides [9—11]. No information has, how-
ever, been available from which glycoproteins these structures originate.

The human erythrocyte membrane has been extensively studied [12—14]
and more than twenty integral glycoproteins have been identified [15]. The
major components are band 3 (for nomenclature see Ref. 16) and the major
sialoglycoproteins, glycophorin A and B [13].

We have approached the problem of which erythrocyte glycoproteins con-
tain blood group A-activity by using the A-specific lectin from Vicia cracca
[17—19] for the isolation of the A-active molecules. Erythrocyte glycoconju-
gates were first radioactively labeled by the galactose oxidase method [20], in
which the terminal galactosyl and N-acetylgalactosaminyl residues are reduced
with tritiated sodium borohydride after oxidation with galactose oxidase. After
elution from the V. cracca lectin-Sepharose columns with N-acetylgalactos-
amine, the A-active glycoconjugates were separated by polyacrylamide gel
electrophoresis in the presence of sodium dodecyl sulfate. We show here that
blood group A-activity is confined to several glycoproteins including band 3.
The glycophorin molecules do not seem to contain A-activity.

Materials and Methods

Erythrocytes. Fresh normal human erythrocytes and En (a—) erythrocytes,
were obtained from the Finnish Red Cross Blood Transfusion Service, Helsinki.
The cells were washed in 0.15 M NaCl/0.01 M sodium phosphate, pH 7.4
(Buffer I) by centrifugation. ABO blood groups and secretor status were
determined by standard techniques. When needed, erythrocytes were counted
in a hemocytometer.

Chemicals and enzymes. Acrylamide and N,N'-methylenebisacrylamide were
obtained from Eastman Kodak Co., Rochester, NY. Sodium dodecyl sulfate
was purchased from Pierce Chemical Co., Rockford, IL. 2,5-diphenyloxazole
(PPO) and 1,4-bis[2-(5-phenyloxazolyl)]benzene (POPOP) were from New
England Nuclear, Boston, MA. N-acetyl-D-galactosamine, D-glucose and bovine
serum albumin were from Sigma Chemical Co., St. Louis, MO, and ethyl
chlorformate from Fluka AG, Buchs, Switzerland. Tritiated sodium borohy-
dride (8.2 Ci/mol) and [!*C]formaldehyde (2.0 Ci/mol) were purchased from
the Radiochemical Centre, Amersham, U.K. **°I, carrier free, (100 mCi/ml)
were obtained from New England Nuclear, Boston, MA. Galactose oxidase, 130
units/mg protein, was purchased from Kabi AB, Stockholm, Sweden. It was
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free from neuraminidase and protease activities when measured as described
previously [20]. Pronase (Streptomyces griseus protease type V, 0.9 unit/mg
solid) and lactoperoxidase were from Sigma. Glucose oxidase was from Wor-
thington, Freehold, NJ.

Isolation and immobilization of the blood group A-specific lectin from Vicia
cracca. The A-specific lectin from V. cracca was isolated by affinity chromatog-
raphy on immobilized porcine A/H substance as described in detail in the
accompanying paper [21]. 20 mg of the lectin was coupled to 2 g (dry weight)
of CNBr-activated Sepharose 4B (Pharmacia Fine Chemicals, Uppsala, Sweden),
according to the manufacturer for 1 h at room temperature in the presence of
10 mM N-acetyl-D-galactosamine.

Radioactive labeling of purified Vicia cracca lectin. 50 pug of V. cracca lectin
was labeled in 50 ul Buffer I/0.05 M N-acetyl-D-galactosamine with 0.5 mCi of
12517 by the chloramine T (Merck AG, Darmstadt, F.R.G.) method [22]. '*5]
was counted in a Wallac-LKB 80000 gamma sample counter.

Binding of Vicia cracca lectin to erythrocytes. **I-labeled lectin was mixed
with unlabeled lectin to a specific activity of 2770 cpm/ug protein. Incubation
of 10® erythrocytes (blood groups A;, A, and O) with 1—100 ug of lectin was
performed in plastic test tubes in the final volume of 1.1 ml Buffer I contain-
ing 1% bovine serum albumin. After incubation for 3 h at room temperature
with gentle shaking, the cells were washed twice with Buffer 1. The cell pellets
were counted for radioactivity. Control studies were performed with all reac-
tants except erythrocytes, to correct for nonspecific binding of lectin to the
tubes. This was less than 3% of that bound to A, erythrocytes. Control studies
were also done in the presence of 10 mM N-acetyl-D-galactosamine to deter-
mine nonspecific binding to erythrocytes. It was negligible. The apparent asso-
ciation constant K and the saturation binding were calculated from a Scatchard
plot [23]. The slope and the intercept of the linear regression line were calcu-
lated with the aid of a desk computer.

Radioactive surface labeling of cells. Erythrocytes were labeled by the
galactose oxidase method [15,20]. No pretreatment with neuraminidase was
done. After washing three times in Buffer I, the membranes were isolated [20].
For affinity chromatography the membranes were solubilized in Buffer 1/0.5%
Triton X-100 and cleared by centrifugation at 3000 X g for 10 min. Erythro-
cytes were labeled by the periodate/NaB*H, method as described [24], using a
final concentration of 1 mM sodium metaperiodate (Merck AG. Darmstadt,
F.R.G.). After washing the membranes were isolated as above.

Surface labeling with 1251 was done essentially according to Hubbard and
Cohn [25]. A, erythrocytes (0.5 ml packed cells) were incubated for 30 min at
room temperature in 5 ml of Buffer I containing 5 mM D-glucose, 0.5 mCi %%,
10 ug glucose oxidase and 50 ug lactoperoxidase. After incubation the cells
were washed three times in Buffer I and the membranes isolated.

Isolation of blood group A-active glycoconjugates by affinity chromatogra-
phy. For affinity chromatography, labeled membranes from 0.5 ml of packed
erythrocytes (all samples containing approximately 2—3 - 10° cpm) were dis-
solved in 0.5% Triton X-100/Buffer I, and incubated for 20 min with 10 ml of
the affinity column at 20°C. Thereafter the column was washed with the same
buffer, fractions of 3 ml were collected at an elution rate of 60 ml per h, and
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the A-active glycoconjugates eluted with 0.01 M N-acetyl-D-galactosamine in
0.05% Triton X-100/Buffer I. Aliquots of the tritium labeled material were
counted in a dioxane-based scintillation fluid [26] and the !?I in the gamma
counter. The 3H-labeled glycoconjugates were concentrated by precipitation
with 10% trichloroacetic acid at 0°C after addition of 50 ug bovine serum
albumin as a carrier.

Treatment with pronase. A,-active material isolated from galactose oxidase/
NaB®H,-labeled membranes by lectin affinity chromatography was dialyzed for
24 h against water at 4°C and lyophilized. Pronase treatment was performed in
0.004 M sodium phosphate, (pH 7.4)/0.1% sodium dodecyl sulfate, at 60°C for
17 h. The solution was made 0.1% with respect to pronase, and the same
amount of enzyme was added after 9 h.

Polyacrylamide gel electrophoresis. Electrophoresis in the presence of sodi-
um dodecy! sulfate was done according to Laemmli [27] on 8% acrylamide
cylindrical or slab gels. Cylindrical gels were sliced with a 2 mm slicer and the
radioactivities determined using a toluene-based scintillation fluid after solubili-
zation in NCS-water (9 : 1) (Amersham, Searle), for 2 h at 50°C. The slab gels
were fixed after completion of the electrophoresis in 20% sulfosalicyclic acid
overnight. The gels were treated for fluorography as described [28] and
vacuum-dried. The dried gels were covered with Kodak RP X-Omat film, wrap-
ped in alluminium foil, and stored at —70°C in a Revco freezer for 1—8 days
until developed. Standard proteins were: thyroglobulin, transferrin, human
albumin, ovalbumin and hemoglobin. They were radioactively labeled with
['*C]formaldehyde as described [29].

Isolation of macroglycolipids. A macroglycolipid fraction was isolated from
labeled erythrocyte membranes according to Dejter-Juszynski et al. [7], but
the dialysis step to remove low molecular weight glycolipids, was shortened to
1 day. '

Gel filtration of blood group A-active glycopeptides. An eluate of A, cells
labeled by the galactose oxidase/NaB3H, method was obtained from the V.
cracca-Sepharose column using N-acetyl-D-galactosamine. Half of the sample
was applied directly to a Biogel P-10 column (1 X 90 cm) (Bio-Rad, Richmond,
CA) made in 0.15 M Tris-HCI (pH 7.8)/0.1% sodium dodecyl sulfate. Blue dex-
tran 2000 (Pharmacia, Uppsala, Sweden) was added to each sample to deter-
mine the void volume. The column was calibrated using thyroglobulin glyco-
peptide (M, 4100), the oligosaccharide (galactose $(1—4) N-acetylglucosamine
$(1—2) mannose), a(1—3) (1—6) mannose (1—4) N-acetylglucosamine (M,
1434) and a triose (M, 504) as standards [21]. The rest of the sample was
digested with pronase and then applied to the same Biogel P-10 column. Ali-
quots were counted for radioactivity in Bray’s solution [26].

Identification of labeled monosaccharides. For neutral sugar analysis, an
eluate from V. cracca-Sepharose of A, erythrocytes labeled by the galactose
oxidase/NaB3H, treatment containing about 12000 cpm, was hydrolyzed in
2 N H,S0, at 100°C for 5 h. For amino sugar analysis, an identical sample was
hydrolyzed in 2 N HCI for 16 h at 100°C. The amino sugar sample was neutral-
ized with silver carbonate and reacetylated at room temperature for 30 min
using 50 ul of acetic anhydride in 0.3 ml of 1/3 saturated NaHCO;. The hydrol-
yzates were passed through Dowex-1 columns (formate and H* forms) in water.
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The samples were lyophilized and the monosaccharides analyzed by thin-layer
chromatography on silica gel plates in ethylacetate/pyridine/acetic acid/water
(5:5:1:3, v/v). Standard monosaccharides were visualized using the anilin-
diphenylamine reagent [30]. The plates were scraped and the radioactivities of
galactose and N-acetyl-D-galactosamine determined by liquid scintillation
counting.

Protein analysis. Protein was determined according to Lowry et al. {31] with
bovine serum albumin as a standard.

Results

Binding of Vicia cracca lectin to erythrocytes

Agglutination tests with A, A,, B and O erythrocytes showed that V. cracca
lectin was specific for A cells, the agglutinating activity being 2—4 fold higher
with A, cells as compared to A, cells.

The binding of lectin was performed with A, (secretors and non-secretors),
A, and O erythrocytes. The binding was strongest to A, cells, lower to A, cells
and negligible to O cells. Binding to A; cells from secretors and non-secretors
was identical (data not shown). The amount of lectin bound at saturation was
determined using a Scatchard plot. When the lectin is taken to be tetrameric,
with a molecular weight of 100000 [21], the number of molecules bound per
cell at saturation is 4 - 10°. From the slope (—K) of the line, the association
constant K was calculated to 5 - 10¢® M™!, The plot was linear indicating homo-
geneity of the lectin-binding groups.

Vicia cracca lectin-Sepharose affinity chromatography

Fig. 1 shows the fractionation of galactose oxidase/NaB*H,-labeled erythro-
cyte membranes using V. cracca lectin-Sepharose affinity columns. Only A,
and A, erythrocytes (Fig. 1 A—C) showed specific binding, while no binding
was obtained using B and O erythrocytes (Fig. 1D). The yield of radioactivity
recovered from the column was always greater than 90%.

A control experiment was performed with a mixture containing labeled O
cell material and unlabeled A; cell material. No radioactivity was bound to the
affinity column. This indicates that all material retained by the column is due
to specific interaction between the lectin and the A-active molecules. When the
affinity chromatography was performed at 0°C, the yield of A-active material
was considerably smaller but qualitatively similar. The addition of 2 mM phe-
nylmethylsulfonyl fluoride as a protease inhibitor in the buffers did not
change the results.

The labeled monosaccharides of A; cell glycoconjugates, retained by the
V. cracca lectin-Sepharose column, included both galactose (93.7%) and
N-acetyl-D-galactosamine (6.3%).

Analysis by cylindrical polyacrylamide gel electrophoresis

Part of the radioactive materials eleuted from the affinity columns were
separated after concentration on cylindrical polyacrylamide gels (Fig. 2). Most
of the radioactivity was recovered from the front representing low molecular
weight molecules and in the molecular weight range above 40 000. No obvious
qualitative difference between the A; and A, glycoconjugates was detected.
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Fig. 1. Isolation of A-active glycoconjugates by V. cracca-lectin affinity chromatography. Fractionation of
galactose oxidase J/NAB3 Hj-labeled erythrocyte membranes was performed using V. cracca-Sepharose
affinity column in the presence of 0.05% Triton X-100. The arrow shows the addition of 0.01 M N-acetyl-
D-galactosamine. A, A cells (secretor); B, A; cells (nonsecretor); C, A cells; D, O cells.

Fig. 2. Cylindrical polyacrylamide gel electrophoresis of galactose oxidase/NaB3H4-labeled A-active glyco-
conjugates. A, Aj erythrocyte membranes; B, eluted A-active glycoconjugates from Aj cells; C, eluted
A-active glycoconjugates from A; cells (secretor); D, eluted A-active glycoconjugates from A; cells (non-
secretor). B3, band 3; GP-A-D, glycophorin A dimer; GP-A-M, predominantly glycophorin A monomer;
GL, glycolipid peak; BPB, bromphenol blue marker dye.

Analysis by polyacrylamide slab gel electrophoresis

Fig. 3 shows the fluorography patterns of erythrocyte membranes labeled by
the galactose oxidase/NaB3H, method and the patterns of blood A-active glyco-
conjugates. The slots are derived from several different experiments and corre-
sponding amounts of radioactivities were analyzed. Radioactive molecules were
retained by the lectin affinity columns only from A, and A, erythrocytes (Fig.
3D and E) and from En (a—) cells of blood group A;B (Fig. 3K).

When blood group A glycoconjugates from normal cells were analyzed after
labeling with galactose oxidase/NaB3®H,, many A-active glycoproteins were
visualized but no clearly dominating band was observed (Fig. 3D and E). En
(a—) membranes had a strongly labeled A-active band 3 (Fig. 3K). Blood group
A activity in band 3 from normal A cells was, however, clearly demonstrated:
(1) After lactoperoxidase-catalyzed iodination, band 3 was the dominating
band retained by the lectin columns (Fig. 4B) and (2), the materials that passed
directly through the lectin columns after lactoperoxidase iodination (Fig. 4C)
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Fig. 3. Fluorography patterns of 3H-labeled erythrocyte membranes and the radioactive glycoconjugates
eluted from the affinity columns and separated by polyacrylamide slab gel electrophoresis. A, 14C-labeled
standard proteins. TH, thyroglobulin M, 210 000; TR, transferrin M, 78 000; HA, human albumin M,
68000; OA, ovalbumin M, 43 000; HB, hemoglobin M, 17 000, B, erythrocyte membranes labeled by the
periodate/NaB3H4 method. C, A erythrocyte membranes labeled by the galactose oxidase/NaB3Hj4
method. D, eluted A-active glycoconjugates from Aj cells (nonsecretor). E, eluted A-active glycoconju-
gates from A, cells; F, eluted glycoconjugates from B cells; G, eluted glycoconjugates from O cells;
H, eluted A-active glycoconjugates from Aj cells and digested with pronase; I, ‘macroglycolipids’ isolated
from A; erythrocytes; J, En(a—) erythrocyte membranes labeled by the galactose oxidase method; K,
eluted A-active glycoconjugates from En (a—) Aj B cells. GP-A-D, glycophorin A dimer; GP-A-M, glyco-
phorin A monomer, predominantly ; GP-B, glycophorin B; B3, band 3. BF, buffer front.

B3
~—GP-A-D
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Fig. 4. Fluorography pattern of a polyacrylamide slab gel of 1251 and galactose oxidase/NaB3Hg-labeled
A erythrocyte membranes and radioactive Aj-active and nonactive glycoconjugates. A, 1’251-labeled Ay
erythrocyte membranes; B, eluted A active proteins from 1251.}abeled membranes; C, proteins from Aq-
active 1251-labeled membranes not interacting with the lectin-Sepharose columns; D, glycoproteins from
A, active galactose oxidase/NaB3 Hj-labeled membranes not interacting with the lectin-Sepharose column
F; original galactose oxidase/NaB3 Hy labeled A] erythrocyte membranes. Labels as in Fig. 2.
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Fig. 5. Biogel P-10 elution patterns of ‘Aj-active glycoconjugates before and after pronase treatment. A,
elution pattern of galactose oxidase/NaB3H4-labeled A-active glycoconjugates. B, elution pattern of
pronase-treated Aj-active glycoconjugates. Fractions of 1 ml were collected and the total volume of the
column was 80 ml. V, void volume.

or galactose oxidase/NaB*H, treatment (Fig. 4D) were depleted of the charac-
teristic band 3 bands.

Substantial A-specific radioactivity was located in the diffuse area in the
molecular weight range 40000—60000. Many weakly labeled glycoproteins
were also observed in the high molecular weight region above band 3.

The glycoprotein nature of these components was further strengthened using
pronase digestion which removed most radioactive material below band 3 (Fig.
3H). The diffuse radioactivity in the high molecular weight area must be due to
slowly migrating glycopeptides which bind little sodium dodecyl sulfate. By gel
filtration on Biogel P-10 columns, most of the radioactivity of blood group A
glycoconjugates labeled by galactose oxidase/NaB>H, treatment, emerged in
the void volume (Fig. 5A). However, after treatment of this material with
pronase, a major included peak was observed with an apparent molecular
weight of 8300—10 400 (fractions 28—35, Fig. 5B).

The material running in the front on gel electrophoresis (BF) must mainly
represent low molecular weight glycolipids (Fig. 3C, E) and part of the diffuse
area in the 40000—60 000 molecular weight region may be macroglycolipids
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(Fig. 3I) [7]. The glycophorin molecules did not attach to the affinity column
from any cell and apparently do not contain A-activity.

Discussion

The problems involved in purification of integral membrane proteins, have
created difficulties in identification of ABO blood group-active glycoproteins
in the human erythrocyte membrane. The question whether ABO-active oligo-
saccharides really are attached to proteins has therefore remained controversial.
Significant progress has, however, recently been made by analyzing glycopep-
tides obtained after pronase digestion of the membrane [9—11]. Such glyco-
peptides showed ABO blood group activity and contained insignificant levels
of sphingosine and fatty acids. The molecular weight of these glycopeptides
ranged from 7000—12000, and they evidently have unusual structures con-
taining a repeating disaccharide unit. There was no information available from
which glycoproteins these glycopeptides originate.

We have approached the problem of identifying the A-active glycoconjugates
by first introducing tritium into terminal N-acetylgalactosaminyl and galactosyl
residues of erythrocyte membranes by the galactose oxidase method [20].
A-active cells were also labeled by lactoperoxidase-catalyzed iodination [25].
Previously, analysis of whole galactose oxidase/NaB3H,-labeled erythrocyte
membranes of different ABO blood groups by polyacrylamide gel electropho-
resis, did not show any obvious differences [15]. This is now understood by
the small amount of radioactivity specifically incorporated into A-specific
N-acetylgalactosamine. Here we have used the A-specific lectin from V. cracca
to isolated the A blood group-active molecules. By combining these techniques
with the high resolution of polyacrylamide gel electrophoresis in the presence
of sodium dodecyl sulfate, the identification of A-active glycoproteins was
accomplished.

The isolated lectin from V. cracca showed absolute A blood group specif-
icity, and the binding studies gave the saturation value of 400 000 lectin mole-
cules bound per A, erythrocyte; assuming a molecular weight of 100 000 [21],
this figure is in agreement with previous studies on the number of A receptor
sites [32].

The gels showed a weakly-labeled band in the band 3 region from normal A
cells. Gels stained for protein with Coomassie blue gave a similar pattern (data
not shown). During the concentration of the lectin-Sepharose eluates of *H-
labeled membranes, some irreversible aggregation of band 3 occurred. This was
clearly seen using !?*SI-labeled A; material. In this case, there was enough
radioactivity for direct gel electrophoretic analysis, which showed the presence
of band 3 (Fig. 4B). Concentration of this sample resulted in partial loss of
band 3 (data not shown). The samples passed through the lectin-Sepharose
columns were obviously depleted of band 3.

Band 3 contains one major oligosaccharide chain per molecule with a molec-
ular weight of approximately 7500 [33], which must contain the A-activity.
In En (a—) erythrocytes which lack glycophorin A [33—36], band 3 has an
even larger sugar chain [33], which results in the slower mobility of the protein
on polyacrylamide gel electrophoresis in the presence of sodium dodecyl
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sulfate [33]. The A-activity of band 3 from En (a—) cells was obvious.

There are many A-active glycoproteins with apparent molecular weights of
40000—60000 and greater than 100000. These glycoproteins have been
observed before using galactose oxidase/NaB®H, labeling [15] and Ricinus
communis lectin affinity chromatography [37].

Our results also show that the glycophorin molecules have no A-activity, and
this is in agreement with structural studies [13]. Dejter-Juszynski et al. [7]
showed that the A-activity of the ‘glycoprotein fraction’ extracted according to
Hamaguchi and Cleve [38] was due to macroglycolipids and not to glycophorin
A, and claimed that glycoproteins do not contain significant ABO activity.
However, most glycoproteins should remain at the interphase using chloro-
form/methanol/water partition and were never included in this fraction.

It should be emphasized that it is not possible with these methods to quanti-
tate accurately the distribution of A blood group activity among the mem-
brane glycoconjugates, because the labeling efficiency is probably not compar-
able between different molecules, and the quantity of large glycoconjugates
containing different types of labeled oligosaccharide structures can be over-
estimated. Non-covalent stable associations between different surface glyco-
proteins in the presence of Triton X-100 cannot either be excluded, and could
lead to co-purification of glycoproteins not containing A-activity with those
containing this activity. No such interactions between surface glycoproteins
are, however, known for the erythrocyte membrane. In any case, it is clear that
A-activity contributed by glycoproteins is significant and it is interesting to
note that this does not depend on the secretor status of the individuals.
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RIFINSs are adhesins implicated
in severe Plasmodium falciparum
malaria

Suchi Goel'8, Mia Palmkvist!8, Kirsten Moll!»3, Nicolas Joannin?,
Patricia Lara2, Reetesh R Akhouri!, Nasim Moradi?, Karin Ojemalm?,
Mattias Westman!, Davide Angeletti!, Hanna Kjellin?,

Janne Lehtié?, Ola Blixt4, Lars Idestrdm?®, Carl G Gahmberg¢,

Jill R Storry’, Annika K Hult”, Martin L Olsson’,

Gunnar von Heijne?, IngMarie Nilsson? & Mats Wahlgren!

Rosetting is a virulent Plasmodium faiciparum phenomenon
associated with severe malaria. Here we demonstrate that

P. falciparum-encoded repetitive interspersed families of
polypeptides (RIFINs) are expressed on the surface of infected
red blood cells (iRBCs), bind to RBCs—preferentially of blood
group A—to form large rosettes and mediate microvascular
binding of iRBCs. We suggest that RIFINs have a fundamental
role in the development of severe malaria and thereby
contribute to the varying global distribution of ABO blood
groups in the human population.

Sequestration and rosetting in individuals with severe Plasmodium
falciparum malaria has been attributed to P. falciparum erythrocyte
membrane protein 1 (PfEMP1)!-8. However, antibodies to PFEMP1 dis-
rupt rosettes of parasites grown only in blood group O RBCs, not group
A RBCs. Notably, the majority of P. falciparum strains and fresh, clinical
isolates prefer group A RBCs for rosetting®-!! (Supplementary Fig. 1).
We found that enzymatic removal of PEEMP1 from the iRBC surface
reduced rosetting in blood group O but not blood group A, indicating
that PFEMP1 may not be the only molecule responsible for RBC bind-
ing and rosette formation (Supplementary Fig. 1a). A second family of
antigens has been found at the iRBC surface: RIFINs!2-14. These
polypeptides are encoded by 150 rif genes and comprise the largest
family of antigenically variable molecules in P. falciparum. Given that
the function of RIFINs is unknown and that they are resistant to enzyme
degradation and upregulated in rosetting parasites'>!3 (Supplementary
Fig. 1b-d), we speculated that they contribute to the rosetting and
sequestration of P. falciparum mediated by blood group A antigen.

To study the function of the RIFINs, we investigated their primary
structures and found that the majority (~70%) belong to subgroup
A (hereafter referred to as A-RIFIN) and possess an insertion of
25 amino acids at the N terminus (indel) that the B-RIFINs lack!5.

nature,,
medicine

Transmembrane helix prediction software generated inconsistent
results for the RIFINs because of a hydrophobic patch present in their
central region (Supplementary Figs. 2 and 3). Therefore, it has been
unclear whether the RIFINs pass through the erythrocyte membrane
once, which would expose a large portion to the outside of the iRBC,
or twice, which would only expose a minor, variable fragment extra-
cellularly!'>16. This ambiguity led us to study the topology and orien-
tation of several A- and B-RIFINs. From experiments using an in vitro
transcription and translation system supplemented with endoplasmic
reticulum-derived vesicles!”, we conclude that only a C-terminal
segment of the RIFIN is stably inserted into the membrane (Fig. 1
and Supplementary Fig. 4). We also transfected Chinese hamster
ovary (CHO) cells with hemagglutinin A (HA)- and Myc-tagged rif
genes and found that both tags were exposed to the outside of the
CHO cells (Supplementary Fig. 5). The results of both sets of experi-
ments demonstrate that the RIFINs have only one transmembrane
segment near the C terminus (Supplementary Fig. 3), allowing the
N terminus to be exposed to the outside of the RBC.

We analyzed the ability of rif gene-transfected CHO cells to bind
RBCs. A-RIFIN CHO cells bound large numbers of group A RBCs
(up to ~25 RBCs per CHO cell), whereas the binding of group O
RBCs was less pronounced (Fig. 1¢,d and Supplementary Fig. 5¢)
and similar to that of CHO cells expressing the N-terminal domain
of PfEMP1 (DBL1o; IT4var60, not shown). This suggests that the
group A antigen is a major receptor for A-RIFINs. RBC binding was
negligible with B-RIFIN CHO cells or CHO cells expressing PIEMP1
(DBL10 of PFEEMP1-FCR3S1.2varl) (control). To confirm the group
A specificity, we removed the terminal a3 N-acetylgalactosamine
(GalNAc) residue of the group A oligosaccharides from RBCs by
treating them with an enzyme that converts group A RBCs into group
O RBC:s by exposing the underlying blood group H antigen'8. Binding
of enzyme-treated RBCs to A-RIFIN CHO cells was low compared to
mock-treated or control group A RBCs and similar to that of group
O RBC:s (Fig. 1d). Similarly, when we added enzyme-treated group A
RBCs (hereafter referred to as Azyme’ RBCs) to P. falciparum cultures
(FCR3S1.2 strain), they formed small rosettes of a size comparable
to those formed by group O RBC:s (Fig. 1e). A-antigen expression is
used to define subgroups for group A RBCs, and A; RBCs express
approximately five times more A antigen on the surface than A, RBCs
on a per-cell basis'®. The amount of RBC binding to both A-RIFIN
CHO cells and FCR3S1.2 iRBCs correlated with the level of group A
antigen expression because group A; RBCs bound significantly better
than group A, RBCs (Fig. 1d,e).

We expressed and purified recombinant A-RIFIN (gene no. PF3D7_
0100400) of the 3D7 strain of P. falciparum from E. coli to confirm
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Figure 1 A-RIFINs form dimers and preferentially bind blood group A RBCs. (a) Size-exclusion chromatograph of A-RIFIN (solid line) and BSA (dashed
line; void volume (Vp) is 7.625 ml) and SDS—PAGE gel of peak fractions. Black squares, 8.5 and 9.5 mls, respectively. (b) Topological analysis of A- and
B-RIFINs using an in vitro transcription and translation system supplemented with endoplasmic reticulum-derived vesicles!’. rif genes encoding A-RIFINs
(one natural glycosylation site) and B-RIFINs (two) were engineered to have respectively three or four glycosylation sites. SDS-PAGE analysis of the rif
gene products show that both A- and B-RIFINs are glycosylated at three sites, except for a site in the C terminus of B-RIFIN, indicating that the RIFINs
have a single transmembrane domain (n = 3). Dots, number of glycosylations (Supplementary Fig. 4). (c) Bright-field images of group A RBCs binding to
CHO cells expressing PF3D7_0100400 (A-RIFIN) or untransfected CHO cells or CHO cells expressing DBL1o. of PIFEMP1-FCR3S1.2-varl (CHO-VAR1).
Scale bars, 20 um. (d) Percent binding of RBCs to CHO transfectants. The RBCs included groups A, O, A; (high A), A, (low A), weak A (low A) and Azyme
(low A); n= 3 for each group. Comparison between RBC group and the binding of >5 RBCs and 3-4 RBCs was analyzed using two-way analysis of variance
(ANOVA) and Bonferroni post-test; *P < 0.05, **P < 0.01, ***P < 0.001; error bars, mean + s.e.m. Numbers in parentheses are RIFIN gene IDs.

(e) Rosetting rates and rosette sizes of FCR3S1.2 parasites in O, A}, A, or Azyme RBCs; n = 4; error bars, mean + s.d. (f) SDS-PAGE of A-RIFIN purified

from Drosophila S2 cells. The fractions are the first three eluates (1, 2, 3) containing A-RIFIN after TALON chromatography (Ni-nitrilotriacetic acid
(NTA) resin). (g) Immunoblotting of SDS-PAGE-separated recombinant A-RIFIN after binding and elution from group O or A RBCs (n = 3).

its group A RBC-binding specificity, but it could only be purified as
a monodisperse protein in the presence of a detergent (n-dodecyl-
B-p-maltopyranoside; DDM), probably because of the hydrophobic
nature of RIFINs. Size-exclusion chromatography revealed that
A-RIFINGs exist as homodimers in the presence of DDM, indicating this
to be the stable RIFIN unit (Fig. 1a). Spaced glycine residues present
in the hydrophobic patch may facilitate dimerization of A-RIFIN.
Because A-RIFIN is only soluble in the presence of DDM, which is not
amenable to erythrocyte-binding studies, we switched to Drosophila
cells for expression and purification under more physiological
conditions. SDS-PAGE, immunoblotting and LC-MS/MS showed
that purified A-RIFIN, in the reduced state, exists as multiple spe-
cies much as it does in P. falciparum (Fig. 1f). We observed that
only the fastest-migrating species of recombinant A-RIFIN bound
to both group O and A RBCs, and binding to group A RBCs was
concentration dependent and showed higher avidity compared to
group O (Fig. 1g).
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To identify the RIFIN expressed in FCR3S1.2-strain parasites
in which PfEMP1 was first identified, we performed RNA-seq
analysis of iRBCs at 10 h, 20 h, 30 h and 40 h after merozoite invasion.
We found a single rif gene (PFIT_bin05750; 11,200 reads) that was
highly expressed and another 84 rif genes that were transcribed
at lower levels (0-2,000 reads); these RNA-seq results were confirmed
by qPCR (Supplementary Fig. 6). These data suggest that the expres-
sion of rif genes is allelically excluded, as are the genes that encode
PfEMP1 (ref. 19), at least within each subgroup, and the previously
noted microheterogeneity of the RIFINs!? is probably due to post-
translational modifications rather than expression of several RIFINs
in the same parasite.

The RIFIN of parasite clone FCR3S1.2 was found to be similar
to the A-RIFIN of 3D7 (PF3D7_0100400, Supplementary Fig. 2),
and, as expected, anti-RIFIN IgG generated to the A-RIFIN of 3D7
cross-reacted with the heterologous RIFIN of FCR3S1.2 in both
immunoblotting and immunofluorescence analysis (Fig. 2a-d).

06-Aug-23 1:53:36 PM



Paper 21 171

BRIEF COMMUNICATIONS

Figure 2 Expression of RIFINs at the iRBC

surface and involvement in rosetting. a

(a) Indirect immunofluorescence analysis of

air-dried FCR3S1.2 iRBCs using purified IgG

raised in goat against full length A-RIFIN (green,

Alexa Fluor 488). DAPI (blue), stained nuclei

of parasites. Scale bar, 5 um. (b) Confocal DIC RIFIN PIEMP1
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(h) Gradual loss of rosetting of FCR3S1.2-
RIFIN-GFP iRBCs upon removal of the drug
used for selection of the transfected parasite.
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We found that the RIFINs localized to the parasitophorous vacu-
ole, Maurer’s clefts and to the membrane of iRBCs; we also found
that live, unfixed iRBCs stained in a punctate pattern similar to that
obtained with antibodies to PfEMP1 (Fig. 2a). Staining patterns
were only partially overlapping, which may suggest that the RIFINs
are exported and exposed at the iRBC surface in a manner differ-
ent from that of PFEMP1. In addition, semiquantitative analysis with
FACS suggested that the percentage of RIFIN and PfEMP1 surface-
positive iRBCs correlated with one another as well as with the roset-
ting rates (Fig. 2c and data not shown). The expression of the two
molecules gradually decreased in parasite FCR3S1.2 when it was
not enriched for rosetting, whereas both RIFINs and PfEMP1 were
upregulated upon selection for rosetting (Supplementary Fig. 1d).
Neither control IgG, anti-IgG-Alexa Fluor 488 conjugate alone nor
antibodies to the cytoplasmic C-terminal part of RIFIN stained the
iRBC surface, and RIFIN antibodies did not cross-react with the
iRBC surface of other rosetting parasites (TM284S2, PAvarOvarl,
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R29-1T4var9, data not shown). Furthermore, RIFIN-specific IgG
disrupted rosettes of FCR3S1.2 parasites when cultured in group A
RBCs but did not affect group O rosetting by the same parasite (Fig. 2e).
Conversely, PFEEMP1-specific IgG did not show any effect on group A
rosetting but disrupted rosettes formed by group O RBCs (Fig. 2e and
Supplementary Fig. 1b). These data suggest that A-RIFINs mediate
group A rosetting, whereas group O rosetting is primarily mediated
by PfEMP1. However, RIFINs may also bind group O RBCs.

The human microvasculature expresses ABO blood group anti-
gens on endothelial cells, RBCs, and serum proteins. To establish
the role of RIFINs in microvascular sequestration of iRBCs, we
transfected two strains of P. falciparum parasites selected for low
rosetting (FCR3S1.2-low and R29-low) with a FCR3S1.2 rif gene
(PFIT_bin05750) in frame with a gene encoding green fluorescent
protein (GFP, Supplementary Fig. 7a). Inmunoblotting with anti-
GFP mADb or direct GFP fluorescence detected high expression of
the RIFINs in both parasites (Fig. 2f and Supplementary Fig. 7b).
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The R29-RIFIN-GFP strain showed higher RIFIN expression
than the FCR3S1.2-RIFIN-GFP strain, but a larger fraction of the
fluorescence was observed within the parasite, suggesting incom-
plete RIFIN transport to the iRBC surface in the R29-RIFIN-GFP
compared to the FCR3S1.2-RIFIN-GFP strain, in which most of the
fluorescence was observed at the iRBC-membrane (Fig. 2f). The
FCR3S1.2-RIFIN-GFP strain displayed a ~60-80% rosetting rate,
whereas control parasites (FCR3S1.2-low) grown in parallel under
identical conditions remained low in rosetting (~10-20%; Fig. 2g).
R29-low parasites transfected with the rif gene induced a higher roset-
ting rate when grown in group A than in group O RBCs (Fig. 2g).
Removal of drug pressure from the transfected parasites led to loss of
the episomally expressed plasmids and a concomitant loss of rosetting
to the levels of the control parasites (Fig. 2h). To study the role of
the RIFINs in in vivo sequestration of iRBCs, we injected FCR3S1.2-
RIFIN-GFP parasites cultured in group A human RBCs into Sprague-
Dawley rats. We found that the iRBCs bound in the microvasculature
significantly more than FCR3S1.2-low or normal human RBCs
(P <0.01; Supplementary Fig. 8). This suggests a role for the RIFINs
in the microvascular binding of P. falciparum iRBCs.

RIFIN-transfected FCR3S1.2 propagated in group A RBCs
often formed large or giant rosettes comprising 10 or more RBCs.
By contrast, small rosettes were common with group O RBCs
(Supplementary Fig. 9). We found that RIFIN binding of O RBCs
was mediated by sialic acid expressed on glycophorin A (GPA)
because the binding was sensitive to neuraminidase and trypsin, but
not chymotrypsin, and it could be inhibited with soluble sialic acid
(Supplementary Fig. 10). Furthermore, human En(a-) RBCs devoid
of GPA?? only rosetted weakly as compared to normal RBCs or RBCs
lacking glycophorin B (GPB) or glycophorin C (GPC) (Fig. 2i and
Supplementary Fig. 11). Notably, En(a-) RBCs expressing the group
A antigen bound avidly to iRBCs, suggesting that binding to group A
supersedes GPA binding and that group A is the major receptor used
by RIFINs to mediate rosetting.

In conclusion, our findings suggest that RIFINs may be central to
the pathogenesis of severe P. falciparum malaria and to mediating
PfEMP1-independent vascular sequestration of iRBCs, predomi-
nantly through binding to the blood group A antigen. Previous studies
have indicated that in African children, blood group A predisposes to
severe malarial®. Taken together with our present observations, this
may imply that RIFINs contribute to the varying global distribution
of ABO blood groups in favor of blood group O.

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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ONLINE METHODS

Transmembrane region predictions. We used 10 methods to predict trans-
membrane regions and protein topology of the RIFINS with gene IDs: PF3D7_
0100400, PF3D7_1101100, and PF3D7_0900500 proteins. These included
different methodologies: hydrophobicity?! (TOPPRED), Hidden Markov
Model (HMM)?22-24 (Phobius, TMHMM2.0, HMMTOP2.123), Artificial Neural
Network (ANN)?> (PHDhtm), Support Vector Machine (SVM) (MEMSAT-SVM,
Nugent 2009), a mix of HMM and ANN (Octopus) and consensus meth-
ods (ConPred II (ref. 26, TOPCONS?7). We also used the SignalP3.0 signal
prediction method?s.

Parasite culture, RNA extraction and reverse transcription. P. falciparum
parasites clone 3D758.42%, clone FCR3S1.2 and strain R29 were cultivated
in vitro according to standard procedures®®31. Cultures were routinely tested
for the presence of mycoplasma. Late ring or early trophozoite-stage parasites
(10,20, 30 h post invasion (p.i.)) as well as schizont stage parasites (40 h p.i.) were
used to isolate RNA using the RNeasy Mini Kit (Qiagen, Germany) according
to the manufacturer’s instructions. Samples were DNase treated (Turbo DNase,
Ambion, Texas, USA) and reverse transcribed (Superscript III RNase H reverse
transcriptase, Invitrogen, California, USA) using a mix of random hexam-
ers and oligo(dT)12-18 (300 ng/ml and 25 ng/ml, respectively) at 25 °C for
10 min, 50 °C for 2 h and 70 °C for 15 min. The cDNA was subsequently used
to perform real-time reverse-transcription (RT)-PCR analysis. The PCR mix
was prepared by addition of 1 ul of cDNA, 200 UM of gene-specific primers
or fructose bisphosphate primers, 1x SYBR green mix (Invitrogen, USA) and
DNase- and RNase-free water was added to a final volume of 10 pl. The reac-
tion was set up at 95 °C for 15 s, 50x at 95 °C for 10 s, 60 °C for 45 s with data
recorded at the elongation step. The threshold cycles were calculated and the
data was analyzed based on the 2-AACt method.

RNA-seq. Total RNA was isolated at 10 h, 20 h, 30 h and 40 h after mero-
zoite invasion and isolated using the TRIzol method®. Briefly, 100 UL pellets of
FCR3S1.2 of IT4 origin (~20% parasitemia) were suspended in 1 ml of TRIzol
(Invitrogen) and extracted with 200 UL of chloroform. The total RNA in the
aqueous phase was precipitated with 0.5 ml of isopropanol, and washed with
75% ethanol. The RNA was air-dried, dissolved in DNase- and RNase-free water.
5 ug of RNA for each time point was used to prepare cDNA libraries using a
poly-A adaptor at the 3" end. The libraries were sequenced using high through-
put Illumina sequencing technology. The resulting reads were assembled and
analyzed by aligning with the genome sequence of the parasite IT4. The expres-
sion was represented either as FPKM (fragment per kilobase of exon per million
fragments) or counts.

Trypsin treatment of the iRBC surface. MACS-purified iRBCs® were treated
with trypsin at various concentrations at 37 °C for 10 min. Trypsin was inhibited
with soybean trypsin inhibitor, followed by washing of iRBCs with RPMI. iRBCs
were resuspended in RPMI containing 10% A* human serum (purchased from
Karolinska Hospital, Stockholm, Sweden) and blood group A or O RBCs were
added and incubated for 1 h at 37 °C. The rosetting rates were estimated with
respect to a mock-treated control and Student’s ¢-test for unpaired samples was
used to study the significance of the data (see ref. 32 for more details).

Blood group preference in the formation of rosettes. iRBCs with parasites
older than 24 h p.i. were enriched by MACS* and resuspended in malaria-
complete medium with 10% human serum (MCM). Non-parasitized RBC of
blood groups A and O were each labeled with a PKH Fluorescent Cell Linker
(Sigma, USA) using PKH67 for green and PKH26 for red labeling. 1 ul of
packed RBC was washed twice with RPMI, mixed with 125 pl of Diluent C and
subsequently a mixture of 0.5 pl of PKH67 or PKH26 in 125 ul of Diluent C.
The mixture was incubated for 5 min at room temperature (RT; 25 °C). 250 pl of
PBS with 3% fetal calf serum (FCS) was added and the cells were subsequently
washed twice with RPML The group O or A RBCs (labeled in the different colors)
were resuspended in MCM to a 5% hematocrit and mixed in equal amounts.
Purified iRBCs were subsequently added to generate a final parasitemia of 10%.
The MACS-enriched iRBCs were passed through a needle directly before addi-
tion to the labeled, non-infected RBCs in order to mechanically brake rosettes
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and autoagglutinates. Rosettes were allowed to re-form for 60 min at RT and the
percentage of blood group A or O RBCs bound to each iRBCs was determined
via microscope by scoring 100 individual rosettes.

Preparation of parasite extracts and immunoblotting. Whole cultures of
FCR3S1.2 parasite at 20-25 h p.i. (parasitemia, ~8%) were lysed using saponin
at a final concentration of 0.05% and the parasite pellet obtained after cen-
trifugation was washed once with PBS. The parasite proteins were subsequently
extracted with 0.5% Triton X-100 and centrifuged at 10,000 g for 5 min. The
insoluble proteins in the pellet obtained after centrifugation were further
extracted with 2% SDS. The total amount of protein in the 2% SDS extract was
measured using a Bradford reagent (Bio-Rad, USA).

For immunoblotting, 8 pig of total parasite protein was resolved in 4-15%
SDS-PAGE gradient gels (Invitrogen, USA). The proteins from the gel were
transferred onto a nitrocellulose membrane and the membrane was blocked with
3% milk in PBS with 0.05% Tween 20 (PBST) at 4 °C overnight. The membrane
was subsequently incubated with purified anti-goat RIFIN IgG against the full-
length A-RIFIN protein PF3D7_0100400 or to a peptide of the C-terminal region
of the RIFIN (RYRRKMKLKKKLQYIKLLEE; in rabbit) at concentrations of
10 pg/ml for 2 h at RT. After washing the blot three times with PBS-Tween 20,
the blot was incubated with HRP-conjugated anti-goat IgG (catalog no. 81-6129,
Invitrogen, USA) or anti-rabbit IgG (catalog no. NA934V, ECL Biosciences) ata
dilution of 1:5000 for 1 h at RT. Anti-rabbit PfHsp70 at a dilution of 1:1000 was
used as a loading control (catalog no. SPC-186D, StressMarq Biosciences Inc.,
USA). The blots were washed and developed with chemoluminescence reagents
(ECL, Thermo Scientific, USA).

RIFIN purification from E. coli. The sequence of the A-RIFIN PF3D7_0100400
was optimized for expression in E. coli (DNA 2.0) and the gene was ampli-
fied between 114-987 bp using forward and reverse (Supplementary Table 1)
primers with Ndel and Xhol restriction sites for cloning into pJ414 vector. The
vector and the PCR-amplified product were digested with Ndel and Xhol and
ligation was performed. The ligation mix was transformed and the colonies were
PCR-screened for the presence of the rif genes. The positive clones were further
confirmed through DNA sequencing. A positive clone was transformed into
SHuffle T7 cells and expression of RIFIN was performed and studied. Briefly, 1%
of overnight culture of E. coli-RIFIN was inoculated in Terrific Broth at 30 °C
and cells were grown to an ODg of 0.4-0.6. The cells were then induced with
0.4 mM IPTG for 15-16 h at 16 °C. The cells were pelleted and lysed in 20 mM
Tris (pH 8.0) and 150 mM NaCl (TBS) buffer by sonication. After centrifuga-
tion at 16000 r.p.m. for 1 h, the pellet was solubilized in TBS with 5x critical
micelle concentration (CMC) of DDM (Anagrade, Affymetrix, CA, USA) for
5 h at 4 °C and centrifuged at 18000 r.p.m. for 1 h. The pellet obtained was
solubilized again in TBS containing 50x CMC of DDM overnight at 4 °C. After
centrifugation, the supernatant was loaded on a MonoQ resin (GE Healthcare
Life Sciences, USA) and washed with TBS. The protein was subsequently eluted
with a gradient of TBS and 20 mM Tris containing 1 M NaCl. The fractions were
analyzed by SDS-PAGE and the fractions containing the protein were pooled.
The pooled fractions were loaded onto a 24-ml Superdex $75 10/300 GL column
(GE Healthcare Life Sciences, USA) in TBS with 1x CMC of DDM. The peak
fractions were analyzed using SDS-PAGE.

PCR and plasmid construction. All PCR amplifications were done with Pfu
Turbo DNA polymerase (Stratagene, California, USA) and purified using the
QIAquick gel extraction kit (Qiagen, Germany). All DNA sequencing was
performed using BigDye Terminator v3.1 and an ABI Prism 3130xL Genomic
Analyzer capillary sequencer (Applied-Biosystems, California, USA). We used
primers that target full-length genes to amplify Pf3D7_0100400 and Pf3D7_
0900500 from a mix of cDNA from late-ring, early trophozoite and schizont
3D7S8.4 parasites. The PCR products were cloned into pCR 2.1 TOPO vec-
tor (Invitrogen, California, USA) and verified by sequencing. We subsequently
amplified the genes from cloned plasmids with a second round of PCR amplifica-
tion in which we modified the genes (i) by the introduction of an Xbal site, and
(ii) by changing the context of the region immediately upstream of the initiator
ATG codon to a Kozak consensus ribosome binding sequence, GCCACCATGG
(refs. 33,34); both changes were encoded within the 5" PCR primer. The reverse
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primer encoded the 3" end of the genes including the stop codon and a Smal site
for cloning. The genes were cloned into pGEM1 downstream of the SP6 pro-
moter as an Xbal-Smal fragment. Restriction enzymes were from New England
Biolabs, Inc. (Massachusetts, USA).

Additionally, we modified each gene by site-specific mutagenesis to introduce
or remove glycosylation acceptor sites, i.e. we modified one or more appro-
priately positioned codons for the acceptor tripeptide NX (S/T). Site-specific
mutagenesis was performed using the QuickChange Site-Directed Mutagenesis
kit (Stratagene, California, USA). All mutants were confirmed by sequencing of
plasmids. Primers are listed in Supplementary Table 1.

In vitro expression with dog-pancreas microsomes. DNA template for in vitro
transcription was prepared®. Briefly, transcription with SP6 RNA polymerase of
the relevant pGEM1-derived plasmids was performed for 1 h at 37 °C. We per-
formed mRNA translation in nuclease-treated reticulocyte lysate supplemented
with [3°S]Met and rough microsomes from dog pancreas as described!” at 30 °C
for 1 h. Samples were analyzed by SDS-PAGE, and proteins were visualized in
a Fuji FLA-3000 phosphorimager (Japan) using the Image Reader V1.8]/Image
Gauge V3.45 software.

Cloning and expression of RIFINs in CHO cells. Genes encoding A-RIFINs
PF3D7_0100400, PF3D7_1101100, and B-RIFIN PF3D7_0900500 were PCR
amplified from amino acid 38 to 329 and cloned into BglII and Sall sites in
a pDisplay vector (Invitrogen, USA). Proteins expressed from the pDisplay
vector were fused at the N terminus to the mouse Ig k-chain leader sequence,
to direct the protein to the secretory pathway, and at the C terminus to the
platelet-derived growth factor receptor (PDGFR) transmembrane domain,
which anchors the protein to the plasma membrane, displaying it on the
extracellular side. The expression construct held sequences encoding a
hemagglutinin A tag (HA) at the N terminus and a MYC tag at the C termi-
nus of the RIFINs. All the constructs were confirmed by sequencing using
Big Dye Terminator v3.1 and ABI Prism 3130xL Genomic Analyzer capillary
sequencer (Applied Biosystems, California, USA). The pDisplay constructs
containing genes encoding A-RIFINs PF3D7_0100400, PF3D7_1101100,
or B-RIFIN PF3D7_0900500 were transfected into CHO cells using Fugene
(Roche biosciences, Switzerland) according to the manufacturer’s protocol.
Briefly, CHO cells were plated in 6-well plates 16-18 h before transfection. Fugene
was diluted in 100 ul of incomplete RPMI and incubated for 5 min, followed by
addition of DNA to maintain a Fugene to DNA ratio of 6:1. After incubation at RT
for 30 min, the DNA-Fugene complex was added to the cells. CHO cells were main-
tained with the complex at 37 °C. The transfection media was removed after 48 h
and cells were selected by the addition of the drug G418 at 1 mg/ml. The surface
expression of the proteins was analyzed by FACS using antibodies against the
HA (N terminus) and MYC (C terminus) epitopes. Briefly, the cells were washed
twice with PBS and scraped loose in PBS/0.5mM EDTA with a rubber policeman
(onice), centrifuged and blocked with PBS holding 10% FCS for 30 min (on ice).
The cells were incubated with rabbit anti-HA (catalog no. H6908, Sigma-Aldrich,
USA) or anti-MYC (catalog no. C3956, Sigma-Aldrich, USA) antibodies at a
dilution of 1:100 for 1 h, washed followed by 30 min incubation with anti-rabbit
IgG coupled to Alexa Fluor 488 (1:100, catalog no. A11070, Invitrogen, USA).
CHO cells expressing the RIFINs were repeatedly enriched during prolonged
cultivation using the HA-specific antibody conjugated to anti-rabbit IgG-coated
micro-beads and subjected to magnetic cell sorting (Miltenyi Biotec, Bergisch
Gladbach, Germany).

RBC binding to CHO cells. Transfected or control cells were seeded in 6- or
12-well culture plates overnight and grown until they were 40-50% confluent.
Aliquots of blood group A or O RBC were washed twice in PBS and added to
the cells at 2% hematocrit in complete growth media. The cells were incubated
with erythrocytes at 37 °C in a CO, incubator for either 5 or 15 h and subse-
quently washed extensively three times with RPMI to remove unbound RBCs.
Binding was assessed by microscopy (Diaphot 300, Nikon, Japan). The binding
was calculated as the percentage of CHO cells that bound RBC. Further, bind-
ing was also estimated as to the number of RBC bound (3-4 or >5) per 1,000
cells using a Nikon Diaphot 300 (Japan) microscope at a magnification of 100x.
3-0-N-acetylgalactosaminidase (Azyme) and 3-o.-galactosidase (Bzyme)
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were used for the conversion of blood group A and B, respectively, to blood
group O (ref. 18).

RIFIN purification from S2 cells. The A-RIFIN gene sequence PF3D7_0100400
optimized for the Drosophila expression system (Genscript, USA) was amplified
from bps 114to 987 for cloning into the insect expression vector pMT/BiP/V5-His A.
The gene encoding A-RIFIN was PCR amplified using primers for BglII and
Xhol sites (Supplementary Table 1). The PCR-amplified fragment and the
vector pMT/BiP/V5-His A were digested with the above enzymes and ligated
together. The ligation mix was transformed in XL10 gold-competent cells and
positive clones were selected and confirmed by sequencing. The clones were
then transfected into Schneider 2 (S2) Drosophila cells. S2 cells were maintained
in S2 media with 10% FCS. The cells were transfected using manufacturer’s
protocol (Invitrogen, USA). Briefly, 1 x 106 cells were plated into 24-well plates.
The transfection mix was prepared by adding a mix of 2 M CaCl, (36 ul),
DNA (19 ng) and pCoBlast (1 LLg) to a final volume of 300 ul to an equal volume
of 2x HEPES-buffered saline (50 mM HEPES, 1.5 mM Na,HPO,, 280 mM
NaCl (pH 7.1)) and incubated at RT for 30-40 min. The transfection mix was
placed onto the S2 cells and complete S2 media was added after 24 h. After 48 h,
blasticidin (25 pig/ml) was added to transfected S2 cells. After S2 cells were stable
in the blasticidin, they were induced with CuSO, and the supernatant was tested
for expression of A-RIFIN.

For expression of A-RIFIN PF3D7_0100400, S2 cells stably transfected with
A-RIFIN were cultured at a 1-2-liter scale and induced with 0.6 mM CuSO, for
48 h. The supernatant was collected, concentrated using diafiltration (Millipore,
USA) and dialyzed against TBS (20 mM Tris and 150 mM NaCl (pH 8.0)). The
dialyzed medium containing 10 mM imidazole was loaded onto a column with
cobalt beads (TALON, GE healthcare, USA). The column was washed with 10 mM
imidazole in TBS and the protein was eluted with 150 mM imidazole in TBS.
The fractions were analyzed using SDS-PAGE and the fractions containing the
A-RIFIN were pooled and dialyzed against TBS. The purified protein was used
for RBC binding assay.

RIFIN-RBC binding assays. The purified RIFIN protein from S2 cells holding
a 6x His tag and a V5 tag was used for RBC binding assays. Blood group A and
O RBCs were washed three times with PBS containing 2% human serum. 10 ul
of RBC at 1% in PBS with 2% human serum added were incubated with vari-
ous concentrations of the protein for 1 h at RT. The RBCs were washed three
times with PBS with 2% human serum and the protein that bound to the RBCs
was eluted with 1.2 M NaCl. The eluates were run in SDS-PAGE, followed by
immunoblotting with an anti-V5 antibody (catalog no. R960-25, Invitrogen,
USA) to detect the RIFIN. The blots were developed using a chemiluminescence
reagent (Thermoscientific, USA).

Generation of immune sera. E. coli-purified A-RIFIN (PF3D7_0100400) was
used to repeatedly immunize rats, rabbits and a goat using Freund’s incom-
plete adjuvants (Agrisera, Vannis, Sweden). The C-terminal region of the
RIFIN (RYRRKMKLKKKLQYIKLLEE) coupled to KLH was used to immunize
rabbits using Freund’s incomplete adjuvant. The sera were collected after the
fourth immunization and the IgGs were purified and used in the various assay.
For polyclonal goat IgG (anti-PfEMP1-DBL10-1Tvar60, anti-PfEMP1-
DBL10-PAvarO, anti-PfEMP1-DBL10-ITvar9) and mAbs specific for PEEMP1
please see refs. 32,36.

Analysis of antibody-surface reactivity of iRBCs. Reactivity of antibodies
with the iRBC surface was tested with FACS as described previously®® or by
laser-scanning confocal microscopy using a Zeiss LSM 700 microscope. Briefly,
iRBCs of ~24-30 h p.i. were incubated with the polyclonal goat IgG to RIFIN
(PF3D7_0100400) or to PIEMP1 (NTS-DBL1c) (10-500 pg/ml) or with rat sera
to NTS-DBL1-o of PfEMP1-1Tvar60 (final dilution 1:10) for 30 min followed
by a 30 min incubation with species-specific anti-IgG antibodies coupled to
Alexa Fluor 488 (catalog no. A110006; Invitrogen, USA) or Alexa Fluor 594
(catalog no. A10545, dilution 1:100, Invitrogen). The antibodies were diluted
in PBS with 2% FCS. Negative controls were treated the same way, using non-
immune goat IgG (catalog no. 005-000-003, Chromapure) or non-immune rat
serum (catalog no. 012-000-003, Chromapure, USA) as the primary antibodies.
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For all experiments, goat IgG was pre-absorbed on blood group O RBCs. In
brief, goat IgG at a concentration of 500 pug/ml was mixed with packed RBCs at
1/15th of the volume and incubated at RT for 1 h, the procedure was repeated
once and the supernatant was used for the experiments. For nuclear staining,
ethidium bromide was added at a final concentration of 2.5 ig/ml; cell acquisi-
tion was done using flow cytometry (FACSCalibur, BD Bioscience, USA) in
which 2,500 iRBCs were counted. The analysis was performed using FlowJo
software. Normal, non-immune goat IgG or pre-immune rat sera were used
as controls in all experiments at identical concentrations. For confocal micro-
scopy the unfixed, labeled iRBCs were immobilized on glass slides at a 0.5%
hematocrit in Matrigel (BD Matrigel Basement Membrane Matrix; phenol and
LDEV-free) and allowed to solidify 30 min at RT under 0.17 mm borosilicate
cover slips (Marienfeld Borosilicate glass D 263 M, hydrolytic class 1). Samples
were subsequently viewed in a Zeiss LSM 700 laser scanning confocal micro-
scope, Observer.Z1 stage and C-Apochromat 40x/1.2-W Korr %/0.14-0.19 UV-
visible-IR objective. Images were acquired through Zen 2010 V6.0.0.309 using a
36-um pinhole, 0.02 um XY scaling, 23.06 m XY stack size and 6.9 times scan
zoom in one plane.

Enrichment of specific IgG on RIFIN- or PfEMP1-coupled beads. To purify
A-RIFIN- or PfEMP1-specific IgG from the total IgG preparations, recombinant
A-RIFIN (PF3D7_0100400) or PfEMP1, purified from bacteria, were coupled
to AminoLink Coupling gel (Thermoscientific, USA). The conjugation was car-
ried out by mixing the AminoLink Coupling gel (1 ml) with 3 mg of RIFIN or
PfEMP1 (NTS-DBL10-CIDR1Y, PfIT4var60), and adding 25 ul of cyanoboro-
hydride solution per ml of the reaction volume and incubating the mixtures
overnight at 4 °C. The gels were washed once with 1 M Tris to stop the coupling
reaction and then an equal volume of 1 M Tris and 50 ul of cyanoborohydride
per ml of gel was added and incubated for 30 min at RT. The gels were washed
several times with 1 M NaCl for complete removal of uncoupled protein and
stored in PBS at 4 °C. A-RIFIN- or NTS-DBL10-CIDRY-coupled gels were
incubated, respectively, with A-RIFIN- or PEMP1-specific IgGs for 2 h at RT,
followed by washing with 10 column-volumes of PBS. The bound IgG was eluted
using 100 mM glycine (pH 2.5) and the pH was rapidly adjusted to 7.0 by the
addition of Tris base. The eluted fractions were pooled and dialyzed extensively
against PBS. The concentration of IgG used for rosette disruption assays was
measured using Bradford reagent (Bio-Rad, USA).

Rosette disruption assays. Various dilutions of purified goat IgG (anti-RIFIN,
anti-PfEMP1-ITvar60, anti-PfEMP1-PAvarO, anti-PfEMP1-1Tvar9)323¢ or non-
immune IgG (no. 005-000-003, Chromapure, USA) were prepared to a final
volume of 20 pl and added to 20 pl of parasite culture at 4% hematocrit to yield
final concentrations of 125 pg/ml, 250 pg/ml, 500 pg/ml or 750 pg/ml. The
mixtures were incubated for 1 h at RT and the rosettes were counted after stain-
ing the parasites with acridine orange. The rosetting rate is presented as the
percentage of number of rosettes formed by the total number of late-stage iRBCs
and the inhibition of rosetting was expressed with respect to rosetting in the
control cultures where no antibody was added. Rosette disruption assays using
N-acetylneuraminic acid (sialic acid) were similarly performed as above.

Transfection of P. falciparum with rif genes. Total RNA was isolated 20 h
after invasion from FCR3S1.2 culture. The cDNA was prepared and the PFIT_
bin05750 gene was amplified using forward and reverse primers using Xhol
and restriction sites respectively for cloning into pARL-2-GFP vector such that
the GFP gene was in frame with PFIT_bin05750. The positive clones were also
confirmed by sequencing and used for transfection of FCR3S1.2 and R29 para-
sites. For transfection into parasites, an erythrocyte DNA-loading protocol was
followed?". Briefly, 350 ul of RBCs at 50% hematocrit were washed once with
incomplete Cytomix>?. The RBCs were resuspended in RPMI containing 75 lg
of pARL-2-5750-GFP and the final volume was up to 400 ul and transferred to
0.2 cm cuvette (Bio-Rad, USA). The cells were electroporated with 0.31 kV, 960
UFD and the time constant was in the range of 10-14 ms. The cells were taken
out of the cuvette and resuspended in complete RPMI and centrifuged. In the
meantime, parasites selected for low rosetting (FCR3S1.2-low or R29-low) were
diluted 1:10 and DNA-loaded erythrocytes were added to the culture and incu-
bated at 37 °C. The drug pyrimethamine was added to the culture after 48 h and
fresh medium was subsequently added every 2 d until parasites appeared.
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Enzyme treatment of RBCs and rosette re-formation assay. 100 p1l of RBCs
were washed three times with incomplete RPMI and incubated for 1 h with
67 mU/ml of neuraminidase, 100 pg/ml of trypsin or 100 pg/ml of chymotrypsin.
The RBCs were subsequently washed three times with incomplete RPMI and
resuspended at a 4% hematocrit in complete RPMI.

The trophozoite-stage parasites were MACS purified (~95-99% purity) and
incubated with normal or enzyme-treated RBCs for 1.5 h at 37 °C for rosettes
to re-form. The rosettes formed were counted on a Nikon microscope (Diaphot
300, Nikon, Japan) after acridine orange staining of the parasites.

For rosette reformation with En(a-), S-s-U-, Ge:-2,3 or Ge:—2,-3 RBCs the
RBC variants were washed three times with incomplete RPMI and resuspended
in complete RPMI at 4% hematocrit. Similarly purified trophozoites (~95-99%
purity) were incubated with equal numbers of RBC variants for 1.5 h at 37 °C.
Rosettes were counted in the Nikon microscope after rosette re-formation and
acridine orange staining.

Animals. 8 male Sprague-Dawley rats (B&K, Sweden) of 3-6 months of
age were kept either in the of the Fagraeus animal facility or in the animal
facility of the Microbiology and Tumor Biology Centre at Karolinska Institutet. All
animal experiments were performed in compliance with ethical regulations (Swedish
Board of Agriculture; http://jordbruksverket.se/) and with the permission of
Northern Stockholm (permission no. N159/14) and Centuri ET no. 39862. Goats
and rabbits were maintained by the company Agrisera AB (http:// www.agrisera.se),
following the same ethical regulations as laid out by the Swedish Board of
Agriculture.

99mTechnetium labeling and in vivo sequestration assay. Uninfected or MACS-
purified iRBCs were labeled with **™Tc according to Petterson et al’’. Briefly,
purified iRBC or uninfected RBCs were labeled with 1000 MBq**™Tc /ml for
20 min at 37 °C. After washing three times with RPMI, the iRBCs and RBCs
were resuspended in RPMI, the level of ®™Tc labeling was measured, and the
labeled cells were injected into the rats. The sample size was based on results of
previous sets of experiment®”.

Rats were chosen for each sample in a random manner and were sedated by
a subcutaneous injection of midazolam (Dormicum, Roche) and placed on a
heat pad located in a double-headed gamma camera. *™Tc-labeled iRBCs or
RBCs (0.3-0.5ml, 2 x 107 to 5 x 107 cells) were injected into the tail vein, and
dynamic, whole-body images were acquired for 30 min at a rate of one frame per
second. The rats were subsequently killed via injection of pentobarbital sodium
(60 mg/ml) and the lungs were removed and fixed in a 0.2% paraformaldehyde
solution. The counts of the dissected lungs were similarly measured in a double-
headed gamma camera. Acquired images were analyzed by merging the frames
and calculating regions of interest (ROIs) in images in whole body as well as
ROIs in dissected lungs. The percentage of sequestered parasites in the lungs
was determined by calculating counts retained in the lungs over total counts
injected in the respective rats®’.

Statistical analysis. Each experiment was performed three to five times and the
data are plotted as mean values * standard error of means (sem). All statistical
analysis was performed using GraphPad Prism software 3.0 and included two-
tailed Student’s t-test or one-way ANOVA for comparing the means of two or
multiple groups. P < 0.05 was considered statistically significant. No data were
excluded in any of the experiments. For performing in vivo experiments, rats
were assigned into different groups without any bias and each group consisted
of three rats. The experiment in which sequestration of parasites was scored in
the lungs of rats was done by an independent researcher (L.I) who was blinded
to the treatment conditions.
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We have synthesized glycosylhydrazines of various
mono- and oligosaccharides and coupled these to per-
iodate- or galactose oxidase-treated human red cells
and K562 erythroleukemia cells. The optimal condi-
tions for this carbohydrate modification of cells have
been established. This method makes it possible to
specifically elongate oligosaccharide chains of cell sur-
face glycoconjugates with desired carbohydrates. In
this way, new antigenic and receptor properties can be
conferred to cells, and the functional roles of carbo-
hydrates in cell surface glycoconjugates can be studied.
The method has been used to make red cells of blood
group O reactive with anti-A and anti-B sera, and in
rendering K562 cells or red cells of blood group O
agglutinable with the a-N-acetylgalactosamine-spe-
cific Helix pomatia lectin.

Cell surface carbohydrates are known to act as receptors
for microbes and various ligands (1, 2), to constitute blood
group antigens (3), and to be involved in intercellular adhesion
(4), but, in general, their functions have remained poorly
understood. The molecular diversity of these structures indi-
cates, however, that they could be responsible for several
specific functions.

In principle, it should be possible to gain insight into the
functions of cell surface carbohydrates by inhibiting their
synthesis, by modifying their structures, or by introducing
new attachment sites on polypeptide backbones. Modifica-
tions can be achieved either by interfering with cellular bio-
synthetic routes or by attaching new carbohydrates to the cell
surface glycoconjugates.

The biosynthesis of N-glycosidic oligosaccharides can be
inhibited by tunicamycin, 2-deoxyglucose, glucosamine, and
other agents (5). Such experiments have shown that the
inhibition of the synthesis of N-glycosidic carbohydrate pre-
vents the intracellular migration of some proteins (6) and, in
certain instances, renders the proteins more susceptible to
proteolytic enzymes (7). By site-directed mutagenesis, it has
been shown that elimination of the site of oligosaccharide
attachment on a polypeptide chain may affect profoundly its
intracellular migration and that the exact location of the
attachment site is not crucial (8). When inhibitors of the
“trimming” reactions that are involved in the biosynthesis of
N-glycosidic oligosaccharides are used, carbohydrate struc-
tures corresponding to intermediate stages of biosynthesis
accumulate (9). In this way, it has been shown, for example,

* This work was supported by the Academy of Finland, the Sigrid
Juselius Foundation, the Finska Lakaresallskapet, and National Can-
cer Institute Grant 5 RO1-CA 26294-05. The costs of publication of
this article were defrayed in part by the payment of page charges.
This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

that altered cell surface carbohydrates are important for rec-
ognition in the mixed lymphocyte reaction (10).

Another approach is to study mutant cells which lack
specific glycosyltransferases. This has made it possible to
draw important conclusions about the biosynthesis and func-
tions of cellular glycoconjugates (11, 12).

Most of the modification systems have in common the fact
that they result in diminution of the normally occurring
oligosaccharides; the possibilities to add structural elements
are limited. Furthermore, the modified structures are not
exclusively on the cell surface, but are also present intracel-
lularly, which may cause different effects. One solution is to
use glycosyltransferases and nucleotide sugars to add terminal
monosaccharides externally, but, due to strict substrate spec-
ificities, more extensive modifications have not been possible.

Because of these limitations, we have begun to explore
other possibilities to externally introduce “new” carbohydrate
structures specifically into cell surface glycoproteins and gly-
colipids. Hydrazine derivatives are strongly reactive with al-
dehyde groups, and glycosylhydrazines of reducing mono- and
oligosaccharides are easily synthesized. Using galactose oxi-
dase or periodate treatments, aldehyde groups can specifically
be generated in cell surface galactose/N-acetylgalactosamine
(13, 14) and sialic acid residues (15), and here we have
investigated the conditions for introducing glycosylhydrazines
into oxidized cell surface glycoconjugates. The results show
that different mono- and oligosaccharides can specifically be
covalently attached to cell surface glycoproteins and glyco-
lipids. This method thus enables the modification of cell
surface glycoconjugates in principle by any available carbo-
hydrate which contains a reducing group.

EXPERIMENTAL PROCEDURES AND RESULTS!

DISCUSSION

In several systems, glycoconjugate changes have been ob-
served associated with cellular differentiation and malignant
transformation (30-33). The galactose oxidase/NaB*H, (13)
and periodate/NaB®H, (15) labeling methods, specific for cell
surface galactose/N-acetylgalactosamine- and sialic acid-con-
taining glycoconjugates, respectively, have proven extremely
useful for studying such changes. The direct role, if any, of

! Portions of this paper (including “Experimental Procedures,”
“Results,” Figs. 1-10, and Table I) are presented in miniprint at the
end of this paper. The abbreviations used are: NaCl/PO,, 0.135 M
NaCl, 0.01 M sodium phosphate buffer; Fuc, L-fucose; Gal, p-galac-
tose; GalNAc, N-acetyl-D-galactosamine; Glc, D-glucose; GlcNAc, N-
acetyl-D-glucosamine; Cer, ceramide. Miniprint is easily read with
the aid of a standard magnifying glass. Full size photocopies are
available from the Journal of Biological Chemistry, 9650 Rockville
Pike, Bethesda, MD 20814. Request Document No. 85M-4028, cite
the authors, and include a check or money order for $6.40 per set of
photocopies. Full size photocopies are also included in the microfilm
edition of the Journal that is available from Waverly Press.
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FiG. 11. Formation of mannosylhydrazine from mannose
and hydrazine. A, a-D-mannopyranose; B, D-mannose; C, hydrazone
of D-mannose; D, D-mannosylhydrazine.

F1G. 12. A schematic drawing of the reaction of glycosylhy-
drazine with an oxidized cell surface oligosaccharide. Arrow
points to the reducible hydrazone linkage.

cell surface oligosaccharides in these events has, however,
remained unclear. To tackle this problem more directly, we
have developed a method for attaching mono- and oligosac-
charides specifically to cell surface oligosaccharides. Sugars
which contain reducing groups can be changed into their
hydrazine derivatives (Fig. 11). The glycosylhydrazine and
hydrazone forms are at equilibrium with each other (Fig. 11,
C and D), the glycosylhydrazine being predominant in
aqueous solutions (34). Therefore, the term “glycosylhydra-
zine” has been used when referring to these reagent prepara-
tions in this work. The glycosylhydrazines can subsequently
be attached to aldehyde-containing cell surface oligosaccha-
rides as outlined schematically in Fig. 12.

In the present work, we have studied the optimal conditions
for glycosylhydrazine modification of cell surface glycoconju-
gates using the well characterized human red cell membrane
as a model system. As expected, both glycoproteins and gly-
colipids reacted with glycosylhydrazines, and the reaction was
absolutely dependent on previous membrane oxidation. In
addition to [*H]mannosylhydrazine and glycosylhydrazines of
transferrin *H-oligosaccharides, we have used glycosylhydra-
zines of [**C]galactose, [*H]sialyllactose (periodate/NaB*H,-
labeled), and *H-oligosaccharides prepared from o;-acid gly-
coprotein and fetuin. The results are similar to those described
for the model compounds.

It was important to find reaction conditions gentle enough
to keep the cells viable and thus useful for subsequent studies.
Modification of surface oxidized cells with glycosylhydrazines
at pH 7.0 and 37 °C for 1 h under isotonic conditions was a
compromise between the effects of pH, temperature, and time
of incubation. The method is gentle for biologically active
oligosaccharides, as the blood group A- and B-active oligosac-
charides were shown to retain their receptor activities for
lectins and blood group antibodies when attached to the cell
surface.

We have previously used methionyl sulfone hydrazide to
label oxidized cell surface glycoproteins (35). The labeling
was enhanced by Mn?*, but, with carbohydrate hydrazines,
no enhancement of labeling was observed (results not shown).

Carl_G_190x270_mm_blokki_FINAL.indd 178

9547

Other hydrazine derivatives have previously been used to
introduce functional groups in oxidized cell surface glycocon-
jugates including biotin hydrazide (36), ferritin hydrazide (37),
various fluorescent hydrazides (38), and acylhydrazides (39).
Also mannosyl-S-(CH,);-CONHNH, has been coupled to red
cells resulting in increased reactivity with concanavalin A
(40). This type of hydrazine derivative of a saccharide is,
however, more difficult to synthesize, and the structural
change at the cell surface is more extensive due to the long
hydrocarbon chain.

Neoglycoconjugates have previously been prepared by sev-
eral methods by which carbohydrate derivatives have been
coupled to amino groups in proteins and lipids (41-44). These
have proven extremely useful for a number of purposes. How-
ever, they have not been applied to living cells.

The present method should have several useful applications
in studies on the function of carbohydrates in glycoconjugates.
As shown, altered antigenic properties and changed cellular
reactivities with lectins, carbohydrate-binding toxins, or other
ligands can be easily achieved. Whether these modifications
will result in any physiological responses seems worth exam-
ining.

Acknowledgments—We thank Professor P. Sinay for the B-active
trisaccharide, A. Lampio for the glycolipid preparations, and L.
Peltokorpi for endo-3-N-acetylglucosaminidase F.
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SUPPLEMENTARY MATERIAL

In Vitro Attachment of Mono- and Oligosaccharides
To Surface Glycaconjugates of Intact Cells

Martti Tolvanen and Carl G. Gahmberg

EXPERIMENTAL PROCEDURES

Isotopes
nasd, (223 Cifmmol), (2-M)mannose (13.4 Cifmmol), {3-'%C )-D-galagtose (50
mCi/mmol), [1-14C) -D-galactosamine~HCL (48 mCi/mmol), [ D-glucose-1-!4C)lactose

(57.6 mCl/mmol) and [1-'“Clacetic anhydride (20 mCi/mmol) were obtained from The

Centre, A ) UK.

Enzymes

Galactose oxidase from Dactylium dendroides was purchased from Kabi Ltd.,
Stockholm, Sweden, and neuraminidase from Vibrio cholerae from Koch-Light Ltd.,
Raverhill, U. K. Endo-p y F was rom the culture
medium of Flavobacterium meningosepticum, a strain obtained from The American
Type Culture Collection (16).

Other reagents

Anti-A and anti-B blood group antisera were obtained from the Finnish Red Cross
Blood Service. Helix pomatia lectin, purified as described (17), was donated by
S. Hammarstrdm, University of Stockholm, Sweden. The blood group A active hepta-
saccharide GalNAcal=3(Fucale+2)Galpl+3{Pucal+4)GLcNACE1+3Gali1+4Gle was obtained
from BioCarb Chemicals, Lund, Sweden. The blood group B active synthetic tri-
saccharide Gali1+3(Fuca1+2)Gal was a generous gift from Professor P. Sina¥,
University of Orleans, France. aq-Acid glycoprotein was purified from human urine
(18). Human transferrin, bovine serum albumin, fluorescein isothiocyanate and
sialyl lactose were purchased from Sigma, St. Louis, MO., USA, Blue Dextran 2000
from Pharmacia Fine Chemicals, Uppsala, Sweden, and sodium odate and
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After incubation the cells were washed three times with ice-cold NaCl/PO,, pH
7.4, and lysed by adding ice-cold 5 mM Tris-HCl buffer, pH 8.0, The cell mem-
branes were isolated by centrifugation at 20,000 x g for 20 min. and washed twice
with the Tris buffer., The incorporation of the labeled mono/oligosaccharides was
assayed by liquid scintillation counting of an aliguot or the whole membrane
sample in a Triton-X-114-based scintillation fluid. All experiments were carried
out with duplicate cell samples and the results are mean values.

Glycosylhydrazines of the blood group A active heptasaccharide and the blood
group B active trisaccharide (about 100.ng) were coupled to periodate-oxidized
red cells of blood group O using 2 x 108 cells per sample in 100 pl of NaCl/PO,,
pH 7.0. The reaction mixtures were incubated at 37 °C for 1 h and the cells were
washed three times before agglutination tests.

K562 cells (23) were grown in RPMI 1640 medium (Flow Laboratories, Irvine, U. K.)
supplemented with 10 % fetal calf serum (Flow Laboratories). Washed cells were
treated with 2 mM periodate at 0 OC. Glycosylydrazine of the blood group A active
heptasaccharide was allowed to react with 8 x 10° cells as described above but
using incubation at 25 °C.

Stability of gl syl on cell surface

Periodate/ [3H Imannosylhydrazine and neuraminidase plus galactose oxidase/{H]-
mannosylhydrazine treated red blood cells were prepared. A part of both samples
was reduced with NaBH, (2 mg/ml) for 30 min. at 25 °C. The resulting four samples
were washed three times with NaCl/BO,, pi 7.4, and suspended in the same buffer
at a concentration of 5 x 10 cells/ml. The suspensions were incubated at 37 °C,
and duplicate samples of 200 pl were taken at indicated times. The membranes were
isolated for protein (24) and radiocactivity determinations.

Cell surfacg labeli riodate/NaB’H, and galactose
oxidase/NaB H,

Red cells were labeled by the peuodate/&;s%,, galactose axidase/NaBH, and
neuraminidase plus galactose oxidase/NaB H, methods as described in detail pre-
viously (13, 15).

sodium borohydride from E. Merck AG, Darmstadt, FRG. Anhydrous hydrazine (Sigma)
was kept desiccated under nitrogen at 4 OC. Once opened, the same hydrazine
bottle was not used for longer than three months.

of labeled ol des from human

Human traneferrin was labeled at the sialic acid residues by the periodate/NaB’H,
method (19). After the oxidation and reduction steps, the protein was separated
from the remaining reagents by gel filtration on Sephadex G-25 (Pharmacia) equi-
librated in water. The sugar chains were liberated with endo-3-N-acetylglucos-
aminidase F {16) or by hydrazinolysis at 105 °C for 16 h (20). Oligosaccharides
from unlabeled transferrin (10 mg) were obtained by hydrazinolysis at 105 °C,
which results in d lati (20). The ol i were isolated by gel
filtration on the 1 x 95 cm column of Bio-Gel P-10 (Bio-Rad Laboratories,
Richmond, CA., USA} equilibrated in 0.1 M Wridsn&acetate buffer pi 5.0 contain-
ing 0.02 % NaNj. The peak fractions of the ~H-labeled samples were identified by
liguid scintillation counting of aliquots using a Triton-X-114 based scintil-
lation fluid and an LKB 1210 Ultrobeta liquid scintillation counter. The corre-
sponding fractions were pocled from the sample of non-radicactive oligosacchar-
ides. The unlabeled ted ol des were tylated (21) using
50 pCi of -1 ‘C]acetic anhydf‘de and the reaction was completed with non-radio-
active acetic anhydride, The '“C-labeled oligosaccharides were purified by gel
filtration as above. After lyophilization the oligosaccharides were further
purified by gel filtration on a Bio-Gel P-2 column equilibrated in water.

Alkaline borohydride treatment

lamide slab gel s

The were on polyacrylamide slab gels in the
presence of sodium dodecyl sulfate and 2-mercaptoethanol using 8 % acrylamide
gels (25). After electrophoresis th? gels were fixed in 5 % sulfosalicylic acid
and treated for fluorography (26). 4¢_Labeled standard proteins (Amersham) were
used as molecular weight markers.

Analysis of labeled glycolipids

Rfter treating one ml of packed red blood cells sequentially with galactose
oxidase and {’H hydrazine, the were isolated and the 1lipids
extracted with chloroform-methanol (2:1). The lower phase was washed three times
with the theoretical upper phase and evaporated under nitrogen. The residue was
applied to a thin-layer plate (20 x 20 cm DC-Fertigplatten, Kieselgel 60, Merck)
and chr 4 using chl -water {60:30:5). Purified globo-
side, GalNACS?+3Galx)+4-Gal1+4Glc 1+1Cer, (27) and Forssman antiggn, GalNAcal+3-
GalNAcg+3Galal+4-Galgl+dGlc 1+1Cer, (28), and galactose oxidase/[°H]mannosyl-
hydrazine treated purified globoside were run on separate lanes. The distribution
of radicactivity on the plate was determined by scraping 0.5 cm bands of the
silica gel into scintillation fluid. The dicactive were

by staining with iodine vapour.

lutination tests

Blood group properties were tested by a slide test using a drop of red cell
suspension (2 % cells in NaCl/PO,, pH 7.4) and a drop of standard anti-A or anti-

For 1% ©O-linked ol isolated were 1 in

B serum mixed together. Helix pomatia lectin reactivities were assayed on a
0.05 M NaOH - "1 M NaBH, at 45 °C for 16 h (22). microtiter plate with 50 pl of a 2 & red cell suspension and 50 ul of lectin

. dilution (1:2 serial dilution starting with a concentration of 0.1 mg lectin/ml).
Synthesis of glycosylhydrazines
m
The appropriate ides or oli ides (up to 100 ug) were ir ted E
uith 0.1 nl of anhydrous NH,NH, at room temperature for 16 h. After incubation Helix tia lectin reactivity was verified using fluorescence microscopy.
5 Hellx pomatia

the hydrazine was evaporats
evaporated under nitrogen flow.

reduced pressure, Some toluene was added and

Oxidation of red blood cells

Red cells were isolated from fresh heparinized human blood by centrifugation and
washed twice with 0.01 M sodium phosphate- 0.15 M NaCl buffer (NaCl/PC,), pH 7.4.
The periodate oxidation was performed as described (15) using a final concen-
tration of 2 mM NalO4. Treatments with galactose oxidase or galactose oxidase
plus neuraminidase were performed as described previously (13). After oxidation
the cells were washed three times with NaCl/PO4, PH 7.4.

Coupling of glycosylhydrazines to erythrocytes and KS62 cells
oxidized red cells (10%) were suspended in 0.5 ml of NaCl/PO, and the labeled

glycosylhydrazine, dissolved in 5-30 pl of NaCl/PO,, was added. The reaction
mixtures were normally incubated at 37 °C for 60 min with gentle shaking.
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Fluorescein isothiocyanate was conjugated with the lectin as described (29).
Cells were incubated with the fluorescent lectin in NaCl/PO,, pH 7.4, contaln-
ing 0,5 § bovine serum albumin for 30 min. at 0 °C in dark, washed twice and
suspended in NaCl/PO,, pH 7.4, containing 3 % 1dehyde. The £l

1 were taken of cells using a Leitz Orthoplan microscope
equipped with 200W/4 Ultrahigh Pressure Mercury Lamp; a filter system consisting
of an exciter filter BP 450-490 nm, reflection short pass filter RKP 510 nm and
barrier filter LP 515 nm; an attached Leitz camera with Kodak TX 5063 film; and
an exposure control unit Wild MP§ 45. The ordinary light micrographs were taken
on Agfapan 25 film.

RESULTS

A number of variables were studied to establish the most favorable conditions for
to cell surface glycoproteins and glycolipids,
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Effect of pH on incorporation of glycosylhydrazines

Glycosylhydrazines were most efficiently i in red cell at pH
6.0 (Fig. 1). No lysis of cells occurred. The incorporation rate at pH 6.0 was
approximately twice that observed at pH 7.0. In most cases pH 7.0 was used to
approach physiological conditions.

cPm x 1074

1 n L
60 70 80

PH

Fig. 1

The effect of pH on the coupling gf (3H Jmannosylhydrazine to periodate-
oxidized red cells. Samples of 10° cells in 0.5 ml of NaCl/PO, of
indicated pH values were incubated for 5 min. at 37 ©C. After incubation
the cells were washed, the membranes isolated, and the membrane-bound
radioactivities determined.

Effect of t on i ion

The temperature-dependence of the reaction of carbohydrate hydrazines with
surface oxidized cells is shown in Table I. 37 °C was adopted in routine use
because of the higher incor on rate.

Table I

Effect of temperature on the incorporation of [3H)mannosylhydrazine in red cell
branes.

|g cells in 0.5 ml of NaCl/Pl)‘, pH 7.0, were incubated at 37 ©c for 1 h with

[’H)mannosylhydrazine.

lembrane -bound
T (°C) radioactivity (cpm)
0 1700
23 4300
37 6000

Time course of incorporation

Red cells oxidized by treatments with periodate, neuraminidase plus galactose
ogidase or galactose oxidase only were incubated at 37 °C for various times with
[°H)mannosylhydrazine in NaCl/PO4, pH 7.0. After incubation, the membranes were
isolated and the radioactivities determined.

The incorporation of label in oxidized membranes was essentially complete after
60 min. (Fig. 2). The maximal incorporation in this experiment was 3.2 % of added
radioactivity, corresponding to 420 molecules per cell. Without prior oxidation
the membrane-associated label was less than 1/500 of that of periodate-treated

cells.
8
o
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Fig. 2

Time course of incorporation of [3H]mannosylhydrazine into oxidized red
cells. The cells were incubated for indicated times at 37 OC, pH 7.0.
After incubation the membranes were isolated and the radioactivities
determined. x - x = periodate-oxidized cells; o - o = neuraminidase plus
galactose oxidase-treated cells; -4 = galactose oxidase-treated
cells.

tability of i 3u)

The specific radiocactivity of membranes was determined during a 20 h incubation
in NaCl/POy, pi 7.4, at 37 °C. Fig. 3 shows that the radioactivity slowly de-
clined in membranes of bgth periodate/[°H Jmannosylhydrazine and neuraminidase
plus galactose oxidase/[*H]mannosylhydrazine labeled cells. Treatment with NaBi,
in order to reduce the Schiff's base formed between the glycosylhydrazine and the
cellular carbohydrate (Fig. 12) did not improve the stability of the linkage
(data not shown). Furthermore, the reduction resulted in increased hemolysis.
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Stability of [3H]mannosylhydrazine in periodate-oxidized and neuramini-
dase plus galactose oxidase-treated red cells during incubation at 37 L}
in NaCl/PO4, pH 7.4. Samples were taken at indicated times, the mem-
branes were isolated and the specific radioactivities (per mg of protein
in membranes) were determined. o - o = periodate and A-A = neuramini-
dase plus galactose oxidase treatment. The values are given in per cent
of the initial specific radiocactivities.

The effect of pH was studied using 4 h incubations at 37 °C. At pH 6.4, 7.0 and
8.0 the radioactivities remaining in the membranes, compared to that of the
cells incubated at pH 7.4, were 74 8, 94 % and 105 %, respectively.

Lowering the temperature resulted in considerably slower release of radioactivity
from the cells. After a 48 h incubation at 0 OC the specific radioactivity of the
membranes was still 66 % of the initial value.

Polyacrylamide slab gel electrophoresis of [H]mannosylhydrazine-
Tabeled red cell membranes

Fig. 4 shows a polyacrylamide slab gel of Ji-labeled red cell membranes. Fig. 4 B
shows the pattern of periodate/NaBll, labeled membranes and Fig. 4 C the pattern
of neuraminidase plus galactose oxidase/NaB’H, labeled membranes. In Fig. 4 D it
can be seen that [3H]mannosylhydrazine primarily labeled the glycophorin A dimers
and monomers in periodate-oxidized cells. A similar pattern was obtained after
neuraminidase-galactose oxidase treatment (Fig. 4 E). As expected, relatively
little label was incorporated in proteins of galactose oxidase-treated membranes
(Fig. 4 F). Prolonged exposure showed labeling in the position of Band 3. No
labeled band was obtained from unoxidized membranes (Fig. 4 G).

A B C D E F G

by
PH - B3 -
GPA-D - -D - .
BSA~ GPA-D [ %]
BA45 -
OA -

GPA-M-- @) GPA-M-

CA—- = -
GPB - -
L~ -
Fig. 4

Fluorogram of, a polyacrylamide slab gel of labeled red cell membranes.
A, standard '4C-methylated protein mixture: PH, = phosphorylase b, BSA =
bovine serum albumin, OA = ovalbumin, CA = carBonic anhydrase, and L =
lysozyme; B, periodate/NaB’H, labeled membranes: GPA-D = glycophorin A
dimer, GPA-M = glycophorin A monomer, GPB = glycophorin B; C, neuramini-
dase-galactose oxidase/NaB’i, labeled membranes: B3 = band 3, B4.5 -

band 4.5; D, periodate/[H] hydrazine labeled E,
neuraninidase-galactosg oxidase/ & hydrazine labeled
F, galagtose oxidase/[’Hmannosylhydrazine labeled membranes; G, con-

trol, [“Hlmannosylhydrazine treatment without prior oxidation.
In this experiment the incorporation of radiocactivity was 10 % of the added
amount corresponding to 77 000 molecules per cell.

Labeling of red cell glycolipids with 3 mannosylhydrazine

Red cells were treated with galactose oxidase and [3H)mannosylhydrazine and the
with chlorof; About 13 % of the incorporated
radioactivity was recovered in the lipid extract. Thin layer chromatograph
showed that the major radioactive peak comigrated with galactose oxidase/ (H]-
mannosylhydrazine-treated standard globoside (Fig. 5).
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Thin layer chromatography of membrane lipids from galactose oxidase/(*H]-
mannosylhydrazine-treated red cells. OR = sample origin, G = position of ok
standard globoside, F = position of standard Forssman antigen, G=NNH- H-

Man = position of galactose oxidase/ [*H]mannosylhydrazine-treated stan- |
dard globoside.

‘r 1
of ol to red cell

3h-labeled plex-type ol des were by hydrazino-
lysis or endo-g-N- acety‘ﬂ After on with
hydrazine, the oligosaccharides were attachei to periodate-treated red cells. The
incorporation of radiocactivity in the membranes using the standard conditions of 2k
pH 7.0, 37 °C and 1 h of incubation was 1.3 - 3 % of the added label. (In
comparison, qucosymydxaunes of ides were with yields
between 3 % and 15 %.

com « 1072

The modified membranes were subjected to alkaline borohydride treatment to liber-
ate O-linked oligosaccharides. Analysis by gel filtration showed broadening of o o m
the peak towards left relative to the void volume (Fig. 6), which indicates that FhacH

a major part of the glycosylhydrazines of transferrin oligosaccharides had been CTION NuMeeR

incorporated in alkali-labile oligosaccharides, evidently mainly derived from

glycophorin A.

Fig. 7

Bio-Gel p-s gel filtration patterns of derivatives ef T4c_acetylated

, sample for 22 h
A 38756, B, "sanple incubated in hydrazine for 22 h at 105 OC. The
position of the void volume is at fraction 20.

’l \ Transfer of blood group antigen epitopes

[ When periodate-oxidized red cells of blood group O were modified with glycosyl-

hydrazines of the blood group A or B active oligosaccharides, the cells became
reactive with anti-A and anti-B blood group antisera, respectively (Fig. 8). No
positive reactions were observed with the original cells, periodate-oxidized
cells, or with cells incubated with the A or B active glycosylhydrazines without
prior oxidation.

come 107

‘A,

Anti-A

com 102

Fig. 8

rserion NoBEn “ Reactions of blood group antisera with red cells modified with blood
G group active saccharides. 'A', periodate-oxidized red cells of blood
group O treated with glycosylhydrazine of A active heptasaccharide; 'B',
idem, but treated with glycosylhydrazine of B active trisaccharide.
Fig. 6 Anti-A and Anti-B, the blood group antisera.

Bio-Gel P-10 gel filtration patterns (A) of glycosylhydrazines of JH- Because the blood group A active contains terminal
labeled transferrin oligosaccharides, and (B) of their derivatives a-N-acetyl galactosamine, which is recognized by the Helix pomatia lectin, the
released from red cell membranes by alkaline borohydride treatment (B). lectin reactivity of cells was tested after modification with this glycosylhydra-
BD = elution position of Blue Dextran 2000. zine. Red cells of blood group O were rendered even more agglutinable than
authentic blood group A cells (Fig. 9). Lectin binding to K562 cells was visual-
ized with fluorescent Helix pomatia lectin (Fig. 10). Bright fluorescence and

tability of N-acetyl groups in glycosyl thesi on af K562 cells can be seen. All the control samples in the
lectin experiments (original cells, periodate-oxidized cells, and unoxidized
Hydrazinolysis at 105 °C is known to d ylate N-acetyl nes (20). In cells treated with the glycosylhydrazine) were negative.

contrast, the hydrazine treatment at room temperature, which was used in our
syniesis of glycosylnydrazines, did not result in any appreciable dsacetylation

ides as shown by the gel filtration
pattern (Mq. 7). on the other hand, treatment at 105 °C resulted in nearly
complete liberation of [!4CJacetate (Fig. 7 B).
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Agglutination of red cells with Helix pomatia lectin. A, red cells of
blood group 0; B, periodate-oxidized red cells of blood group O; C,
periodate-oxidized red cells of blood group O treated with the glycosyl-
hydrazine of the A-active heptasaccharide; D, red cells of blood group
A. The reciprocal dilutions of the lectin are indicated on the left.

== C

Fig. 10

Micrographs of K562 cells i with £1 Helix pomatia
lectin. A, light micrograph of periodate/A-active glycosylhydrazine-
treated cells; B, same cells seen by fluorescence microscopy; C, light
micrograph of unoxidized cells treated with the glycosylhydrazine; D,
same cells seen by f i The mi was obtained
with the same exposure as in B. Bar in C represents 30 pm.

Carl_G_190x270_mm_blokki_FINAL.indd 182

06-Aug-23 1:53:40 PM



Paper 23 183

Volume 140, number 1

FEBS LETTERS

April 1982

MOLECULAR IDENTIFICATION OF THE HUMAN Rh (D) ANTIGEN

Carl G. GAHMBERG
Department of Biochemistry, University of Helsinki, Unioninkatu 35, 00170 Helsinki 17, Finland

Received 21 January 1982

1. Introduction

The molecular nature of the Rh (D) antigen of
the human erythrocyte blood group has remained
most controversial. Although several studies agree
that the antigen is an integral membrane protein, M,
estimates vary from 7000—180 000 [1—4]. We have
now radioactively surfacelabeled Rh (D) positive
and negative erythrocytes using the **I/lactoperoxi-
dase method. The labeled membrane proteins were
solubilized in Triton X-100-containing buffer and
immunoprecipitated with anti-Rh (D) antisera. The
precipitates were analysed by sodium dodecyl sulfate
(SDS)—poiyacrylamide siab gel electrophoresis. The
results show that only from Rh (D) positive mem-

hranes a c1pn'|p minor nolvnentide with app M

ancs a sii 1NOT pOIYPOPLICe wWilll app

28 000—33 000 could be precipitated spec1ﬁcally.

Its behavior during electrophoresis indicated a hydro-
phobic nature. It may lack carbohydrate because it
was not labeled using carbohydrate-specific surface
labeling techniques.

2. Materials and methods

Human red cells were Rh (D) typed by standard
techniques. The red cells and the anti-Rh (D) specific
antisera were obtained from the Finnish Red Cross
Blood Transfusion Centre, Helsinki. The red cells
were radioactively labeled by lactoperoxidase-catalyzed
iodination in the presence of D-glucose and glucose
oxidase [5]. The membranes were isolated [6] and
solubilized in 0.15M NaCl-0.01 M sodium phosphate
(pH 7.4)—1% Triton X-100—1% ethanol—2 mM phen-
ylmethylsulfonyl fluoride at 0°C. All subsequent
operatlons until denaturation with SDS were done at

Nn_A°rn rav fmin for
0—47C. After ucuuuugauuu at 5000 rev./min for

Pyblished by Elsevier Riomedical Press

10 min, the supernatants were recovered and sub-
jected to immunoprecipitations. These were performed
using protein A-containing Staphylococcus aureus
cells as detailed in [7]. SDS—polyacrylamide slab gel
electrophoresis was done as in [8]. After electropho-
resis the gels were fixed, treated for fluorography [9]
and exposed to Kodak RP X-Omat film. 1*C-Labeled
standard proteins were obtained from the Radiochem-
ical Centre, Amersham. The app. M, of the Rh (D)
antigen was determined as in [10]. Red cells were
labeled by the periodate/NaB®H, and neuraminidase—
galactose oxidase/NaB®*H, methods as in [6,11].

3. Results

Fig.1 shows a polyacrylamide slab gel of erythro-
cyte surface proteins and immunoprecipitates obtained
with anti-Rh (D) antiserum. A surface-labeled protein
(marked with the heavy arrow) was specifically pre-
cipitated from the Rh (D) positive membranes
(fig.1D,F,H) with antiserum. Non-immune sera did
not precipitate the polypeptide (fig.1E,G,I), neither
did antiserum from Rh (D) negative membranes
(fig.1J,L). The app. M, of the Rh (D) antigen on
12% acrylamide gel was 33 000. When immunoprecip-
itates were analyzed using 8% acrylamide gels, the
app.M, was 28 000 (fig.2D). An identical polypeptide
was obtained from En(a—) Rh (D) positive membranes
(fig.2F), which lack glycophorin A and contain an
overglycosylated band 3 [12—14].

The Rh (D) antigen is evidently a minor component
of the membrane. When '**I-labeled membranes were
directly analyzed by polyacrylamide slab-gel electro-
phoresis followed by fluorography no labeled poly-
peptide was seen in the position of the Rh (D) antigen

after a relatively short exposure to X-ray film (fig.3B).

001457 93/82/0000 0000/$02.75 © 1982 Federation of European Biochemical Societies 93
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Fig.1. Fluorography pattern of a 12% polyacrylamide slab gel of immunoprecipitated Rh (D) antigens from ***I-labeled red cell
membranes: (A) **C-labeled standard proteins [M, myosin; PHy,, phosphorylase b; BSA, bovine serum albumin; OA, ovalbumin;
CA, carbonic anhydrase; L, lysozyme]; (B) pattern of periodate/NaB*H,-labeled red cell membranes [ GPA-D, glycophorin A
dimer; GPA-M, glycophorin A monomer; GPB, glycophorin B]; (C) pattern of **IHabeled red cell membranes; (D,F,H) patterns
obtained by immunoprecipitation with ami-Rho(D) antiserum from Rhy(D) positive red cell membranes; B3, band 3 (nomen-
clature from [23]). Heavy arrow points to the position of the Rh (D) antigen; (E,G,]I) patterns obtained with non-immune sera

from identical samples as in (D,F,H); (J,L) patterns obtained with antiserum from Rh,(D) negative red cell membranes; (K,M)
patterns obtained with nonimmune serum from identical samples as in (J,L).
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Fig.3. Fluorography pattern of a 12% slab gel of surface-labeled red cells and Rh,(D) antigen treated with pronase: (A) pattern of
periodate/NaB*H,-labeled red cell membranes; (B) pattern of ***I-labeled Rh (D) positive red cell membranes; (C) as in (B) but
exposed to X-ray film for a longer time; (D) patterns obtained with anti-Rh,(D) antiserum from Rh (D) positive '**I-labeled
membranes; (E) an identical immunoprecipitate as in (D) which was treated subsequently with 1% pronase in 1% SDS for 1 h at
37°C; (F) pattern obtained with non-immune serum from an identical sample as in (D). Symbols as in legend to fig.1 ; ( s )
Rh (D) antigen.

A longer exposure visualized a labeled component in 4. Discussion

that position (fig.3C, arrow). The protein nature of

the antigen was ascertained by protease digestion. Here I have shown that a surface-exposed polypep-
Fig.3D shows the immunoprecipitated antigen, and tide with an app. M, 28 000—33 000 was specifically
it was completely degraded by pronase (fig.3E). Only immunoprecipitated from Rh (D) positive red cell
some low M, peptides remained in the region of the membranes using anti-Rh (D) antiserum. The poly-
buffer front (BF). peptide has now been immunoprecipitated from

e ]

Fig.2. Fluorography pattern of an 8% polyacrylamide slab gel of Rh(D) antigens immunoprecipitated from normal 125].]abeled
Rh (D) positive red cell membranes and Rh,(D) positive En(a—) red cell membranes: (A) standard proteins, see legend to fig.1;
(B) pattern of periodate/NaB?H,-labeled red cell membranes; (C) pattern of **I-labeled Rh (D) positive red cell membranes; (D)
pattern obtained with anti-Rh,(D) antiserum from Rh(D) positive red cell membranes; (E) pattern obtained with non-immune
serum from an identical sample as in (D); (F) pattern obtained with antiserum from Rh(D) positive En(a—) red cell membranes;
(G) pattern obtained with non-immune serum from an identical sample as in (F). Symbols as in legend to fig.1. ( === ) Rh (D)
antigen. The weakly labeled band just above GPA-M in D and F is actin, which non-specifically may bind to immunoprecipitates.
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>20 Rh(D) positive cell samples but has never been
obtained from Rh (D) negative cells. Several poly-
peptides were non-specifically adsorbed to the Staph-
ylococci, among them glycophorin A and a protein
migrating in the band 3 position. These are the most
strongly labeled surface polypeptides of red cells and
evidently represent ‘background’ radioactivity.

The app. M, of the Rh (D) polypeptide was
28 000 using an 8% acrylamide slab gel whereas the
app. M, was 33 000 using a 12% gel. The major red
cell sialoglycoprotein, glycophorin A, which binds
relatively low amounts of SDS [15,16] and is relatively
hydrophilic due to its 60% content of carbohydrate
gave a higher app. M, on the 8% acrylamide gel than
on the 12% gel (cf. fig.1D,2D). Thus the Rh (D)
antigen migrated near the glycophorin A monomer on
12% gels but much faster on 8% gels. This indicated
that the Rh(D) antigen binds relatively more SDS
and is more hydrophobic [17].

The antigen is weakly labeled in the intact cell
which indicates that it is a minor component. Previous
quantitation has given values of 20 000—32 000 anti-
genic sites/cell [18]. In contrast some major compo-
nents like glycophorin A and band 3 are found in 108
copies/cell [19,20]. But the Rh (D) antigen may well
be deeply embedded in the membrane and thus rather
inaccessible to external reagents. In fact, protease
treatment does not destroy the antigen in intact cells
[21,22], whereas the isolated polypeptide was readily
degraded.

We have performed immunoprecipitations with
anti-Rh (D) antisera from solubilized red cell mem-
hranes laheled by the salactose oxidase/NaR3H, or

branes labeled by the galactose oxidase/NaB°H, or
pedodate/NaB3H4 surface-labeling techniques, but no
labeled band was obtained. It may be that the protein,
although surfacelocated, does not contain carbohy-
drate.

Previous work on the molecular characterization
of the Rh (D) antigen has given variable results. Early
work was hampered by the lack of suitable techniques
for the characterization of integral membrane pro-
teins. In [3] an antigenically active fraction was iso-
lated by elution from anti-Rh (D) IgG—Sepharose
columns. After staining with Coomassie brilliant blue
they observed a diffuse band migrating near the buffer
front on SDS gel electrophoresis. The est. MI was
7000. Unfortunately, the affinity chromatography was
performed at room temperature, which could have
resulted in proteolysis. Another possibility is that the
eluate indeed contained the intact antigen, but it was

96
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not stained due to its hydrophobic nature.

In [4] it was claimed that the anion transport pro-
tein band 3 carries the Rh (D) antigen activity. Their
conclusion was based on the adsorption of band 3
molecules to anti-Rh (D) IgG columns. The results
are difficult to interpret because the band 3 poly-
peptides were extensively fragmented. In addition it
is known that band 3 is easily aggregated [23,24] and
a diminution in the gel profile of the eluted controls

ot noamaliaaion Ths ATOTE PRSI NP, NP |

is not conclusive. rui‘thcuuum, the number of band 3
molecules found per cell does not agree with the
estimation of the number of Rh (D) antigenic sites.

This identification of the Rh (D) polypeptide
should facilitate its large scale purification. Antiserum
production by immunization with the purified antigen
would be highly desirable and may then become pos-
sible.
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Human red cells of Rh blood groups -D-/-D- (‘super-D’),
—-/-— (Rhpy) and normal Rhy(D)+ cells were radioactively
surface-labeled using the lactoperoxidase '2I method. Poly-
acrylamide gel electrophoresis in the presence of SDS follow-
ed by fluorography showed a strong enrichment of a polypep-
tide with an apparent mol. wt. of 28 0000 — 33 000 in the 12]-
labeled -D-/-D- membranes. This polypeptide was specifically
immune precipitated with anti-Rhy(D) antiserum. Treatment
of intact cells with trypsin or Pronase did not digest the pro-
tein. The Rh, polypeptide migrated identically on
polyacrylamide gel electrophoresis under reducing and non-
reducing conditions. It was not phosphorylated after in vitro
incubation of red cells with 32P. When whole labeled mem-
branes were solubilized in neutral detergent and applied to
lectin-Sepharose columns the Rhy(D) polypeptide adsorbed
to Ricinus communis lectin but not to wheat germ lectin or
Lens culinaris lectin. The purified molecule did not adsorb to
R. communis lectin-Sepharose. Treatment of the Rhy(D) an-
tigen with endo-N-acetyl glucosaminidase H, endo-3-
galactosidase or mild alkali did not lower its apparent mol.
wt.

Kéy words: membrane proteins/red cell membrane/Rhy(D)
antigen

Introduction

The molecular identification and characterization of the
human red cell Rhy(D) antigen (Levine and Stetson, 1939;
Landsteiner, 1940) has been controversial and slow. Most
results indicate that it is a membrane protein and it may need
lipid for full activity (Green, 1972). But the mol. wt. estimates
vary from 7000 to 174 000 (Abraham and Bakerman, 1975;
Folkerd et al., 1977; Plapp et al., 1979; Victoria et al., 1981).
Recently Gahmberg (1982) and Moore et al. (1982) showed
that a surface-located polypeptide with an apparent mol. wt.
of 28 000—33 000 was specifically immune precipitated from
125]-]abeled Rhy(D)+ cells. But the relatively low number of
antigens per cell (20 000 —32 000) (Masouredis ef al., 1976)
and their hydrophobic nature made further characterization
difficult.

I have taken advantage of the rare -D-/-D- (‘super-D’)
phenotype (Hughes-Jones et al., 1971). The protein with a
mol. wt. of 28 000 — 33 000 was strongly enriched on -D-/-D-
cells. Using specific antiserum it was purified to radioactive
homogeneity. Using the ?l-labeled antigen preliminary
structural studies have become possible. Although a surface
protein, the Rhy(D) antigen seems to lack carbohydrate. It is
not phosphorylated in vitro and it is not disulfide-bound to
other molecules.

© IRL Press Limited, Oxford, England.
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Results

[*3]Lactoperoxidase labeling of red cells and identification
of the Rhy(D) antigen

Figure 1B —D shows the SDS-gel electrophoresis patterns
of 1%I-labeled-D-/-D-, normal Rh,(D)+ and Rhg,,
erythrocyte membrane proteins separated on a 12%
acrylamide gel. The patterns were similar with two notable
exceptions. The super-D cells (Figure 1B) contained a strongly
labeled protein band (RH) with an apparent mol. wt. of
33 000. The corresponding band was weaker in normal
Rh(D)+ cells (Figure 1C) and essentially absent in Rh,
cells (Figure 1D). In addition, the super-D cells contained a
strongly labeled band with an apparent mol. wt. of 66 000
(P66) (Figure 1B). Immune precipitation with anti-Rh (D)
antiserum for super-D cells resulted in one major band (RH,
Figure 1E) corresponding in mol. wt. to the labeled band
strongly enriched in super-D cells.

On 12% acrylamide gels the Rhy(D) protein migrated just
below the glycophorin A monomer (GPA-M) and more slow-
ly than the carbonic anhydrase standard, but on 8% acryl-
amide gels it moved relatively faster (Figure 1G, H). Here the
apparent mol. wt. was 28 000.

Protease treatment of intact cells

When red cells are treated with Pronase or trypsin several
externally located proteins are cleaved (Steck, 1974). Pronase
cleaved the anion transport protein, band 3, to a 64 000 mol.
wt. fragment (B3-F) (Figure 2D, E), but the Rhy(D) protein
was not affected. Neither did trypsin treatment of intact cells
change its apparent mol. wt. (Figure 2F).

Electrophoresis under reducing and non-reducing conditions

The presence of interchain disulfide bridges was studied by
omitting the 2-mercaptoethanol from the sample buffer. This
modification did not change the apparent mol. wt. of the
Rhy(D) polypeptide (Figure 3).

Radioactive labeling of cell surface carbohydrates

When super-D red cells were labeled by the perio-
date/NaB[*H], and neuraminidase + galactose oxi-
dase/NaB[°H]], surface labeling techniques to label sialic
acids and D-galactose/D-N-acetylgalactosamine residues,
respectively, no labeled protein band was observed in the
position of the Rhy(D) protein on electrophoresis (Figure 4D,
F). Immune precipitation also gave negative results (Figure
4E, G) although the protein was readily labeled in a control
experiment by lactoperoxidase-catalyzed iodination (Figure
4B, C).

Interaction of the Rhy(D) antigen with lectins

Solubilized #]-labeled -D-/-D- membranes were chro-
matographed on R. communis lectin-Sepharose. Most of the
labeled proteins including the Rhy(D) polypeptide adsorbed
to the column and were eluted with D-galactose (Figure 5C).
In contrast, all or most of the Rhy(D) protein/P66 passed
through the wheat germ lectin- and lentil-Sepharose columns
(Figure 5D, F). When the 1?*I-labeled Rhy(D) polypeptide was
purified by cylindrical polyacrylamide gel electrophoresis and
then subjected to affinity chromatography, ~40% of the
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Fig. 1. Polyacrylamide gel electrophoresis patterns of 2*I-labeled red cells and immune precipitates obtained with anti-Rh,(D) antiserum. A —E are run on a
12% acrylamide gel, and F—1I on an 8% acrylamide gel. A, pattern of “C-labeled standard proteins. PH,, = phosphorylase b, BSA = bovine serum albu-
min, OA = ovalbumin, CA = carbonic anhydrase, L = lysozyme; B, pattern of -D-/-D- membranes. B3 = Band 3, GPA-D = glycophorin A dimer,

P66 = protein with an apparent mol. wt. of 66 000, GPA-M = glycophorin A monomer, RH = the Rh(D) polypeptide, GPB = glycophorin B; C, pattern
of normal Rhy(D)+ membranes; D, pattern of Rh,, membranes; E, immune precipitate obtained from *I-labeled -D-/-D- membranes with Rh(D) an-
tiserum; F, “C-labeled standard proteins; G, pattern of -D-/-D- membranes; H, immune precipitate obtained with anti-Rhy(D) antiserum from #I-labeled

-D-/-D-memt 1, p
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Fig. 2. Polyacrylamide gel electrophoresis patterns of ?*I-labeled normal
Rhy(D)+ membranes, and immune precipitates obtained with anti-Rhy(D)
antiserum from such membranes and from protease-treated 125-labeled
membranes. A, pattern of 2%I-labeled Rh,(D) membranes. Abbreviations
as in legend to Figure 1; B, immune precipitate obtained with antiserum
from normal Rhy(D)+ membranes; C, immune precipitate obtained with
control serum from Rh,(D)+ membranes; D, immune precipitate obtained
with antiserum from Pronase-treated Rhy(D)+ cells. B3-F = fragment of
Band 3; E, immune precipitate obtained with control serum from an iden-
tical sample as in D; F, immune precipitate obtained with antiserum from
trypsin-treated Rhy(D)+ cells; G, immune precipitate obtained with control
serum from an identical sample as in F. The acrylamide concentration was
12%.

protein passed through the wheat germ lectin column (Figure
5I) (observe the relative enrichment of the contaminating
GPB protein) and all through the R. communis lectin column
(Figure 5J).

Endo-glycosidase and mild alkaline treatment of the Rhy(D)
protein

No change in the apparent mol. wt. of the Rhy(D) protein
224
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obtained with control serum from '?°-labeled -D-/-D- membranes.

A B C D

- .

Fig. 3. Polyacrylamide gel electrophoresis patterns of the 5l-labeled
Rhy(D) protein run under reducing and non-reducing conditions. A, im-
mune precipitate obtained with antiserum under reducing conditions;

B, immune precipitate obtained with control serum under reducing condi-
tions; C, immune precipitate obtained with antiserum under non-reducing
conditions; D, immune precipitate obtained with control serum under non-
reducing conditions. The acrylamide concentration was 12%.

occurred when it was digested with endo-N-acetylglucos-
aminidase H or endo-3-galactosidase (Figure 6C, D). Mild
alkaline treatment partially resulted in higher mol. wt. forms
(Figure 6E).
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Phosphorylation of red cell proteins in vitro

Incubation of -D-/-D- cells with 3P resulted in labeling of
several red cell proteins. No obvious label was, however,
observed in the position of the Rhy(D) proteins (Figure 7C)
and no labeled band was obtained by immune precipitation
(Figure 7D).

DE FG

-B3
GPA—-D— ’

A B C

PH, S pp 23 !

BSA 4
o @
GPA—M— GPA-M— ‘ '
RH— e —RH
CA &
GPB— &8 GPB— @ Bl
L

Fig. 4. Polyacrylamide gel electrophoresis patterns of lactoperoxidase/2I-,
periodate/NaB[*H]¢ and neuraminidase + galactose/NaB[*H ],-labeled
-D-/-D- erythrocyte membranes and immune precipitates obtained from
them. A, pattern of “C-labeled standard proteins; B, pattern of 1%I-labeled
membranes; C, immune precipitate obtained with anti-Rh,(D) antiserum
from '#I-labeled membranes; D, pattern of periodate/NaB[*H],-labeled
membranes; E, immune precipitate obtained with antiserum from
periodate/NaB[H] labeled membranes; F, pattern of neuraminidase +
galactose oxidase/NaB[*H ¢labeled membranes; G, immune precipitate ob-
tained with antiserum from neuraminidase + galactose oxidase/NaB[*H]¢
labeled membranes. The acrylamide concentration was 12%.
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Human red cell Rhy(D) antigen

Discussion

A large amount of work has been done on the identifica-
tion of the Rhy(D) antigen, but the results have largely been
conflicting. Early work was hampered by the lack of suitable
methods for isolating integral membrane proteins (Green,
1972; Abraham and Bakerman, 1975; Lorusso and Green,
1975). More recently, affinity chromatography using anti-
Rhy(D) antibodies and unlabeled membranes gave mol. wt.
estimates of the Rhy(D) antigen of 7000 (Plapp et al., 1979)
and 90 000 (Victoria et al., 1981). The former result may be
due to proteolysis because the affinity chromatography was
done at room temperature. Using affinity chromatography
with unlabeled membranes and protein staining of the
polyacrylamide gels we have confirmed that protein bands are
seen in the band 3 region (mol. wt. = 90 000) (unpublished
results), but these apparently do not represent external red cell
proteins.

Recently Moore et al. (1982) and Gahmberg (1982) using
15]-labeled membranes could show that a surface protein
with an apparent mol. wt. of 28 000 — 33 000 was specifically
immune precipitated from Rhy(D)+ membranes. No labeled
protein was precipitated from Rhy(D)— membranes. In addi-
tion, Evans ef al. (1982) using SDS-polyacrylamide gel elec-
trophoresis followed by incubation with anti-Rhy(D) anti-
bodies, obtained a mol. wt. value of 13 000 —30 000. The
strong expression of the Rhy(D) polypeptide in -D-/-D- cells
and its virtual absence in Rhyy; cells gives additional evidence
that this indeed represents the Rhy(D) antigen.

Routinely, red cell agglutination induced by anti-Rhy(D)
antiserum is performed on protease-treated cells. The present
results show that the Rhy(D) protein was not degraded by
Pronase or by trypsin treatment of intact cells. On the other
hand, the isolated molecule was readily degraded by Pronase
(Gahmberg, 1982). Probably the protein is relatively deeply
embedded in the membrane lipid bilayer and thus rather inac-
cessible to external proteases.

The labeling of the Rhy(D) protein by lactoperoxidase-

F G H | J
N

P66—

&8 rH- RH—

Fig. 5. Polyacrylamide gel electrophoresis patterns of fractions from lectin-Sepharose affinity chromatographies of ]-labeled -D-/-D- membranes and
purified 25]-labeled Rh (D) protein. A, pattern of ?5I-labeled membranes; patterns of passed-through peak (B) and sugar-eluted peak (C) of %]-labeled mem-
brane proteins sep d on R. is lecti pharose; patterns of passed-through peak (D) and sugar-eluted peak (E) of %]-labeled membrane proteins
separated on wheat germ lectin-Sepharose; patterns of passed-through peak (F) and sugar-eluted peak (G) of ?I-labeled membrane proteins separated on len-
til lectin-Sepharose; H, pattern of purified Rhy(D) protein; I, pattern of passed-through peak of purified Rhy(D) protein on wheat germ lectin-Sepharose;

J, pattern of passed-through peak of purified Rhy(D) protein on R. communis lectin-Sepharose. The acrylamide concentration was 12%.
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Fig. 6. Polyacrylamide gel electrophoresis patterns of I-labeled Rhy(D)
protein before and after treatment with glycosidases or milk alkali. A, pat
tern of 2]-labeled -D-/-D- membranes; B, pattern of immune precipitated
Rhy(D) protein; C, pattern obtained after digestion with endo-N-acetyl-
glucosaminidase H; D, pattern obtained after digestion with endo-3-
galactosidase; E, pattern obtained after treatment with mild alkali. The
acrylamide concentration was 12%.
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Fig. 7. Phosphorylation of -D-/-D- red cell membranes. A, pattern of
periodate/NaBPH] clabeled membranes; B, pattern of ?I-labeled mem-
branes; C, pattern of ¥P-labeled membranes; D, immune precipitate with
anti-Rhy(D) antiserum from ¥P-labeled membranes.

catalyzed iodination of intact cells shows that part of it is cell
surface-exposed. It may be quite hydrophobic as shown in-
directly by its behavior on polyacrylamide gel electrophoresis
in the presence of SDS. This was most clearly seen when com-
pared to the behavior of glycophorin A. Whereas glycophorin
A, which binds relatively low amounts of SDS (Mimms and
Glasgow, 1980), showed a higher apparent mol. wt. on 8%
acrylamide gels than on 12% gels, the Rhy(D) protein showed
the opposite behavior (cf. Figure 1B and G). Also, compared
to the standard protein, the Rhy(D) protein showed a relative-
ly increased migration on gels with a lower degree of cross-
linking. This could be due to high binding of SDS (Helenius
and Simons, 1975).

The Rhy(D) polypeptide is apparently not covalently
bound to other surface-exposed polypeptides because it was
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the only major band obtained by immune precipitation. In
addition, reduction of disulfide bonds had no effect on its
electrophoretic migration. The P66 band, often seen after im-
mune precipitation with anti-Rhy(D) antibodies, most prob-
ably represents a dimer of the Rhy(D) monomer. It was
enriched in super-D cells, its apparent mol. wt. was twice that
of the RH-band and it was increased when urea was omitted
from the gel samples. Such a monomer/dimer equilibrium
resembles that of glycophorin A which also easily forms
dimers (Marton and Garvin, 1973).

Interestingly, the protein may lack carbohydrate. It has
become almost a rule that mammalian cell surface proteins
are glycoproteins (Gahmberg, 1976; Singer and Nicolson,
1972; Gahmberg, 1981). But the Rhy(D) protein was not
labeled by the carbohydrate-specific surface labeling tech-
niques, it was not degraded by endo-glycosidase treatments
nor by mild alkali. Furthermore, it showed no, or only weak
interaction with the different types of lectin columns. When a
whole membrane detergent extract was applied to R. commu-
nis lectin-Sepharose, the Rhy(D) protein clearly bound to the
column. This could be due to indirect binding occurring
through some other membrane component, because the
isolated molecule did not bind. A portion of the isolated
molecule bound to wheat germ lectin-Sepharose. This may be
due to ionic interactions to the basic lectin protein. Obvious-
ly, the protein has to be isolated in larger amounts and
chemical carbohydrate analysis performed to verify the pos-
sible absence of sugar. Furthermore, in contrast to most red
cell membrane proteins, which are phosphorylated (Johnson
et al., 1982), the Rhy(D) antigen seems to lack phosphate.

The molecular basis for the diversity of the Rh-complex re-
mains unclear. However, the identification and preliminary
characterization of the Rhy(D) protein should facilitate
studies on other Rh-antigens (Moore ef al., 1982). Further-
more, a large scale purification of the Rhy(D) antigen may
now become possible. This would be highly desirable for the
production of monospecific antisera to be used in blood
group typing and prevention of hemolytic disease of the new-
born.

Materials and methods
Cells

Normal human Rhy(D) positive erythrocytes were obtained from the Fin-
nish Red Cross Blood Transfusion Service, Helsinki, Finland. -D-/-D- cells
were obtained through Professor G. Sirchia, Milano, Italy and Rh (—/--)
cells through Professor S. Seidl, Frankfurt am Main, FRG. The cells were
washed three times in 0.15 M NaCl-0.01 M sodium phosphate, pH 7.4
(NaCl/PO)) before further studies. Erythrocyte membranes were isolated as
described previously (Gahmberg and Hakomori, 1973).

Chemicals and isotopes
The sources of the chemicals were: acrylamide, N,N’ hylene bisacryl-
amide and cyanogen ide (E: ), 2,5-diphenyloxazole and 1,4 bis[2-

(5-phenyloxazolyl)] benzene (INew England Nuclear), phenylmethane sulfonyl
fluoride (PMSF, Sigma), a-methylmannoside (Calbiochem), D-galactose and
sodium metaperiodate (Merck) and N-acetyl D-glucosamine (Fluka). Tritiated
sodium borohydride (24 Ci/mmol), 2 (carrier-free), 3P (carrier free) and
MC-labeled protein standards were obtained from Amersham International,
Amersham, UK. The NaB[*H], preparation was handled as described
previously (Gahmberg, 1978).
Abntisera and enzymes

Anti-Rhy(D) antisera and control sera were obtained from the Finnish Red
Cross Blood Transfusion Service, Helsinki. Vibrio cholerae neuraminidase
(500 units/ml) was from Koch-Light. Galactose oxidase (130 units/mg pro-
tein) was purchased from Kabi AB, Stockholm, Sweden. Both the neuramini-
dase and galactose oxidase preparations were free of protease activities when
assayed as described previously (Gahmberg and Hakomori, 1973). Crystalline
bovine trypsin (3.5 units/mg) was from Merck and Streptomyces griseus pro-
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tease (Pronase) from Sigma. Endo-N-acetylglucosaminidase H (S. griseus)
and endo-B-galactosidase (Escherichia freundii) were purchased from
Seikagaku Kogyo Co., Tokyo, Japan.

Protease treatment of intact erythrocytes

Ten per cent suspensions in NaCl/PO, of Rh(D)+ cells were incubated
with 0.1 mg/ml of Pronase or trypsin at 37°C for 30 min. After incubation
the cells were washed three times in NaCl/PO, and #]-labeled.

Radioactive surface-labeling of erythrocytes

Intact or protease-treated red cells were 2°I-labeled using the lactoperoxi-
dase-glucose oxidase method (Hubbard and Cohn, 1972). Cells were labeled
by the neuraminidase + galactose oxidase/NaB[*H], surface-labeling techni-
que (Gahmberg and Hakomori, 1973) as described in detail previously
(Gahmberg, 1976) or by the periodate/NaB[*H], technique (Gahmberg and
Andersson, 1977) using a final concentration of 1 mM periodate. After label-
ing the membranes were isolated.

Immune precipitation

Radioactively labeled membranes (0.1 ml) were incubated with 10 ul of
anti-Rh,(D) antiserum or control serum overnight in NaCl/PO, at 0°C. The
membranes were then washed in ice-cold NaCl/PO, and dissolved in 200 ul of
NaCl/PO, containing 1% ethanol, 1% Triton X-100 and 2 mM PMSF (Buf-
fer A). Care was taken to keep the temperature at 0—4°C during all opera-
tions until final elution with SDS. After centrifugation at 100 000 g for

Human red cell Rhy(D) antigen
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Why mammalian cell surface
proteins are glycoproteins

Carl G. Gahmberg and Martti Tolvanen

Most proteins presented at the external surface of mammalian cells con-
tain carbohydrate. The reason for this is not fully understood, but recent
work has shown that such carbohydrate has two major functions. Inside
the cell, it helps proteins fold and assemble correctly in the endoplasmic
reticulum, and it might also act as a signal for the correct migration of
glycoproteins. Outside the cell, it provides specific recognition structures
for interaction with a variety of external ligands.

EARLY WORK IN the 1960s on the mor-
phology of mammalian cells showed
that the external surface of the plasma
membrane is rich in carbohydrate,
whereas the inner side is devoid of con-
ventional-type oligosaccharides!. Until
recently, it was unclear whether the
carbohydrate was confined to few or
many different cell surface glycoconju-
gates?, and the development of radio-
active techniques in particular has al-
lowed the carbohydrate portions of
exposed cell surface glycoproteins and
glycolipids to be labeled®. It was then
possible to study the larger number of
glycoconjugates specifically presented
at the surface of various cells. Also, it
became apparent that cell membranes
contain a multitude of glycoproteins,
many more than previously thought5S.
In 1976, after studying human eryth-
rocytes and other cells, it was proposed
that cell surface proteins are always
glycoproteins®. A similar proposal was
made independently by Bretscher and
Raff’. As more and more mammalian
cell membrane proteins and the genes
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encoding them have been characterized,
cloned and sequenced, this proposal
has turned out to be largely correct.

Most glycoproteins are N-glycosylated,
i.e. they contain asparagine-linked oligo-
saccharides located at the peptide se-
quence(s) NxS/T (where x stands for
any amino acid except for proline) at the
external aspect of the membrane. Some
membrane proteins are O-glycosylated,
with the carbohydrate chains attached
to serine or threonine residues, which are
often clustered in distinct regions of the
polypeptides. Most O-glycosylated pro-
teins also contain one or more N-glyco-
sidic oligosaccharides’. The importance
and requirements for O-glycosylation
have yet to be elucidated.

Exceptions to the rule

Early searches of the literature for un-
glycosylated surface proteins in mam-
malian cells met with little success. How-
ever, in 1982, the human red cell Rh(D)
(Rhesus) protein, with an apparent mol-
ecular weight of 30-32kDa, was identi-
fied®?, Importantly, no evidence for the
presence of carbohydrate was found',
and subsequent cloning and sequencing
of its cDNA and that of other polypep-
tides belonging to the Rh-blood group
system, showed that they do indeed
lack  N-glycosylation —sequences''2

© 1996, Elsevier Science Ltd

Thus, this protein seemed to be an
exception to the glycosylation rule.

However, more recent work has
shown that this is not the case. There is
now evidence that the Rh-polypeptides
form part of a large glycopolypeptide
complex, including among others the
Rh50 glycoproteins and the Landsteiner-
Wiener (LW) blood group glycoprotein
(intercellular adhesion molecule 4)
(Refs 13, 14). This situation is similar to
that of B2-microglobulin in class I trans-
plantation antigens, where the unglyco-
sylated protein associates with the
heavy chains of the transplantation
antigens. The importance of the associ-
ation of the Rh-polypeptide with other
glycosylated proteins is underscored by
the fact that it has not yet been poss-
ible to express the Rh ¢DNA in any
mammalian cell expression system.

In a recent survey of the SWISS-PROT
database (release 33.0, April 1996) we
found 1823 complete animal protein
entries with reported extracellular fea-
tures, of which 1671 (91.7%) were
described as ‘glycoproteins’ in the key-
word field; 1630 of these 1671 contained
the N-glycosylation peptide sequence
NxS/T. The remaining 8.3%, representing
152 potentially non-glycosylated plasma-
membrane proteins, contained 116 pro-
teins with multiple transmembrane re-
gions, 15 proteins that are known to
associate with glycosylated subunits in
a complex such as CD3 chains and the
Rhesus D-polypeptide, and seven that
contained 5-38 potential N-glycosylation
sites, i.e. polypeptides highly likely to be
glycosylated, yet not marked as glyco-
proteins. This leaves only 14 sequences
(0.7%) that are candidates for non-
glycosylated, non-complexed plasma
membrane proteins with a single trans-
membrane domain.

In ‘another survey, we assessed
whether this high representation of the
N-glycosylation tripeptide sequence is
more than should be found by chance
alone*. To do this, we extracted all se-
quence features marked as extracellu-
lar domains from animal proteins in
SWISS-PROT 33.0, which resulted in
4259 stretches of sequence from 1933

PII: S0968-0004(96)10034-7
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proteins. By chance alone, this material
is expected to contain 3343 potential
N-glycosylation sites, but it actually con-
tains 6725 sites, an over-representation of
more than twofold. This high frequency
of potential N-glycosylation sites in extra-
cellular domains might reflect recent
gene duplication and shuifling events as
well as a possible evolutionary pressure
to enrich for glycosylation sites.

For comparison we analysed all re-
ported cytoplasmic sequences in ani-
mal proteins in the same way. This ma-
terial contained 1656 occurrences of
the N-glycosylation sequence versus
1727 expected occurrences.

Glycosylation is essential in the
endoplasmic reticulum

It has been difficult to understand why
the glycosylation machinery, especially
that of N-glycosylation, is so remarkably
complex®. Is Nature wasteful? Briefly,
dolichol-containing glycolipids are used
to donate the initial glucose,-mannose,-
N-acetylglucosamine, oligosaccharide to
asparagine residues in the lumen of the
endoplasmic reticulum (ER) (Fig. 1). The
peripheral glucose residues are subse-
quently removed by a-glucosidases |
and 11, followed by oa-mannosidase re-
moving a-mannosyl residues; the final
oligosaccharides (Fig. 2) are formed by
the action of various glycosyltransfer-
ases. If the protein is still unfolded after
removal of the glucose residues, re-
glucosylation takes place by the ER en-
zyme UDPglucose: glycoprotein glucosyl
transferase!® (Fig. 1). Importantly, this
enzyme acts only on denatured or un-
folded substrates. The subsequent
glycosylation reactions take place dur-
ing the transport of the glycoproteins
through the ER and Golgi apparatus en
route to the cell surface.

Using glycosylation mutants, Stanley
and co-workers have convincingly shown
that, whereas N-glycosylation is essen-
tial for the viability of cells, hybrid and
complex oligosaccharides are not an
absolute necessity'’. They are, how-
ever, required for the whole organism
to develop normally'”. Thus, mice with
inactivated AN-acetylglucosamine trans-
ferase 1 die at mid-gestational age. This

*If the probability of a given tripeptide being an
Neglycosylation sequence {N-gs) is PNgs' a sequence
of n residues is considered as n- 2 tripeptides and
a binomial distribution is assumed for the number
of glycosylation sites in this population of tripep-
tides, the expectation value of the number of glyco-
sylation sites, = PM{SX(L— 2Nj for N sequences of
total length L. The assumption of a binomial distri-
bution is fair when Py is small, but it gives a slight
overestimation for the number of sites.
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transferase is the key enzyme
in the initiation of complex-
and hybrid-type N-linked
oligosaccharide biosynthesis.

It is still poorly under-
stood how the biosynthesis
of membrane oligosaccha-
rides is regulated. Evidently,
the activity of the glycosyl
transferases and also the
availability of nucleotide sug-
ars are of key importance.
The following example might
illustrate this: human En(a-)
red cells lack the gene that
encodes for glycophorin A,
the major erythrocyte sialo-
glycoprotein’®, but the cell
compensates for this loss by
making a larger-than-normal
Band 3 (anion transport pro-
tein) oligosaccharide of the
polylactosamine type. Indi-
viduals heterozygous for
the glycophorin A defect
(containing 50% the normal
amount of glycophorin A)
synthesize a Band 3 oligo-
saccharide with a size be-
tween that of normal and
En(a-) cells'®. Although the
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Figure 1

Structure of untrimmed N-glycosidic oligosaccharide.
This oligosaccharide is later modified in the endoplas-
mic reticulum (ER) by removal of the peripheral glu-
cose by glucosidase | and of the other two glucose
residues by glucosidase Il. The innermost glucose
residue is essential for the interaction with calnexin
and calreticulin. UDPglucose: glycoprotein glucosyl-
transferase, which acts on unfolded proteins, can
restore it. Abbreviations used: Glc, p-glucose; GlcNAc,
Nacetyl-o-glucosamine; Man, o-mannose.

carbohydrate chains in this example
are profoundly different, the findings in-
dicate that there is competition for acti-
vated sugars, and the lack of one major
polypeptide acceptor gives others the
opportunity to get more carbohydrate.

carbohydrate portions (specifically to
the innermost glucose residue) of newly
synthesized glycoproteins is of funda-
mental importance'>%, Whereas the
biosynthesis of the polypeptides is rela-
tively quick, their subsequent folding

Calnexin and calreticulin

The realization that calnexin and cal-
reticulin, both ER proteins and molecular
chaperones, recognize and bind to the

and the association of subunits are
much slower processes. By binding to
newly synthesized glycopolypeptides,
calnexin anchors the polypeptides in
the ER until they have achieved their

\ SA
a2-3 |
Gal Gal {Man) (Man) (Man)
B1-4 | p1-4 | at-2 | ol1-2 | | a1-2
GIcNAc GlcNAc (Man) Man Man
p1-2 | p1-2 | ol-2 | al=-3\, / al-6
Man Man Man Man
a1-3\{ /o1-6 al-3\{ /al-6
Man Man
| B1~4 | B1-4
GlcNAc GlcNAc
| p1-4 | p1-4
Fuc «a1-6 GlcNAc GIcNAc
| B | B
@ el (b) el |

Figure 2

(a) Complex-type and (b) highmannose-type Nglycosidic oligosaccharides. Many complex-type
oligosaccharides are important for cell-ligand interactions, but also high-mannose-type
structures can function as lectin and microbial ligands. Abbreviations used: Fuc, L-fucose; Gal,
p-galactose; Gic, p-glucose; GlcNAc, Macetyl-o-glucosamine; Man, bmannose; SA, sialic acid.
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Figure 3
Structures of O-glycosidic oligosaccharides.
Oglycosidic oligosaccharides are found
in mucin-type glycoproteins, often in large
numbers. The multi-valency is probably
important in increasing their avidity for
various interactions. A large number of
sugar chains might also have protective
functions against proteolysis. Abbrevi-
ations used: Gal, Dgalactose; GalNAc,
N-acetyl-0-galactosamine; SA, sialic acid.

correct folding conformation and, where
appropriate, associated with other poly-
peptides into supramolecular complexes.
However, if deglycosylation is pre-
vented by glucosidase inhibitors like
castanospermine and deoxynojirimycin,
the proteins remain bound to calnexin
and calreticulin, their transport is de-
layed in the ER and the proteins are
subsequently degraded. Treatment with
tunicamycin, which completely inhibits
the AN-glycosylation machinery, blocks
calnexin and calreticulin interactions
with their substrates, resulting in in-
correctly folded polypeptides, protein
degradation and mislocalization of
newly synthesized proteins. These find-
ings do not exclude the fact that other
molecular chaperones such as BiP
(binding protein) are also important.

In addition to these glycoprotein
chaperones, a few proteins have been
identified that can act as intracellular

lectins (chaperones?) later in the bio-
synthetic pathway. These include the
ERGIC-53 protein and VIP36, which are
homologous to plant lectins and can bind
high-mannose type oligosaccharides®.

Little is known about the importance
of O-glycosylation, but because those cell
surface proteins that are O-glycosylated
(Fig. 3) are often heavily so, they in-
fluence strongly the three-dimensional
structure of these mucin-type membrane
glycoproteins. Furthermore, O-glycosyl-
ation efficiently protects such proteins
from proteolysis. O-linked oligosaccha-
rides might extend surface proteins into
rod-like structures, which could be
important in mediating or preventing
cell-cell interactions. Moreover, carbo-
hydrate-carbohydrate interactions® can
be important during various stages of
glycoconjugate biosynthesis, but little
is known about their significance.

Exit from the cell -

It has been argued that plasma mem-
brane glycoproteins do not need any
‘exit signal’, but migrate by bulk flow
without specific retention. This would
mean that glycoproteins remain at the
same concentration in the transport
vesicles during intracellular migration.
Wieland et al? used an Zl-labeled,
formylated N-glycosylation consensus se-
quence tripeptide (NYS), which was taken
up by intact cells, glycosylated and
then secreted in 5-10 min. Whether this
sequence employed the physiological
migration route through the Golgi appa-
ratus is not known. The fast, intracellu-
lar migration by this simple molecule
was interpreted to mean that secretion
involves neither any specific retention
signals, nor any signals that would
target the tripeptide to the cell surface.

e —

fROTEIN TASTING
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However, one could also interpret the
results to suggest that the oligosac-
charide of the N-glycosylated tripeptide
in fact gives the molecule a positive
migration signal. Support for such a
function of oligosaccharides has been
obtained using a recombinant chimeric
membrane protein based on rat growth
hormone. The soluble protein is nor-
mally not glycosylated, and when a
membrane-anchored form was engi-
neered it remained intracellular?”. How-
ever, the introduction of N-glycosylation
sites resulted in its glycosylation, and
presentation at the cell surface. Inter-
estingly, the same glycosylated protein
showed apical sorting in Madin-Darby
canine kidney cells, whereas the
non-glycosylated growth hormone was
secreted from both the apical and
basolateral membranes?.

Oligosaccharide function at the cell surface
A number of carbohydrate-specific
functions occur at the cell surface, many
of which involve recognition events.
These include cell adhesion, interactions
between cells and soluble ligands, and
between cells and various microbes.
Such interactions often involve carbo-
hydrate-binding lectins.

Although the presence of mammalian
cell lectins has been known for a num-
ber of years, their importance was ini-
tially largely neglected. This was owing
to the fact that rather few specificities
were found, and the lectins were con-
sidered important only in a few special
cases. Only a few examples of specific
carbohydrate-plasma membrane glyco-
protein interactions can be mentioned
here, and the reader is referred to more
extensive recent reviews for additional
reading?%,

The finding of a hepatocyte lectin for
de-sialylated serum glycoproteins opened
the field®.., This lectin, presented at the
surface of liver epithelial cells, binds to
serum glycoproteins that have lost ter-
minal sialic acids, resulting in exposure
of galactosyl/N-acetylgalactosaminyl resi-
dues. A corresponding macrophage ac-
tivity involving binding of mannose-
containing proteins was subsequently
described. But more widespread inter-
est in the importance of glycoprotein
oligosaccharides arose when leukocyte
adhesion was found to involve initial
carbohydrate-ligand interactions. Sev-
eral studies have shown that ‘rolling’ of
neutrophils and monocytes along capil-
lary endothelia results from reversible
interactions between selectins presented
on endothelial cells and leukocytes, and
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specific carbohydrate structures on the
counter-ligand cells. These selectins?3
bind to sialyl Le*, sialyl Le? (Fig. 4), sul-
fatides and related carbohydrate struc-
tures. L-selectin is found on nucleated
blood cells, whereas E- and P-selectins
are mainly found on endothelial cells
(P-selectins are also found on platelets).

Interestingly, many selectin receptors
are cell surface proteins rich in O-glyco-
sidic oligosaccharides. These include
glycosylation-dependent cell adhesion
molecule 1 (GlyCAM-1), CD34, mucosal
vascular addressin cell adhesion mol-
ecule 1 (MAdCAM-1) and P-selectin
glycoprotein ligand 1 (PSGL-1) (Ref. 34).
The selectin-mediated ‘rolling’ phen-
omenon is essential for subsequent
stronger binding, and for tissue migra-
tion of leukocytes involving integrins
and ligands of the immunoglobulin
superfamily [intercellular adhesion mol-
ecule (ICAM) and vascular cell adhe-
sion molecule (VCAM)].

Additional leukocyte carbohydrate-
binding proteins have recently been de-
scribed; among them is the B lympho-
cyte surface protein CD22, which binds
a2-6 sialic acid-galactosyl structures,
and the macrophage sialo-adhesin with
specificity for a2-3 sialic acid-containing
glycoconjugates®. Of particular interest
is the binding of sperm to zona pellucida
glycoproteins through o-galactosyl resi-
dues®, although this field is still contro-
versial and is probably more complex
than currently thought.

However, it is anticipated that this list
of important surface glycoproteins will
grow over the next few years, along with
the elucidation of their binding speci-
ficities. In fact, the carbohydrate struc-
tures of only a few cell surface glyco-
proteins are currently known. This is, of
course, largely owing to the fact that it
is difficult to purify native glycoproteins
from mammalian cell membranes in suf-
ficient quantities. However, it is already
evident that cell surface proteins origi-
nating from the same cell can have very
different oligosaccharide compositions.
On one hand, CD45, a major cell surface
glycoprotein of leukocytes, which con-
tains tyrosine phosphatase activity on
the inner aspect of the membrane, is
enriched in «2-6 sialic acid-galactosyl
residues. On the other hand, the leuko-
cyte CD11/CD18 integrins contain «2-3
sialic acid-galactose structures, but no
«2-6 sialic acid. These facts are reflected
in their binding specificities. Thus, CD22
binds to CD45 (and to some other pro-
teins), but not to the integrins, whereas
the opposite is true for E-selectin’,
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Currently, a large number
of binding specificities of (a)
cell surface carbohydrate
are known for unphysiologi-
cal ligands such as bacteria,
viruses, toxins etc. Although
clinicaily important, these
activities are obviously not

Fuc "=° GlcNAc

Sialyl Le*

SA (b)
|02-3

Gal Fuc
|p1—4 |a1~4

SA “Z° Gal "=° GIcNAc
| |

Sialyl Le®

physiological, but reflect
evolutionary adaptations of
various microbes.

Figure 4

Structures of the selectin ligands (a) sialyl Le* and

(b) sialyl Le?. These oligosaccharides are important

Concluding remarks

The main purpose of this
short review is to point out
the requirement of cell sur-
face proteins for carbohy-
drate. For successful biosynthesis, fold-
ing and intracellular migration, cell
surface proteins (and most secreted
proteins) need to be glycosylated or, we
postulate, linked to a glycosylated
protein. The few exceptions to this rule
include cell surface proteins that span
the membrane several times. Intra-
cellular lectins such as calnexin and cal-
reticulin are responsible for retaining
glycoproteins on the ER until the time is
right for their migration to the mem-
brane, but carbohydrates might also be
important as positive plasma membrane
signals. However, many of the specific
functions of mature cell surface glyco-
protein oligosaccharides are physio-
logically important, but not always
essential for the protein function.

Although this research area is still
largely in its infancy, it is rapidly devel-
oping. Whether most (or all) carbo-
hydrate structures present at the cell
surfaces eventually will turn out to
be important in interactions with sur-
rounding cells, soluble ligands and
infecting microbes remains to be seen.
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Ras-related proteins. Studies

RafRBD

with Ras®-32 and with Rho/
Rac3? have shown that, in ad-
dition to the effector region,
other parts of the protein
are involved in the inter-
action with fulllength effec-
tors. In Ran it has been
shown that the carboxy-
terminal end of the molecule,
located far away from the
effector site in the three-

Figure 3

Schematic view of the hydrolysis-induced confor-
mational change and its result on the Ras-Raf inter-
face. Tyr32, Thr35 of switch | and Gly60 of switch Il
are suggested to be bound to the vy-phosphate by
spring-like connections, which release after GTP
hydrolysis and dissociation of inorganic phosphate.

RBD, Ras-binding domain.

RafRBD, as, for example, the RafRBD
structure is similar to that of ubiquitin,
which has no sequence similarity to
RafRBD either.

Outlook

Although only one three-dimensional
structure for a complex between a GTP-
binding protein and its effector is avail-
able at the moment, the fact that many
new effector proteins for Ras and the
other subfamily members have been
identified, guarantees that we will see a
number of additional such structures in
the near future. Will they be similar to
the Ras-Raf structure? As residues in-
volved in nucleotide binding are con-
served amongst GTP-binding proteins
and mutations such as those homolo-
gous to Q61L and S17N in Ras produce
similar biological responses, it was not
surprising to find that other Ras-like
proteins such as Arf>"% Ran? and Rab
(P. Metcalf, unpublished) have the same
overall topology. As mutations in the
effector region of other Ras-related pro-
teins block binding or biological effect,
it is likely that the basic area of inter-
action will be similar for the different

dimensional structure®, is
involved in binding to the
Ran-binding protein 1 (Ref.
34). It has also been found
that the activity of Ran-GAP
towards Ran is stimulated by
the additional binding of
the effector Ran-BP1 (Refs
34, 35), whereas on Ras and
Rap, the binding of effectors and the
respective GAPs are mutually exclu-
sive!53, Some of the Rho effectors and
a Ral effector have been predicted to be
o-helical proteins and not a,f proteins
such as the Ras-binding domain of Raf,
or other Raf effectors®. Thus, we might
anticipate some common and some
variable features in the molecular archi-
tecture of complexes of GTP-binding
proteins with their effectors.
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Erratum

In the August 1996 issue, we published the article entitled

‘Why mammalian cell surface proteins are glycoproteins’ by Carl Gahmberg
and Martti Tolvanen (TiBS 21, 308-311). It has been brought to our
attention that an error was accidentally introduced during redrawing of

Fig. 3. In the structure of both sidechains, the link to the Ser/Thr residue
should have been through N-acetyl-o-galactosamine (GalNAc) and not
through N-acetyl-o-glucosamine (GIcNAc). The corrected figure is shown here.

We apologize to the authors and to our readers for this mistake.
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Introduction

'The research projects on cellular changes in transformed fibroblasts, resulted in the discovery of
fibronectin in 1973. Later, research groups found that fibronectin is an adhesion molecule (1).
This finding led to search for cellular fibronectin receptors in fibroblasts and other cells (2,3).
In parallel, studies on platelet (4), and leukocyte adhesion molecules took place. The research
groups used a number of techniques to identify the receptors including protein chemistry,
affinity chromatography, induction of cell aggregation or adhesion, radioactive surface labelling
techniques, and the use of polyclonal and monoclonal antibodies.

In the early part of the 1980,s, I realized that it was important to shift my research from
the mere identification and characterization of cell surface proteins to functional aspects.
After the discovery of fibronectin and its role in cell adhesion, an obvious possibility was to
begin to study leukocyte surface molecules, and their involvement in cell - cell interactions.
'The collaboration with Leif Andersson was very important. He had an impressive knowl-
edge of leukocyte biology, and knew how to isolate different leukocytes. Early studies on
the cell surface glycoproteins of human leukocytes, showed that the cells express a number
of previously unknown surface glycoproteins (Paper 9). The promyelocytic cell line HL-60,
was functionally relatively inactive, but when differentiated towards granulocytes, it acquired
phagocytic and chemotactic activities, and the concomitant expression of cell surface proteins
similar to those of normal granulocytes (Paper 11). Other groups identified leukocyte surface
proteins, associated with various leukocyte functions, and lacking from leukocytes of patients
with genetically determined immunologic deficiencies. LFA-1 and Mac-1 were protein that
were found to be involved in a number of functions, but the reason for the malfunctions was
not clear (5,6). Several groups studied the same proteins, but under various names, and this is
still a problem. We used the name Leu-Cam (Leukocyte cell adhesion molecule) to point out
the function, and immunologists preferred the CD (Cluster of Differentiation) nomenclature.
'The following names are used: CD11a/CD18 (LFA-1,«L.32), CD11b/CD18 (Mac-1,oMp2),
CD11¢/CD18 (p150/95, oXB2) and CD11d/CD18 («DB2).

Manuel Patarroyo introduced the use of phorbol esters to induce leukocyte aggregation
(7). He joined my group as a postdoctoral fellow, and we tested a large number of monoclonal
antibodies, reacting with intact leukocytes, whether any could inhibit the phorbol ester induced
aggregation. One of the tested antibodies (60.3) (8), efficiently inhibited the induced aggrega-
tion of T cells and granulocytes. Immunoprecipitation of surface labelled cells resulted in the
Leu-Cam protein dimers. These experiments definitely showed that the molecules identified
were cell adhesion proteins.

It soon became apparent that the receptors in different cells including fibroblasts, leukocytes
and platelets were similar. After cloning and sequencing, a new protein family was identified. Rich-
ard Hynes named the receptors inzegrins, according to their ability to functionally and structurally
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connect their cell surface domains with the cytoplasmic domains (9). The integrins are large protein
heterodimers consisting of «- and B-chains. Several reviews on integrins, have been written (9-15).
Structural studies showed that in resting cells, the integrin head is turned towards the membrane
and upon activation, the integrins straighten out and finally open the binding site (16).

Comments on Papers 26 to 29

I was initially sceptical of using phorbol ester induced aggregation of leukocytes, to identify
adhesion receptors. Perhaps the clumping of cells was just due to an unspecific artefact. How-
ever, I was wrong. We tested a number of monoclonal antibodies obtained from scientists all
over the world. One of the antibodies (60.3) turned out indeed to efficiently prevent adhesion.
Because we had the radioactive surface labelling techniques in use, we soon discovered that the
antibody target molecules were protein dimers. In 1985, we published the identification of a
glycoprotein complex with apparent molecular weights of 160000/90000 from blood mono-
nuclear leukocytes (Paper 26). Soon thereafter, we identified a similar dimer from granulocytes
(Paper 27). The same year, and the year after, there began to appear similar findings from
other groups using different cells (2-4). B lymphocytes, expressed a similar protein complex
as'T cells (17). In collaboration with Jim Schréder we made an integrin 82-chain monoclonal
antibody, which turned out excellent for purification of large amounts of leukocyte integrins
(18). This was possible because we got several kilograms of packed leukocytes, which were
used for interferon production at the Finnish Red Cross Blood Centre. The purified integrins,
were used for making new monoclonal antibodies. One of them (7E4) turned out to efficiently
inhibit leukocyte adhesion, and another one (1D10) was excellent for blotting analysis of the
B2-chain (19). Using lymphocyte hybrids between a mouse thymoma and human lympho-
cytes, we assigned the gene for $2 to chromosome 21 (20). In collaboration with Japanese
scientists, we studied the carbohydrate chains of the leukocyte B2-integrins (Paper 28). The
N-glycosidic oligosaccharides included both high mannose chains and complex type chains.
We then found that E-selectin in fact binds to the sugar chains of B2-integrins (Paper 29).
'The fact that E-selectin binds to leukocyte integrins is interesting, but whether the binding
is functionally important, we still do not know.
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Scand. J. Immuneol. 22, 171-182, 1985

Identification of a Cell Surface Protein Complex
Mediating Phorbol Ester-Induced Adhesion
(Binding) among Human Mononuclear
Leukocytes

M. PATARROYO, P. G. BEATTY,J. W. FABRE & C. G. GAHMBERG

Department of Immunology, Karolinska Institute, Stockholm, Sweden: Fred Hutchinson Cancer
Research Center, University of Washington, Seattle, Washington, USA: Blond McIndoe Centre,
Queen Victoria Hospital, East Grinstead, West Sussex, UK and Department of Biochemistry,
University of Helsinki, Helsinki, Finland

Patarroyo, M., Beatty, P.G., Fabre, J.W. & Gahmberg. C.G. Identification of a Cell Surface
Protein Complex Mediating Phorbol Ester-Induced Adhesion (Binding) among Human Mono-
nuclear Leukocytes, Scand. J. Immunol. 22, 171-182, 1985,

Phorbol esters rapidly induce aggregation of human mononuclear leukocytes in vitro. Previous
studies have indicated that cell surface proteins are involved. We report now that the monoclo-
nal antibody 60.3, cither as purified 1gG or as Fab' fragments, to an antigen common to
leukocytes completely inhibited the phorbol ester-induced intercellular adhesion (binding). No
inhibition of cell aggregation was observed with monoclonal antibodies to common leukocyte
antigen T 200, T-cell-associated antigen, monocyte-granulocyte antigen, brain granulocyte-
T-lymphocyte antigen, transferrin receptor, mature T-cell antigens (mol.wt either 67.000 or
19.000/29.000). T helper/inducer cell antigen, sheep erythrocyte receptor, class I or class I1
antigens, or T eytotoxic/suppressor cell antigen. The antibody 60.3 did not inhibit stimulation
of the cells since the characteristic phorbol ester-induced morphological changes and phorbol
ester-enhanced cap formation of membrane glycoproteins were readily observed. Two major
cell surface polypeptides with apparent molecular weights of 90,000 and 160,000 were immuno-
precipitated. We conclude that this protein complex, or at least one of its components, mediates
adhesion among mononuclear leukocytes.

Manuel Patarroyo, Department of Immunology, Karolinska Institute, S-104 01 Stockholm 60,
Sweden

Intercellular adhesion (binding) is a fundamen-
tal process in the physiology of multicellular
organisms [39]. In the immune system interac-
tions between mononuclear leukocytes, mainly
lymphocytes and monocytes/macrophages, are
essential for function and regulation. Some of
these interactions are mediated by soluble fac-
tors such as interleukins and immunoglobulins,
but in other cases interaction requires physical
contact and adhesion between the cells, a
phenomenon that is poorly understood [4].
Phorbol esters. such as tetradecanoyl phorbol
acetate (TPA) and phorbol dibutyrate (P(Bu),),
have been shown to affect the morphology and
physiology of lymphocytes and monocytes [38].
In general, these compounds induce or modul-
ate growth, maturation, and various functions of
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the cells, and have the plasma membrane as a
major target [13, 30, 57].

In a previous study it was observed that TPA
increased adhesion between human blood
lymphocytes and cells from lymphoblastoid lines
[45]. Similarly, nanomolar concentrations of
P(Bu), were found to induce morphological
changes and aggregation of human blood mono-
nuclear cells (a T-cell-enriched population with
few monocytes suspended in  serum-free
medium) within a few minutes of treatment [49].
These observations resulted in an experimental
model that was developed to analyse adhesion
among mononuclear leukocytes. Further studies
indicated that phorbol ester-induced intercellu-
lar binding was energy- and temperature-depen-
dent and required extracellular divalent cations

171
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(mainly Mg** but also Ca*), functional
microfilaments, and the possible participation of
an esterase (protease) and protein kinase C. Cell
surface proteins but not protein synthesis was
needed. Calmodulin-dependent  processes,
microtubules,  phospholipid  methylation,
intracellular levels of cAMP or cGMP, or pro-
tein secretion did not seem to be involved.
Interestingly, not all lymphoid subpopulations
participated simultaneously, and adhesion
among lymphocytes and lymphocytes-mono-
cytes was usually observed [18, 46, 48; Patarroyo
et al., to be published]. Since mediation of a
passive bridging between the cells by P(Bu),
could be ruled out, it was concluded that phorbol
esters were inducing a cell-adhesive (binding)
phenotype in certain mononuclear leukocytes
and that cell surface structures such as cell adhe-
sion (binding) molecules were mediating the
intercellular binding.

Adhesion among other cell types has been
studied by various groups. Different cell adhe-
sion molecules have been identified in slime
mould [40] and in several tissues of vertebrate
organisms 3, 42, 56, 58]. Among these cell sur-
face proteins the neural cell adhesion molecule
(N-CAM) and the liver cell adhesion molecule
(L-CAM) are the best characterized [17].
Antibodies to cell surface structures enabled
these molecules to be identified by blocking the
intercellular binding. In the present study a simi-
lar approach was used to identify cell adhesion
molecules of mononuclear leukocytes by testing
the effect of monoclonal antibodies on cell sur-
face proteins. Only the antibody 60.3, which
reacts with a cell surface antigen expressed by
most peripheral blood and bone marrow
leukocytes [6], completely inhibited the inter-
cellular adhesion without affecting stimulation
of the cells by phorbol esters. Since this antibody
precipitated two major cell surface polypeptides
with apparent molecular weights of 90,000 and
160,000, we conclude that this protein complex
or at least one of its components mediates adhe-
sion among mononuclear leukocytes.

MATERIALS AND METHODS

Monoclonal antibodies and other reagents. The
antibodies used are described in Table 1. Antibodies
T 29/33 and TA-1 were obtained from Hybritech Inc.
(San Diego, Calif.. USA); OKMI1 and OKT9 were
purchased from Ortho Diagnostic Systems (Raritan,
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N.J., USA): NEI-015, NEI-039, and NEI-037 from
New England Nuclear (Boston, Mass., USA); anti-
Leu 3a, anti-Leu 5, and anti-HLA-DR from Becton
Dickinson (Mechelen, Belgium): and W 6/32 from
Sera-Lab (London, UK). Monoclonal antibodies 60.3
and F 10-44-2 were produced as previously described
[6, 14]. All antibodies were dialysed against water for
48 h at 4°C to remove NaN,. Thereafter they were
lyophilized and resuspended in phosphate-buffered
saline (PBS) to obtain a stock concentration of
400 pg/ml. 4p-Phorbol 12,13-dibutyrate (P(Bu),)
(Sigma Chemical Co., St Louis, Mo., USA) was
dissolved in dimethyl sulphoxide (DMSO) and stored
at —20°C. P(Bu), was added to cells to a final con-
centration of 60 nu. The final concentration of DMSO
was less than 0.05%.

Mononuclear leukocyre preparation. A
T-lymphocyte-enriched fraction from heparinized
blood of healthy donors was used. This population
consisted of 90% T cells, most with the helper/inducer
phenotype, and a few monocytes (Table I). Less than
1% of the cells were B lymphocytes (data not shown).
After Ficoll (Pharmacia, Uppsala, Sweden )-Isopaque
(Nyegaard & Co., Norway) separation [11] and
passage through a nylon wool column [26]. the cells
were resuspended in RPMI 1640 medium (Grand
Island Biological Co., Grand Island, N.Y., USA).

Measurement of cell aggregation. Cell suspension
aliquots of 0.5 ml (10x10¢ cells/ml) in 24-well tissue
culture plates (Costar, Cambridge, Mass., USA) were
rotated in a gyratory shaker (Model G 2, New
Brunswick Scientific Co., Edison, N.J., USA) at
100 rpm at 37°C. After a 10-min delay to enable warm-
ing of the cells, P(Bu); (60 nm was added. Twenty
minutes later, the cell suspension was briefly inspected
in an inverted microscope (Diavert, Leitz, Mainz,
FRG) and suspended by pipetting ten times before the
percentage of aggregated cells was determined in a
hemocytometer with a Laborlux K microscope (Leitz)
at x400 magnification, The suspension was also
inspected before treatment, and a control sample was
incubated without P(Bu),. At least 5x10? cells were
counted in each sample. P(Bu).-induced intercellular
adhesion (P(Bu), aggr) was calculated as the percent-
age of aggregated cells in the P(Bu).-treated sample
minus the percentage of aggregated cells in the control
sample, both read after 20 min, The effect of 13 mono-
clonal antibodies on the cell aggregation was tested.
The cells were incubated with antibody (either IgG or
Fab’ fragments) at concentrations ranging from 2 ng
to 20 ug/ml for 20 min at room temperature and for
10 min more at 37°C before being shaken and treated
with phorbol ester. Unbound antibodies were also
present during P(Bu), treatment. The effect of the
antibodies (inhibition) was expressed as:

% P(Bu), aggr in _ P(Bu), aggr in
control sample presence of antibody
% P(Bu), aggr in control sample
Usually, percentage P(Bu), aggr in the control sample

was around 30%. Each antibody was tested at least
twice.
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50,000

170,000/95,000
165,000/95,000
95,000/130,000/150,000
105,000

94,000

67,000

55.000
45.

19,000-29,000

43,000
32.000-45,000
28,000-34,000

HLA-A, -B, -C shared determinant (class I antigen)

Common leukocyte surface antigen (Lp 95-150)
Cytotoxic/suppresor T cell (antigen T8)

Brain granulocyte T-lymphocyte antigen

Transferrin receptor
Leu 5 (T11) or sheep erythrocyte receptor

HLA-DR, nonpolymorphic (class 11 antigen)

Mature T-cell antigen (T3)

Leu 3a (T4), T helper/inducer cell antigen -

Common leukocyte antigen (T 200)+

T-cell-associated antigen
Monocyte/granulocyte antigen

Mature T-cell antigen (T1)

IgG2b
IgG2a
1gG2b
IgG2a
1gG2a
IgGl
1gG2a
1eG1
1gGl
1eG2a
1eG2a
1gG2a
1gG

Anti-HLA-DR

NEI-037

Anti-Leu 3a
None

OK M1
60.3

F 10-44-2
OKTY
NEI-015
Anti-Leu 5
W 6/32
NEI-039

<1

FOther names given to the immunoprecipitated molecule are in parentheses.

* Apparent molecular weight under reducing conditions.

1A very weak staining was also observed in 20% of the cells.
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Preparation of Fab fragments. Univalent antibody
fragments were prepared [rom the F 10-44-2 and 60.3
antibodies by papain digestion as follows. The enzyme
(P 3125; Sigma Chemical Co.) was incubated with the
antibody ina 1:100 ratio for 4 h at 37°C in the presence
of 10 mm cysteine (Sigma) and 2 mm ethylene-
diaminetetraacetic acid (EDTA) (Kebo, Stockholm,
Sweden) in 0.1 M phosphate buffer, pH 8.0. To inacti-
vate any papain left, cysteine and EDTA were
removed by dialysis against 0.005 m phosphate buffer
for 48 h at 4°C. After additional dialysis against 0.1 M
phosphate buffer, pH 8.0, the dialysate was applied to
a protein A-Sepharose column (Pharmacia) pre-
viously equilibrated with the same buffer to remove Fe
fragments or undigested IgG. The eluted fraction was
thereafter lyophilized and resuspended in PBS to a
concentration of 400 zg/ml.

Indirect immunofluorescence and morphological
studies. Cells were stained with the antibodies by
indirect immunofluorescence by using either fluores-
cein-conjugated rabbit anti-mouse Ig or goat anti-
mouse [gG (Fe) (Nordic Immunology, Tilburg. The
Netherlands) as the second step reagent. Incubation
with the antibodies was done at room temperature.
After being stained the cells were treated with glycerol
and observed in a Leitz Fluorescence microscope
(Schott, FRG). Morphological changes were studied
by light microscopy at magnifications higher than
%x320. To study the effect of antibody 60.3 on the
phorbol ester-induced morphological changes, the
cells were preincubated with 20 ug/ml of Fab' frag-
ment from the antibody and treated with P(Bu), in the
presence of the antibody. Photomicrographs were
taken with a Wild microscope camera (Heerbrugg,
Switzerland), using a Plus X pan (Kodak, Rochester,
N.Y., USA) film.

Measurement of cap formation. Ten million cells in
1 ml of medium were preincubated with 20 pg of Fab'
fragments from antibody 60.3 at room temperature for
20 min. After 10 min of warming at 37°C the cell
suspension was exposed to [luorescein-conjugated
concanavalin A (Con A) (50 pg/ml; Sigma) and
divided into two fractions. P(Bu). (60 nm) was added
to one of them, and both fractions were incubated at
37°C for 20 min. When antibody T 29/23 was used as a
ligand, unbound antibody was removed by washing
the cells twice, and goat anti-mouse 1gG (Fe) was used
as the second step reagent. The capping reaction was
terminated by fixing the cells with 10% [ormaldehyde
(Merck, Darmstad, FRG) for 10 min at 37°C. The
cells were then washed twice with PBS containing 109
formaldehyde and examined microscopically. The
distribution of fluorescent Con A or antibodies on the
cell was observed in a Leitz fluorescence microscope.
At least 200 cells were counted per sample at x 1250
magnification. Cells exhibiting polar fluorescence
were scored as capped cells (% capped cells). P(Bu),-
enhanced capping (% P(Bu), capping) was calculated
as the percentage capped cells in the P(Bu),-treated
sample minus the percentage capped cells in the untre-
ated sample, both read after 20 min.

Cell surface labelling, immunoprecipitation, and gel
electrophoresis. Cells were surface-labelled with 15T by
the glucose oxidase-lactoperoxidase procedure [25] or
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with  *H after periodate oxidation |20)].
Immunoprecipitation was performed as described pre-
viously, using rabbit anti-mouse Ig (Dako.
Copenhagen, Denmark) in the second step [21].
Polyacrylamide slab gel electrophoresis in the pre-
sence of sodium dodecyl sulphate was done in accor-
dance with Laemmli [31], using 8% acrylamide gels.
The *H-labelled gels were treated for fluorography in
accordance with Bonner & Laskey [9]. "C-labelled
standard  proteins  were obtained from the
Radiochemical Center (Amersham, UK).

RESULTS

Effect of monoclonal antibodies to cell surface
antigens on the phorbol ester-induced cell
aggregafion

The effect of 13 monoclonal antibodies on
P(Bu),-induced cell aggregation was tested. The

100 ~
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80
70
60
50
40

30

Inhibition of cell oggregation (%)

20
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percentage of antigen-positive cells in the cell
preparation is shown in Table I. The mean value
of P(Bu),-induced aggregation was 28.8% of
aggregated cells (29.9% in the P(Bu)-treated
sample minus 1.0% in the control (untreated)
sample). None of the antibodies except 60.3
exerted inhibition of cell aggregation at con-
centrations as high as 20 pg/ml (Fig. 1). Slight
enhancement of cell-cell binding was observed
with antibodies to cytotoxic/suppressor T-cell
antigen (T8) and common leukocyte antigen
(T200). Antibody 60.3 inhibited intercellular
adhesion in a concentration-dependent manner
(Fig. 1). Fifty per cent inhibition was obtained
with approximately 150 ng/ml. A few cell
aggregates (less than 9% of the cells) were
observed in control (untreated) samples in the
presence of antibodies to cytotoxic/suppressor

0.002 0.01 0.05

0.2 |

mAb IgG concentration (ug/mi)

Fig. 1. Effects of various monoclonal antibodies (1gG) to cell surface antigens on P(Bu).-induced
aggregation of mononuclear leukocytes. The following antibodies were used: T 29/32 (A), TA-1
(V). OKMI (A), 60.3 (7). F 10-44-2 (@). OKT9 (O), NEI-015 (M), anti-Leu 3a (0J), anti-Leu 5
(#). W6/32 (O). NEI-039 (+), anti-HLA-DR (%), and NEI-037 (*).
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T-cell antigen (T8), mature T-cell antigen (T3),
Leu 3a (T4), T-cell-associated antigen, and com-
mon leukocyte antigen (T200) (data not shown.)

To avoid any possible artefact due to the
divalency of the antibody or its Fe portion, Fab'
fragments from antibodies 60.3 and F 10-44-2
were prepared. The antibody activity of these
fragments and the lack of Fe portion is shown in

Cell Adhension Molecules of Leukocytes 175

antibody 60.3 but not from antibody F 10-44-2
inhibited the cell aggregation in a concentration-
dependent manner (Fig. 2). About 75 ng/ml
was needed to inhibit 50% of the intercellular
binding. Inhibition of aggregation was observed
not only after 20 min of treatment with P(Bu);
but also after 24 h of incubation with the phorbol
ester, when cell aggregates are much larger (Fig.

Table II. Fab' fragments prepared from 3).

TasLe IT. Determination of antibody activity and presence of Fe portion in
papain-digested preparations from antibodies 60.3 and F 10-44-2

Percentage
Monoclonal Papain Fluorescein-conjugated positive
antibody digestion® reagent cells
60.3 - Anti-Ig (1:20)f 96
- Anti-Fe (y) (1:20) 95
+ Anti-Ig (1:20) 95
+ Anti-Fe (y) (1:20) <1
F 10-44-2 - Anti-Ig (1:20) 95
- Anti-Fe (y) (1:20) 96
+ Anti-Ig (1:20) 94
+ Anti-Fe (y) (1:20) <1
None Anti-Ig (1:20) <1
Anti-Fe (y) (1:20) <]
*Papain digestion was performed as described in Materials and
Methods.

+tAntiserum dilution in parentheses.

100 —

Inhibition of cell aggregation (%)

20+ {
i
GLW\‘?—”{’\%

L 1 1 1 1 1 J
0.002 0.01 0.05 0.2 ! 5 20

mAb Fab concentration (pg/ml)

Fig. 2. Effect of Fab’ fragments prepared from monoclonal antibodies 60.3 (@) and F
10-44-2 (O) on P(Bu)y-induced aggregation of mononuclear leukocytes. Mean
values and standard deviations of three experiments are shown.
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Fig. 3. Effect of Fab' fragments made from antibody 60.3 on P(Bu)y-induced morphological changes and cell
aggregation. 3a and 3c were not treated with P(Bu),. 3b and 3d were treated with 60 nm P(Bu), for 20 min at
37°C. 3c and 3d were preincubated with 20 ug/ml of Fab' fragments. 3a-d were photographed in a conventional
microscope (%190 magnification). Both e and f were treated with P(Bu), for 24 h at 37°C, but only f was
preincubated with the Fab’ fragments. Samples that were not treated with P(Bu), and were incubated at 37°C for
24 h with or without antibody resembled a. 3e and f were photographed in an invefted microscope at x 100
magnification. All samples were continuously rotated at 100 rpm. Scale bar=50 zm.
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TanLe 1I1. Effect of precoating with antibody 60.3 (Fab’ fragments) on P(Bu).-

induced cap formation*

Percentage

Precoating P(Bu), capped

Ligand with 60.3F treatment cellsi
Fluorescein-conjugated Con A No - 6.5
+ 58.5
Yes = 6.5
+ 54.5
Anti-human leukocyte antibody No = 11.0
(T 29/33)+fluorescein- + 49.0
conjugated goat Yes = 14.0
anti-mouse IgG (Fc) + 46.0

*Cap formation was determined as described in Materials and Methods.
+Twenty micrograms of Fab' fragments were added to 10x 10¢ cells before P(Bu),

treatment.

+One representative experiment out of three.

Effect of monoclonal antibody 60.3 on stimula-
tion (activation) of the cells by phorbol ester

The induction of morphological changes by
phorbol esters, an early sign of stimulation, was
not affected by preincubation of the cells with
high concentrations of Fab' fragments prepared
from antibody 60.3 (Fig. 3). The characteristic
uropod formation and ruffled membranes were
observed in antibody-coated cells after 20 min
or 24 h incubation with P(Bu)..

Another early sign of phorbol ester-induced
stimulation, the enhancement of cap formation
[47], was also examined in cells treated with Fab’
fragments prepared from antibody 60.3. The
lateral mobility and polarization of Con A recep-
tors and common leukocyte antigen (T200) were
similar in the absence and presence of the Fab'
fragments (Table ITI).

Immunoprecipitation with antibody 60.3

Surface labelling of the mononuclear
leukocytes followed by immunoprecipitation
and gel electrophoresis showed under reducing
conditions two bands with apparent molecular
weights of 90,000 and 160,000 (Fig. 4). A third
band with a molecular weight of 130,000 was also
detected after longer exposure (faintly seen in
Fig. 4F). No detectable differences were
observed in these bands when untreated and
phorbol ester-treated cells were compared (data
not shown). F 10-44-2, an antibody control, pre-
cipitated a single band with an apparent molecu-
lar weight of 85,000. Labelling of these
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molecules by 'H after periodate treatment
showed that the polypeptides were sialyated.

DISCUSSION

In solid tissues, cell-cell adhesion is involved in
organogenesis and morphogenesis but also in
intercellular communication and cell growth and
differentiation control [23]. In the immune
system monocytes/macrophages and dendritic
cells cooperate with lymphocytes, and T-cell
subsets (helper, suppressor, and cyototoxic)
interact with each other and with B cells, The
participation of cell-cell binding in the inter-
cellular communication is poorly understood.
Interestingly, the adhesion, also referred to as
intercellular adherence, binding, attachment,
cohesion, conjugation, and physical contact, is
associated with stimulation (activation) of these
cells. When single and ‘resting’ mononuclear
leukocytes from immunized donors are incu-
bated with the soluble antigen. the cells interact
in aggregates (clusters) [41, 50]. Certain lectins
also activate lymphocytes, and the stimulation is
accompanied by an increasing tendency of the
cells to aggregate [36]. However, molecular
bridging between the antigen and the antigen
receptor or passive bridging mediated by the
lectin between the cells cannot completely
explain the cell aggregation.

In contrast to antigens and lectins, phorbol
ester does not seem to bind to a cell surface
receptor or to cross-link cell surface molecules
present on the same cell or on adjacent cells.
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FiG. 4. Polyacrylamide slab gel electrophoresis patterns of 'I- and *H-labelled surface antigens of
mononuclear leukocytes. 4A shows pattern of “C-labelled standard proteins: M=myosin;
PH, =phophorylase b; BSA=bovine serum albumin; OA=ovalbumin; CA=carbonic anhydrase.
4B-D show '*]-labelled and E-G H-labelled cell surface proteins; B, pattern of surface-labelled
mononuclear leukocytes: C, pattern obtained by precipitation with antibody 60.3; D, pattern
obtained with antibody F 10-44-2; E, pattern of surface-labelled mononuclear leukocytes; F, pattern
obtained by precipitation with antibody 60.3: G, pattern obtained with antibody F 10-44-2. GP
200=cell surface glycoprotein with an apparent molecular weight of 200,000, etc.

Specific phorbol ester receptors, identified with
[*H]P(Bu),, have been described in many cell
types including lymphocytes [15, 53]. Recently,
a phorbol ester receptor was solubilized and
purified [2]. Protein kinase activity copurified
with the receptor, and all attempts to resolve the
enzymatic activity from the receptor were unsuc-
cessful. The isolated receptor required
phospholipid and Ca** for maximal protein
kinase activity, a characteristic of protein kinase
C [3]. Another report indicated that TPA
directly activates protein kinase C, which was
isolated from rat brain cytosol [12]. Together,
the results strongly suggest that phorbol ester
receptor and protein kinase C comprise the same
molecular entity. TPA is able to substitute for
the endogenous activator of the enzyme,
diacylglycerol, which is transiently formed dur-
ing turnover of phosphatidyl inositol after
stimulation of the cell surface. Since phorbol
esters are lipophilic, they probably penetrate the
plasma membrane easily. and once inside, they
bind to protein kinase C. This system, in which
the receptor is on the inner surface of the plasma
membrane or in the cytosol, is unusual [27] and
makes phorbol esters very suitable compounds
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for studying interactions between cell surfaces
such as cell-cell adhesion.

Cell-mediated  cytotoxicity,  either by
cytotoxic T cells or natural killer cells, requires
adhesion between effector and target cells [51],
and intercellular binding needs surface proteins
[22, 48]. Monoclonal antibodies to T4, Leu 2a
(T8), sheep erythrocyte receptor, class II
antigen.  lymphocyte  function-associated
antigen-1 (LFA-1), LFA-2, and LFA-3 have
been reported to inhibit cell conjugate forma-
tion [1, 8, 28, 33, 54]. However, identification of
cell adhesion molecules in the cell conjugation
(either effector to target or similar models) is
very difficult because of the complexity of this
assay, in which two cell surfaces with many
different  proteins interact  sequentially.
Moreover, the target is usually an activated and
abnormal cell that has been kept in culture for
years. Our results do not support the idea that
T4, T8, sheep erythrocyte receptor, or class II
antigens are directly involved in intercellular
adhesion. LFA-2 and OKTI1 appear to recog-
nize the same molecule [29]. However, the
possibility that different antibodies recognize
different epitopes on the same molecule cannot
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be excluded. It is more likely that these antigens
participate in the earliest interaction between
cell surface receptors (recognition) or in activa-
tion of the plasma membrane but not directly in
cellcell adhesion. The similarities between
LFA-1, aleukocyte surface antigen that involves
two polypeptides with apparent molecular
weights of 95,000 and 177,000 [59], and the pro-
teins precipitated by antibody 60.3 are remarka-
ble and suggest that the two protein complexes
are somehow related. Current studies are aimed
to comopare their antigenic structures. The par-
ticipation of LFA-3 in the phorbol ester-induced
adhesion is unknown. Although valuable, the
information obtained by other groups using the
above monoclonal antibodies is fragmentary,
since their studies lacked an assay to analyse
exclusively intercellular adhesion.

Because of its divalency IgG might induce
cross-linking of cell surface antigens and perturb
the plasma membrane. On the other hand,
bridging between cells through the Fe portion
and Fc receptor might occur and affect the cell
aggregation. The inhibitory effect of Fab’ frag-
ments made from antibody 60.3 excluded these
possibilities and indicated that the antibody
blocks a cell surface structure involved in adhe-
sion. However, this structure might not be
involved in adhesion itself but in the stimulation
of the cells by phorbol esters. Two early signs of
phorbol ester stimulation, morphological
changes and enhancement of cap formation,
were therefore studied in the presence of the
antibody. The lack of effect on these phenomena
indicated that P(Bu), binds to its receptor and
that other structures that might be involved in
the stimulation process are not affected by the
antibody. The capping studies also excluded the
possibility that antibody 60.3 was paralysing the
plasma membrane or somehow anchoring sur-
face glycoproteins.

Antibody 60.3 precipitated two major cell sur-
face sialopolypeptides with apparent molecular
weights of 90,000 and 160,000 and a minor
sialopolypeptide with an apparent molecular
weight of 130,000. In contrast, antibody F 10-
44-2 precipitated a single sialopolypeptide with
an apparent molecular weight of 85.000.
Differences in the molecular weights when com-
pared with the ones described in the original
publications [6, 14] may be due to technical rea-
sons. Precipitation of three chains by antibody
60.3 might be explained by the presence of the
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epitope on all three components. However, it is
more likely that only one polypeptide carries the
epitope and the other two are non-covalently
associated. This phenomenon has been
observed in various cell surface proteins [52].

As in other cell types, adhesion among mono-
nuclear leukocytes appear to require the par-
ticipation of ligands, or cell adhesion (binding)
molecules, in the formation of cell-cell bonds.
Since antibody 60.3 inhibits adhesion but not
stimulation of the cells, it is very likely that the
90.000-160,000-dalton protein complex. or at
least one of its components, constitutes a ligand
in the intercellular binding. However, additional
molecular studies, some of them in progress, are
required to determine precisely the role of each
polypeptide in the phenomenon.

Interestingly, antibody 60.3 reacts with T and
B lymphocytes, monocytes, and granulocytes,
but not with platelets, erythrocytes, or hepa-
toma cells [6]. It precipitates almost identical
polypeptides from lymphocytes and granulo-
cytes [6, 7] and also inhibits aggregation of
the latter cells (Pararroyo er al., to be
published). Together, these results indicate that
the protein recognized by antibody 60.3 is com-
mon to different leukocytes and mediates their
intercellular adhesion. As an operational term,
we use the name leukocytic cell adhesion
molecule (Leu-CAM) for the leukocytic ligand

forming the bonds between the cells. Previously

described cell adhesion molecules have different
molecular weights and tissue distribution [17].
Edelman [16] has postulated that tissues may
have only a few adhesion molecules, corres-
ponding in number perhaps to the major classes
of cells and tissues, and that the adhesive pattern
may arise from local surface modulation. The
cell adhesive (binding) phenotype of mono-
nuclear leukocytes induced by phorbol esters
may well be the result of a surface modulation
originated by phosphorylation of Leu-CAM or
associated structures.

Cell-cell adhesion may mediate intercellular
communication and cooperation, possibly
required for proliferation and maturation con-
trol in mononuclear leukocytes. In agreement
with this, antibody 60.3 inhibited cell-mediated
cytotoxicity and T-cell proliferative response
[6]. Consequently, absence of the protein com-
plex precipitated by the antibody in leukocytes
was associated with abnormal function of the
cells [7].
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ADDENDUM

In recent experiments dissociation of the cell
surface protein complex allowed the localization
of the epitope for antibody 60.3 on the 90-kDa
polypeptide.
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Identification of a Cell-Surface Glycoprotein
Mediating Adhesion in Human Granulocytes
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Department of Immunology, and Department of Physiological Chemistry, Karolinska Institute.
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Seattle, USA, and Department of Biochemistry, University of Helsinki, Finland

Patarroyo, M.. Beatty, P.G., Serhan, C.N. & Gahmberg, C.G. Identification of a Cell-Surface
Glycoprotein Mediating Adhesion in Human Granulocytes. Scand. J. Immunol. 22, 619-631,
1985

Previous studies have shown that monoclonal antibody 60.3 reacting with a surface antigen
common o human leukocytes inhibits phorbol ester-induced adhesion among blood mono-
nuclear cells and precipitates from these cells three surface polypeptides with apparent mole-
cular weights of 90,000, 130,000 and 160.000. Now we report that the same antibody. either as
purified [gG or Fab fragments, also inhibits the extensive adhesion among granulocytes
induced by phorbol ester. Inhibition of cell aggregation was not observed with monoclonal
antibodies 1o C3b receptor. common leukocvte antigen T200, C3bi receptor, brain gra-
nulocyte=T lymphocyte antigen. IgG Fe receptor. class I transplantation antigen, or a gra-
nulocyte-specific antigen. Intercellular adhesion induced by either the chemotactic tripeptide
N-formylmethionyl-leucyl-phenylalanine (FMLP) or the ionophore A23187 was also inhibited
by antibody 60.3. However, this antibody did not affect phorbol ester-induced superoxide
(O ) generation or lysozyme release. Two major surface glycopolypeptides with apparent
molecular weights of 92,000 and 155.000 were immunoprecipitated from granulocytes, Dis-
sociation of the protein complexes obtained from blood mononuclear cells and granulocytes
indicated the presence of the epitope on the 90,000-92,000 molecular-weight components. Itis
thus concluded that the smallest glvcopolypeptides mediate adhesion in human granulocytes
and mononuclear leukocytes. .

Manuel Patarroyo, Department of Immunology, Karolinska Institute, $-104 01 Stockholm 6,
Sweden

Granulocytes are known to play a central role in
host defence against pathogenic microorganisms
[22] and to mediate tissue injury in various dis-
eases [3. 12]. During acute inflammatory
responses, these phagocytic cells leave the blood
stream after adhering to vascular endothelial
cells, and migrate through the vessel wall to
surrounding tissues, where they ingest and kill
invading organisms.

Upon  stimulation,  granulocytes rapidly
undergo a variety of physiological responses
such as oxidative metabolism, degranulation.
and adherence [21]. The adherence response
may be manifested as autoaggregation both in
vivo [19] and in vitro [21], or by adhesion to
cultured endothelium [54] or artificial surfaces
including plastic Petri dishes [9] and nylon fibre
[31]. Granuloeyte aggregation, which can be
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induced by a variety of both soluble and parti-
culate stimuli such as the chemotactic tripep-
tide N-formyl-methionyl-leucyl-phenylalanine
(FMLP), the ionophore A23187. phorbol esters
(21], the complement-derived component C5a
[10]. and leukotriene B, (LTB.) [48]. is an
energy- and temperature-dependent cell sur-
face-mediated phenomenon which requires
extracellular divalent cations [38]. It can occur
independently of degranulation [24], and is dis-
sociable  from oxidative metabolism  [58].
However. the molecular basis of this response is
still poorly understood.

In previous studies adhesion among human
mononuclear leukocytes (mainly lymphocytes)
was analysed by inducing their aggregation with
the phorbol esters 12-O-tetradecanoyl-phorbol-
13-acetate (TPA) and phorbol 12,13-dibutyrate

619
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(P(Bu),). Initially, TPA was shown to stimulate
aggregation of lymphoblastoid cells and to
enhance their adhesion to blood lymphocytes
[41]. At nanomolar concentrations P(Bu),
induces both rapid morphological changes and
intercellular  adhesion in  mononuclear
leukocytes [42, 14]. The cell-cell adhesion is an
energy- and temperature-dependent process
that requires extracellular divalent cations
(mainly Mg"*). Microfilaments and various
cellular enzymes appear to participate, and cell
surface proteins, but not protein synthesis. are
needed [43, 44], Patarroyo & Jondal. Since pas-
sive bridging between the cells by P(Bu), itself
could be excluded, the results of these studies
indicated that phorbol esters induce a cell-ad-
hesive phenotype in certain mononuclear
leukocytes, and that cell surface structures such
as cell adhesion molecules are involved. We
shall use the term leukocytic—cell adhesion
molecule (Leu—CAM) to refer to the leukocytic
ligand forming the intercellular bonds.

By blocking aggregation of other cell types,
antibodies to cell-surface proteins  allowed
the identification of several cell-adhesion
molecules, including neural cell-adhesion
molecule (N-CAM) and liver cell-adhesion
molecule (L-CAM) [32, 13, 36, 57]. Using a
similar approach. a monoclonal antibody (60.3)
to a surface antigen expressed on human lym-
phocytes, monocytes, and granulocytes [4] was
found to inhibit phorbol ester-induced aggrega-
tion but not stimulation of mononuclear
leukocytes [45]. Since the antibody precipitated
three surface polypeptides with apparent
molecular weights of 90,000, 130,000 and
160,000 it was concluded that this protein com-
plex, or at least one of its components, mediates
intercellular adhesion.

The reactivity of antibody 60.3 with gra-
nulocytes, but not with ervthrocytes, platelets,
or hepatoma cells, as well as the similarities
between phorbol ester-induced aggregation of
mononuclear leukocytes and  granulocytes
prompted us to test the effects of this antibody
on adhesion among granulocytes. In the present
study. we report that antibody 60.3 blocks gra-
nulocyte aggregation induced by 3 different
stimuli but not their activation. Two major sur-
face glycopolypeptides with apparent molecular
weights of 92,000 and 155,000 were immuno-
precipitated from these cells. Dissociation of
the protein complexes from mononuclear
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leukocytes and granulocytes allowed the local-
ization of the epitope on the smallest
components.

MATERIAL AND METHODS

Monoclonal antibodies and other reagents. The anti-
bodies used in the present study are described in Table
I. Monoclonal anti-C3bR antibody was obtained from

Dakopatts (Copenhagen. Denmark); T29/33 was:

purchased from Hybritech (San Diego. Calif. USA):
OKMI1 from Ortho Diagnostic Systems (Raritan.
N.J., USA): anti-Leu-11a from Beckton Dickinson
(Mechelen, Belgium); W6/32 and MAS 065 from
Sera-Lab (London, UK): and NEI-037 from New Eng-

land Nuclear (Boston, Mass., USA). Monoclonal anti--

bodies 60,3 and F10-44-2 were produced as previously

described [4, 11]. All antibodies were dialysed against

water for 48 h at 4°C to remove NaN.. They were
then lyophilized and dissolved in  phos-
phate-buffered saline (PBS) to obtain a stock concen-

tration of 400 gg/ml. P(Bu), (Sigma, St Louis, Mo..

USA) and FMLP (Sigma) were dissolved in
dimethylsulphoxide (DMSQ). while ionophore

A23187 was dissolved in ethanol and stored at =20°C .-
P(Bu);, FMLP and A23187 were added to cells to a’

final concentration of 60, 500, and 500 nM respectively.

The final concentration of the solvents was less than.

0.1%, which when tested alone did not affect cell
aggregation.

Granulocyte preparation. Cell preparations contain-
ing Y8% granulocytes. as measured by reactivity with a
granulocyte-specific  monoclonal  antibody, from
heparinized blood of healthy donors were used (Table

I). Approximately 2% of the cells were T lymphocevtes.

and less than 1% were B cells (data not shown). Aflter
separation by a discontinuous gradient of Percoll

(Pharmacia, Uppsala, Sweden) [20], the cells were.
resuspended in RMPI 1640 medium (Grand Island

Biological Co., Grand Island. USA) containing 0.5%
human albumin (Sigma) unless otherwise stated. Cell
viability was over 92% in all experiments as measured
by trypan blue exclusion.

Measurement of cell aggregation. Aliquots of 0.5 ml
of the cell suspension (107 cells/ml) in 24-well tissue
culture plates (Costar, Cambridge. USA) were
rotated in a gyratory shaker (Model G2, New
Brunswick Scientific Co., Edison, N.I.. USA) at 100
rpm at 37°C. After warming of the cells (10 min, 37°C).

either P(Bu): (60 nm). FMLP (500 nm), or A23187 (300

nM) was added. To enhance the cell aggregation
induced by FMLP and A23187. the cells were pre-
treated with 0.5 gg/ml cytochalasin B (Sigma. dis-
solved in DMSO) for 5 min at 37°C [37]. Twenty
minutes after adding the stimuli. the cell suspension

was briefly inspected in an inverted microscope.

(Diavert, Leitz, Mainz, FRG) and resuspended by

pipetting 5 times before the percentage of aggregated.

cells was determined in a hacmocytometer using a

Laborlux K microscope (Leitz, Mainz. FRG) at’

400x magnification. The suspension  was  also
inspected before treatment and a control sample was
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incubated without the stimulus. When FMLP or
A23187 were used as stimuli the percentage of aggre-
gated cells (7% aggr.) was determined by directly count-
ing the number of cells in aggregates. At least 5x10?
total cells were counted in each sample. However,
P(Bu), induced much larger aggregates and the num-
ber of participating cells could not be determined
accurately by this method. Therefore, P(Bu).-induced
aggregation was measured indirectly by counting the
number of single cells in the treated sample in a pre-
determined area and subtracting this value from the
corresponding total number of cells in the untreated
sample, both read after 20 min. This method gives an
approximate percentage of aggregated cells. The
effect of 8 monoclonal antibodies on the P(Bu),-
induced cell aggregation was tested. The cells were
incubated with antibody (either IgG or Fab fragments)
at concentrations between 50 ng and 20 ug/ml for 20
min at room temperature and for 10 min more at 37°C
before being shaken and treated with phorbol ester.
Unbound antibodies were also present during P(Bu),
treatment. The effects of the antibodies (inhibition)
are expressed as:

% P(Bu), aggr. in control sample
—P(Bu), aggr. with antibody ol

= e -4

P(Bu), aggr. in control sample

Usually, % P(Bu).-induced aggregation in the control
sample was greater than 90%. Each antibody was
tested at least twice. The Fab fragments were prepared
from the F10-44-2 and 60.3 antibodies by papain diges-
tion as previously described [45].

Indirect immunofluorescence and morphological
studies. Cells were stained with the antibodies by
indirect immunofluorescence with either fluorescein-
conjugated rabbit anti-mouse Ig or goat anti-mouse
IgG (Fc) (Nordic Immunology. The Netherlands) as
the second step reagent. Incubation with the anti-
bodies was done at room temperature. After staining,
the cells were treated with glycerol and observed in a
Leitz Fluorescence microscope (Schott, FRG). Cell
aggregation and morphological changes were followed
in conventional and inverted microscopes at various
magnifications. To study the effect of antibody 60.3
the cells were preincubated with 20 ug/ml of its Fab
fragments and treated with P(Bu), in the presence of
antibody excess. Photomicrographs were taken with a
Wild microscope camera (Heerbrugg, Switzerland)
with a Plus X pan (Kodak, Rochester, USA) film.

Measurements  of superoxide generation and
lysozyme  release.  Superoxide generation  was
measured by superoxide dismutase-inhibitable reduc-
tion of ferricytochrome ¢ as previously described [7].
All experiments were performed in duplicate. One-
millilitre samples of 5x10° granulocytes in PBS con-
taining Ca** and Mg=* in 5 ml plastic tubes were
treated with cytochalasin B (Sigma) (1 gg/ml) for §
min at 37°C. Ferricytochrome ¢ (horse heart type 111,
Sigma) was added to a final concentration of 75 um,
and the reaction mixture was incubated with P(Bu),
(60 nm) for 5 min at 37°C. Reduction of cytochrome ¢
was measured in supernatants obtained by centrifuga-
tion (550 g for 5 min), emploving a Hewlett-Packard
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8450A UV/VIS 25 spectrophotometer at 550 nm
equipped with a 7470A Platter. Superoxide anion
generation is expressed as nmol of cytochrome ¢
reduced per 5x 100 cells per 5 min.

To measure lysozyme release, 5x 10° granulocytes
in 1 mlof PBS with Ca* * and Mg** were preincubated
for 5 min at 37°C with cytochalasin B (1 zg/ml). After
treating the cells with P(Bu); (60 nM) for 5 min at 37°C,
the cell supernatants were obtained by centrifugation
(550 g for 5 min) and placed on ice. Duplicate aliquots
of supernatants were taken for standard determinatior.
of lysozyme using Micrococcus lysodeikiicus (Sigma)
as substrate [30]. Enzyme release is expressed as the
percentage of total activity observed in TX-100(0.1%)
disrupted cells. To study the effect of antibody 60.3 on
P(Bu),-induced superoxide generation and lysozyme
release, the cells (5 10°) were preincubated with 10 ug
of its Fab fragments for 20 min at room temperature
and for 10 min at 37°C before adding other reagents.

Cell surface labelling, dissociation of surface protein
complexes, immunoprecipitation, and gel electro-
phoresis. Cells were surface labelled with *H after
periodate oxidation [16]. Surface glycoprotein com-
plexes were dissociated by treating the cell lysates with
1% sodium dodecyl sulphate for 15 min at 22°C in
granulocytes and for 10 min at 37°C in mononuclear
leukocytes. Immunoprecipitation was performed as
described previously using rabbit anti-mouse Ig
(Dako, Copenhagen, Denmark) in the second step
[17]. Polyacrylamide slab gel electrophoresis in the
presence of sodium dodecyl sulphate was done accord-
ing to Laemmli [25] using 8% acrylamide gels. The
H-labelled gels were treated for fluorography accord-
ing to Bonner & Laskey [6]. “C-labelled standard
proteins were obtained from the Radiochemical
Centre (Amersham, UK).

RESULTS

Effect of monoclonal antibodies to cell surface
antigens on the phorbol ester-induced
aggregation of human granulocytes

Phorbol esters are known as potent inducers
of granulocyte aggregation [38]. After 20 min
treatment under gentle shaking the mean value
of P(Bu).-induced aggregation was 93.2% of
aggregated cells compared to a negligible
aggregation, less than 1% in the untreated sam-
ple. The effect of 8 monoclonal antibodies on the
intercellular adhesion was tested. All antibodies
reacted with almost all cells (Table 1). None of
the antibodies, save 60.3, inhibited cell aggrega-
tion at concentrations as high as 20 zg/ml (Fig.
1). Antibody 60.3 inhibited the cell-cell adhe-
sion in a concentration-dependent manner and
approximately 2 ug/ml was required to obtain
50% inhibition (Fig. 1). A few cell aggregates
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TasLe L. List and characteristics of monoclonal antibodies and their reactivity with human granulocyies

Molecular weight
of immuno-

Murine precipitated “% of antigen-
Monoclonal  1gG proteins positive cells
antibody  subclass Cell-surface antigen (daltons)* (mean)t  References
Anti-C3bR IgG, C3b receptor (CR1)% 205,000 98.5 [15]
T29/33 Gy, Common leukocyte antigen T200 200,000 98.5 [39]
OKMI1 [gGy,  C3bi receptor (CR3) 165,000/95,000 98.0 [50]
60.3 [gG,, Common leukocyte surface antigen 95,000/130,000/ 99.0 [4]
(Lp 95-150) 150,000
F 10-44-2 IgG,, Brain granulocyte-T lymphocyte 105,000 99.0 [11]
antigen
Anti-Leu-11a  IgG, IgG Fc receptor of lymphocytes 50,000-70.000 99.0 [46]
and granulocytes
W6/32 IgG,, HLA-A, B, C shared determinant 43,000 99.0 [40]
(class I antigen)
MAS 065 IgGGy  Human granulocyte antigen Unknown 98.0 [60]
NEI-037 IgG  Mature T cell antigen (T3) 19.000-29,000 25 [28]
None — — — <1

* Apparent molecular weight under reducing conditions.

+ Mean of 2 tests.

# Other names given to the immunoprecipitated molecule in parentheses.

(less than 16% of the cells) were observed in
samples not exposed to P(Bu), but in the pre-
sence of 20 ug/ml of antibodies to C3bi receptor.
common leukocyte antigen (T 200), granu-

100

B 4] @
o (=] O

% Inhibition of cell aggregation

™
Q

0 005 02 i 5 20
mAb IgG concentration (pg/mi)

Fig. 1. Effect of various monoclonal antibodies (IgG)
to cell surface antigens on P(Bu).-induced aggregation
of granulocytes, The following antibodies were used:
Anti-C3bR (1), T29/33 (A), OKMI (A). 60.3 (@),
F10-44-2 (O), anti-Leu 11a (M), W6/32 (*). and MAS
065 (x).
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locyte-specific antigen, IgG Fe receptor. and
C3b receptor (data not shown).

Since the divalency of the antibody or its Fc
portion might affect the intercellular binding,
Fab fragments from antibodies 60.3 and F10-
44-2 were prepared. The antibody activity of
these fragments and the lack of Fe portion are
shown in Table I1. Fab fragments prepared from

1001 WUSRES,
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g 801 /
o
o
.
=
o 604
8
a i
. 207
s
e
0~ 8 g b4 ¢ b P
0 C.05 0.2 | B 20

mAb Fab concentration (pg/ml)

Fic. 2. Effect of Fab fragments prepared from mono-
clonal antibodies 60.3 (@) and F10-44-2 (O) on
P(Bu)-induced aggregation of granulocytes. Mean
values and standard deviations of 3 experiments are
shown.
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Tasie I1. Determination of antibody reactivity with human granulocytes
and presence of Fe portion in papain-digested preparations from anti-

bodies 6(.3 and F 10-44-2

Monoclonal Papain

Fluorescent

Percentage of

antibody digestion® conjugated reagent positive cells$
= Anti-Ig (1:20)1 99.0
Anti-Fe (y) (1:20) 99.0
60.3 % Anti-Ig (1:20) 99.0
Anti-Fe () (1:20) <l
= Anti-Ig (1:20) 98.5
Anti-Fe (y) (1:20) 98.5
F 10-44-2 + Anti-lg (1:20) 98.5
Anti-Fe (p) (1:20) <1
None Anti-Ig (1:20) <l
Anti-Fe (y) (1:20) =1

* Papain digestion was performed as described in [45].
+ Antiserum dilution in parentheses.

1 Mean of 2 experiments.

antibody 6(.3 but not from antibody F10-44-2
inhibited the cell aggregation in a concentration-
dependent manner (Fig. 2). Approximately 0.8
ug/ml was needed to block 50% of the inter-
cellular binding. These results were also con-
firmed by aggregometry with a Payton
aggregometer [19], (data not shown). The anti-
body inhibited not only the formation of large
aggregates that contained several thousands of
granulocytes, but also the adhesion of the cells to
the tissue culture plate surface (Fig. 3 a-h).

Effect of antibody 60.3 (Fab fragments) on gra-
nulocyte aggregation induced by FMLP and
A23187

The chemotactic tripeptide FMLP and the
divalent cation ionophore A23187 are well-
known inducers of granulocyte aggregation [21],

and their effect is dramatically potentiated by
pretreatment of the cells with cytochalasin B
[37]. Under these conditions, cell aggregation
induced by either FMLP or A23187 was less than
that with P(Bu), (Table I1I). Fab fragments from
antibody 60.3 also inhibited aggregation induced
by FMLP and A23187. Itis interesting that while
20 ug/ml of the antibody almost completely
inhibited the aggregation induced by either
P(Bu), or A23187. the same concentration of
antibody inhibited 68% of the aggregation
induced by FMLP.

Effect of monoclonal antibody 60.3 on phorbol
ester-induced  superoxide  generation
Ivsozyme release

and

In addition to cell aggregation phorbol esters
induce oxidative metabolism and lysozomal
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Tasie TI1. Effect of antibody 60.3 (Fab fragments) on granulocyte
aggregation induced by P(Bu),, FMLP, and A23187

7 cell aggregation (mean+SD).*
with antibody 60.3; % inhibition of

cell aggregation

Stimulus Absent Presentt by antibody 60.3
P(Bu), (60 nm) 93.3£0.5 1.320.5 98.6
FMLP (500 nm):  41.0£9.0 13.3+£5.4 67.6
A23187 (500 nM)¥  36.7+£2.0 1.OX0.8 97.2

* Cell aggregation was determined in a haemocytometer after rotating
the cell suspension (107 cells/ml) in a giratory shaker (100 rpm) in the
presence of the stimulus for 20 min (n=3).

720 ug of Fab fragments were added to 10x10° cells before the
stimulus.

T After adding the antibody but before adding the stimulus these sam-
ples were incubated with 0.5 gg/ml cytochalasin B for 5 min at 37°C.
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Fig. 3. Light micrographs of the effect of Fab fragments [rom antibody 60.3 on P(Bu),-induced cell aggregation.
adhesion to the tissue culture plate surface, and morphological changes in granulocytes. a. ¢, €, g, and i were not
f. h, and j were treated with 60 nM P(Bu), for 20 min at 37°C. ¢, d, g. h, and | were
preincubated with 20 ug/ml of Fab fragments. a-h and i-j were photographed in an inverted and a conventional
microscope, respectively, at 40 (a-d), 320x(e-h), and 1000 (i-j) magnifications. Samples that were preincubated
with the antibody but not treated with P(Bu), resembled, i. Formation of empty vacuoles as in j were also observed
in granulocytes treated with P(Bu), alone. All samples were continuously rotated at 100 rpm. Scale bar=40 zm.

TasrLe IV. Effect of antibody 60.3 (Fab fragments) on P(Bu)--induced super-
oxide (O, ) generation and lysozyme release from granulocytes

O, (nmol

cytochrome ¢ Lysozyme

reduced/5x 100 release
Addition® cells/5 min)+ (% release)?
Cells 0.3 0.0
Cells+antibody 60.3% 0.0 4.8
Cells+P(Bu). 26.9 38.9
Cells+antibody 60.38+P(Bu).{ 275 42.8

* All samples (5% 10° cells/ml) were treated with 1ug cytochalasin B for 5
min at 37°C before adding P(Bu),.

T These values represent superoxide dismutase-inhibitable reduction of
eytochrome c.

i Lysozyme values are expressed as % of detergent (TX-100) disrupted
cells.

§ 10 ug of Fab fragments were added to 5x10° cells before cytochalasin B
and P(Bu)..

1 60 nm P(Bu), was added for 5 min at 37°C.
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Figure 3 - continued

enzyme release in granulocytes [21]. When
examined, these 3 responses were affected
differently by antibody 60.3. While blocking
>97% of cell aggregation, Fab fragments from
this antibody did not inhibit superoxide genera-
tion or lysozyme release induced by P(Bu),
(Table IV). A low percentage (4.8%) of
lysozyme release was detected in absence of
P(Bu), when cells were incubated with the anti-
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body alone. Likewise, a morphological sign of
phorbol ester stimulation, the formation of
empty vacuoles in granulocytes [47], was not
affected by the antibody (Fig. 31, j).

Immunoprecipitation with antibody 60.3

Granulocytes were surface-labelled by “H
after periodate treatment. Immunoprecipitation
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F1G. 4. Polyacrylamide slab gel electrophoresis patterns of 'H-labelled surface antigens of
granulocytes and mononuclear leukocytes. A, pattern of HC-labelled standard proteins:
PHb=phosphorvlase b, BSA=hovine serum albumin, OA=ovalbumin, CA=carbonic
anhydrase, BF=buffer front; B and C, pattern of surface-labelled granulocytes and mono-
nuclear leukocytes, respectively: D and E, pattern obtained by precipitation with antibody
60.3 from granulocytes and mononuclear leukocytes. respectively; F. mixture of immuno-
precipitates  obtained  from  granulocytes and  mononuclear  leukocytes. GP
155=glycoprotein with apparent molecular weight of 155,000, ete.

with antibody 60.3 followed by gel electro-
phoresis revealed under reducing conditions 2
sialylated polypeptides with apparent molecular
weights of 92,000 and 155.000 (Fig. 4D) A third

band with an apparent molecular weight of
130,000 was also detected after longer exposure
(faintly seen in Fig. 5C). Two major polypep-
tides with apparent molecular weights of 90.000
and 160,000 were immunoprecipitated from
mononuclear leukocytes (Fig. 4E). Co-electro-
phoresis of the immune precipitates broadened
the bands (Fig. 4F). When the protein com-
plexes from mononuclear leukocytes and gra-
nulocytes were dissociated by sodium dodecyl
sulphate followed by immunoprecipitation, only
the 90,000 and 92,000 components were
obtained (Fig. 5B and D). No detectable differ-
ences were observed in the 2 bands obtained
from granulocytes when untreated and phorbol
ester-treated cells were compared (data not
shown). Under non-reducing conditions the pro-
tein complexes exhibited a similar, but not iden-
tical, electrophoretical mobility (data not
shown) [4].

A B cC D

GP160 - = GP155 - e

GP90—- @ - GP90 GP92 - = - —GP92

Fic. 5. Polyacrylamide slab gel electrophoresis pat-
terns of immune precipitates obtained with antibody
60.3 from ‘H-labelled mononuclear leukocytes and
granulocytes after dissociation. A. pattern obtained
from mononuclear leukocytes; B, pattern obtained
from mononuclear leukocytes after treatment with
sodium dodecyl sulphate: C, pattern obtained from

DISCUSSION

Adhesion-dependent processes in granulocyte

granulocytes: D, pattern obtained from granulocytes
after treatment with sodium dodecyl sulphate.
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physiology appear to be numerous. In order tc
leave peripheral circulation, these cells margi
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nate and adhere to the vascular endothelium
[59]. Thereafter, they enter the tissue by
diapedesis and chemotaxis, a process which
apparently requires adhesion to surrounding
cells and extracellular matrix to provide the
necessary traction associated with locomotion.
Phagocytosis also appears to require adhesion of
the particles to be ingested. In accordance with
this, antibody 60.3 was recently shown to inhibit
adhesion of granulocytes to bovine endothelium
and endotoxin-coated coverslips as well as
spreading (anchorage) on the latter substrate,
Similarly. their migration in response to FMLP
and phagocytosis of zymosan particles was
largely inhibited. In contrast, the stimulation of
hexose monophosphate shunt and H,O. forma-
tion was unaffected by the antibody [5]. In pre-
vious studies [4], the same antibody was found to
inhibit lymphocyte-mediated cytotoxicity, a pro-
cess that requires adhesion between effector and
target cells [49]. In addition, granulocyte-medi-
ated lysis of virus-infected or tumour cells [29]
may also be blocked. Another cell interaction
that may be affected by the antibody is attach-
ment of tumour cells to vascular endothelium, a
phenomenon involved in metastasis, since this
process is enhanced by adhesion of the neoplas-
tic cells to granulocytes [52]. The cell-surface
glycoprotein recognized by antibody 60.3, GP
92, may be also involved in the formation of
leuko-emboli (granulocyte aggregates), which
can block the circulation in capillaries and
venules and may finally cause endothelial
destruction during acute inflammatory re-
sponses [1]. Although nonstimulated human
granulocytes  preferentially  adhere  to
endothelial cells when compared with fibro-
blasts or smooth-muscle cells, upon stimulation
these cells no longer display the preferential
interaction but adhere equally well to different
cell types or to artificial substrates such as pro-
tein-coated plastic [54]. Thus, destruction of
glomerular basement membrane, articular car-
tilage, and similar structures in certain inflam-
matory disorders [12, 3| may be mediated by
adhesion of activated granulocytes to these pro-
tein substrates through GP92.

To analyse cell aggregation in the present
study, gentle shaking of the cells was preferred
to stirring with magnetic bars, because pro-
longed stirring has been found to decrease the
cell viability by its traumatic effect. Although
time-consuming, examination of the samples by
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light microscopy gives valuable information con-
cerning the size of the aggregates. morphologi-
cal changes, and adhesion to the plate, events
which may not be fully appreciated when study-
ing aggregation by aggregometry alone. After 20
min of treatment with P(Bu). and gentle shak-
ing. the cell viability was over 92% in accordance
with a previous report, which described no toxic
effect within the first hour of treatment as
measured by *'Cr release [55]. The cell suspen-
sions contained 0.5% human albumin to reduce
the adhesion of non-stimulated cells to surfaces,
but P(Bu).-induced cell aggregation and its
inhibition by antibody 60.3 were readily
observed in the absence of this protein (data not
shown).

After 20min of P(Bu), treatment. only 309 of
blood mononuclear cells aggregate [43. 45],
while more than 90% of the granulocytes
undergo aggregation at this time. Since par-
ticipation of a passive bridging mediated by
phorbol ester in the intercellular adhesion of
mononuclear leukocytes has been ruled out [43],
and the phorbol ester-induced granulocyte
aggregation has been shown to be a response of
metabolically active cells [38], it can be similarly
assumed that adhesion among granulocytes is
due to a cell surface modulation, and mediated
by surface structures such cell adhesion
molecules (ligands). Thus, a much higher per-
centage of cells appears to display a cell-adhe-
sive phenotype in the granulocyte preparation.
Protein phosphorylation may be responsible for
the intercellular adhesion, since protein kinase
C constitutes a cellular receptor for phorbol
esters [34]. These compounds appear to replace
diacylglycerol, which is a physiological activator
of the enzyme [35].

Our present results do not support the concept
that common leukocyte antigen T200, brain gra-
nulocyte-T lymphocyte antigen. class I trans-
plantation antigen. the granulocyte-specific
antigen, C3b receptor (CRI1), C3bi receptor
(CR3) or 1gG Fe receptor mediate the P(Bu),-
induced granulocyte aggregation. The 3 latter
surface molecules have, however, been reported
to be involved in the binding of leukocytes to
various particles. mostly ervthrocytes. coated
with the respective ligands, C3b., C3bi. or IgG
[15. 50, 46]. To avoid these factors, our gra-
nulocyte preparation did not contain any serum.

The divalency of antibody 60.3 (IgG) and its
Fc portion might affect granulocyte aggregation
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by inducing a membrane perturbation through
cross-linking of cell surface antigens or by
mediating bridging between cells through the Fe
portion and Fc receptor. respectively. The
inhibitory effect observed with Fab fragments
from the antibody excluded these possibilities
and indicated that the antibody blocks a cell
surface structure involved in adhesion. It might
be argued, as well, that the antibody may block
activation (stimulation) of granulocytes by phor-
bol ester by affecting binding of P(Bu). to its
putative receptor. However, the lack of inhibi-
tion of two other phorbol ester-induced
responses in granulocytes, namely superoxide
generation and lysozyme release, in the pre-
sence of the antibody indicates that phorbol
ester binds to its intracellular receptor and that
other structures associated with the subsequent
activation process are not inhibited. Previous
studies have also excluded the possibility that
antibody 60.3 might paralyse the plasma mem-
brane or anchorage surface glycoproteins [45].
Interestingly. almost 10 times higher amounts of
either IgG or Fab from antibody 60.3 were
needed to inhibit 50% of granulocyte aggrega-
tion when compared to similar inhibition of
mononuclear leukocyte aggregation [45]. This
finding suggests a higher number of antigen-
binding sites per cell in granulocytes than in the
mononuclear leukocytes.

Inhibition of granulocyte aggregation by anti-
body 60.3 did not occur exclusively when phor-
bol ester was used as the stimulus, since A23187-
and FMLP-induced aggregations were also
inhibited. The 3 stimuli activate granulocytes by
different mechanisms, although they may have
common pathways. While A23187 as an
ionophore of divalent cations directly induces an
increase in cytosolic free Ca'', and thus
bypasses receptor ligand interaction [56], FMLP
binds first to its cell surface receptor, a glycopro-
tein with an apparent molecular weight of 60,000
[33]. The incomplete inhibition of FMLP-
induced cell aggregation by antibody 60.3 is puz-
zling. and suggests the participation of an addi-
tional factor mediating the intercellular
adhesion. This phenomenon is now being
further investigated.

Dissociation of the surface protein complexes
from mononuclear leukocvtes and granulocytes
followed by precipitation with antibody 60.3
indicated that the antibody recognizes the small-
est polypeptides (GPY0 and GPY2) and that the
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larger components are non-covalently associ-
ated. In granulocytes GP 155 may correspond te
a surface antigen with apparent molecular
weight of 155-165 kDa termed Mol, OKM1, and
Mac-1. which is expressed by most granulocytes
and monocytes but by few lymphocytes [53. 50].
Less probably. it may constitute the lymphocyte
function-associated  antigen-1 (LFA-1), a
177 .000-molecular weight polypeptide which is
strongly expressed by lymphocytes and mono-
cytes but weakly by granulocytes [50]. It was
unlikely that antibody 60.3 recognized Mol
(OKMI Mac-1) or LFA-1 since its antigen is
expressed by practically all lymphocytes (4] and
strongly by granulocytes [5]. Interestingly, both
Mol (OKMI1, Mac-1) and LFA-1 as well as a
third polypeptide with an apparent molecular
weight of 150,000, have been found to be non-
covalently associated with a smaller surface
polypeptide of 95,000 Da expressed by all
leukocytes and referred to as the f subunit of
Mol (OKMI1, Mac-1), LFA-1. and p 150 [50].
The GP90 and GPY2 recognized by antibody
60.3 in mononuclear leukocytes and gra-
nulocytes, respectively. may be identical to the
subunit of the 3 protein complexes. Studies are
being carried out to compare the various anti-
gens. The slight difference in apparent mole-
cular weight of the smallest components
precipitated from mononuclear leukocytes and
granulocytes may be due to differences in gly-
cosylation. Two recently reported cell-surface
antigens involved in granulocyte chemotaxis and
detected by monoclonal antibodies NCD-1 [8]
and $5-22 [26] differ clearly from GP92 in
biochemical characteristics and cellular distribu-
tion. The precise role of the cell surface structure
recognized by antibody 60.3 in the adhesion pro-
cess is still unknown. In other cell types, inter-
cellular adhesion is known to require the
participation of ligands in the formation of cell-
cell bonds [13]. Thus, it is likely that the surface
polypeptides of 90,000-92,000 apparent molecu-
lar weight constitute ligands in leukocytes. We
refer to the leukocytic ligand as Leu-CAM. The
apparent lack of specificity of adhesion of acti-
vated granulocytes is noteworthy. In agreement
with previous reports, phorbol ester-treated gra-
nulocytes adhered not only to other gra-
nulocytes but also to the tissue culture plate
surface (Fig. 3). Since both processes were
inhibited by antibody 60.3. it is unlikely that
GPY2 exerts a major discriminative function.
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The discovery of an inherited deficiency of the
cell-surface structures recognized by antibodies
60.3, OKM1, and anti-LFA-1 inleukocvtes from
an §-year-old-boy with severe recurrent bacter-
ial infections also supports the participation of
GP92 in adhesion-dependent processes. The
granulocytes of the patient did not adhere, or
adhered only poorly, to endotoxin-coated
coverslips or bovine endothelium, and their
migration and phagocytosis were greatly
reduced. Interestingly, glucose C-1 oxidation
was normal and formate oxidation was raised
[S]. A similar clinical syndrome also character-
ized by progressive periodontitis, delayed
wound healing. persistent  granulocytosis,
and/or delayed umbilical cord separation has
been described by other groups [2, 51]. The
patients’ leukocytes lack, or have very low
amounts of, LFA-1, Mol (OKM1, Macl), and p
150 kDa as well as the 95 kDa-associated poly-
peptide. Their granulocvtes have abnormal
functions which involve cell adherence such as
spreading, aggregation, chemotaxis, and phago-
cytosis of particles. Interestingly, decreased gra-
nulocyte-mediated cytotoxicity of virus-infected
cells was found in these patients [2. 23],

Monoclonal antibodies to cell surface antigens
mediating leukocyte adhesion not only con-
tribute to our understanding of the molecular
basis of this process but may also have therapeu-
tic potential in many inflammatory disorders.
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ADDENDUM

Monoclonal antibody TA-1, which precipitates
two surface polypeptides with apparent molecu-
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lar weights of 170,000 and 95,000 from human
leukocytes, labelled faintly most granulocytes,
but did not inhibit their aggregation when used
at 20 ug/ml [27].
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ABSTRACT: Leu-CAMs (CD11/CD18) consisting of LFA-1, Mac-1, and p150/95 are leukocyte cell surface
glycoproteins that are involved in various leukocyte functions. The asparagine-linked sugar chains were
released as oligosaccharides from Leu-CAMSs by hydrazinolysis. About 12 mol of sugar chains was released
from 1 mol of Leu-CAMs. These sugar chains were converted to radioactive oligosaccharides by reduction
with sodium borotritide and separated into neutral and acidic fractions by paper electrophoresis. All of
the acidic oligosaccharides were converted to neutral ones by digestion with sialidase, indicating that they
are sialyl derivatives. The neutral and sialidase-treated acidic oligosaccharides were fractionated by
chromatography on lectin columns followed by Bio-Gel P-4 column chromatography. Structural studies
of each oligosaccharide by sequential exo- and endoglycosidase digestion and by methylation analysis revealed
that Leu-CAMs contain mainly high mannose type and high molecular weight complex type sugar chains.
The latter sugar chains were of bi-, tri-, and tetraantennary complex types with the Galg1—4(Fucal—-
3)GIcNAcB1— and/or the Galgl—>3GIlcNAcS1— groups together with the Gal31—4GlcNAc group in
their outer-chain moieties. In addition to these sugar chains, a small amount of monoantennary complex
type and hybrid type sugar chains was found in Leu-CAMs. Furthermore, analysis of the asparagine-linked
sugar chains released from the B-subunit of Leu-CAMs by a series of lectin chromatography showed that

subunit-specific glycosylation is not observed between the a- and S-subunits of Leu-CAMs.

’I;)e leukocyte cell adhesion molecules (Leu-CAMs or
CDI11/CD18)" are members of the integrin superfamily
(Hynes, 1987; Kishimoto et al., 1987a; Ruoslahti & Piersch-
bacher, 1987; Arnaout, 1990). They consist of the lymphocyte
function-associated antigen 1 (LFA-1, CD11a/CD18), which
is distributed in most leukocytes, the myeloid antigen 1
(Mac-1, CD11b/CD18), and the glycoproteins p150/95
(CD11¢/CD18) expressed mainly on the surfaces of macro-
phages and hairy leukemia cells (Patarroyo et al., 1985a,b;
Schwarting et al., 1985; Hogg et al., 1986; Miller et al., 1986).
All of these three molecules are composed of - and S-subunits
in which the common S-subunit (CD18) (M, 95000) is as-
sociated noncovalently with a unique a-subunit having &
different molecular weights (M, 180000 for CDlla, M,
170000 for CD11b, and M, 150000 for CD11c¢) (Kurzinger
& Springer, 1982; Springer et al., 1987).

Extensive studies on the functions of the CD11a/CDI18
molecule revealed that it is involved in numerous adhesion-
dependent phenomena, including T cell mediated immune
responses. Monoclonal antibodies directed against CD11a/
CD18 block the proliferation of antigen-specific helper T cells
and cytotoxic T cell mediated cytolysis, antibody-dependent
cytotoxity by granulocytes, and natural killer cell activity
(Davignon et al., 1981; Krensky et al., 1983; Miedema et al.,
1984; Timonen et al., 1988, 1990). In granulocytes and mo-
nocytes, a large proportion of CD11b/CD18 and CDl1lc/
CD18 is stored in intracellular compartments and translocated
to the cell surfaces upon stimulation of inflammatory medi-

*This study was supported in part by a Grant-in-Aid for Scientific
Research from the Ministry of Education, Science, and Culture of Japan
and by research grants from the Academy of Finland and the Sigrid
Jusclins Foundation.

*To whom correspondence should be addressed.

#University of Tokyo.

$ University of Helsinki.

ators, resulting in increased adhesiveness of these cells to
endothelial cells (Berger et al., 1984; Todd et al., 1984; Miller
et al., 1987).

The oligosaccharide moieties of cell surface glycoproteins
appear to be involved in specific cell to cell interactions in many
biological systems (Heifetz & Lennarz, 1979; Geltosky et al.,
1980; Rutishauser, 1984). Furthermore, carbohydrate groups
have been implicated in the recognition processes of lym-
phocytes (Hart, 1982; Cowing & Chapdelaine, 1983). It has
been demonstrated that the structures of the asparagine-(Asn-)
linked sugar chains on lymphocyte cell surfaces influence the
recognition of Ta antigens by responding T cells in the mixed
lymphocyte reaction (Pimlott & Miller, 1986; Powell et al.,
1985).

Although Leu-CAMs have been studied extensively because
of their involvement in various recognition and/or adhesion
phenomena, little is known about their carbohydrate structures.
Recently, the genes encoding CD11a/CD18, CD11b/CD18,
and CD11¢/CD18 molecules have been cloned, and their
deduced amino acid sequences showed that there are 12 po-
tential glycosylation sites in CD11a (Larson et al., 1989), 19
in CD11b (Stastre et al., 1986; Arnaout et al., 1988; Corbi
et al., 1988), 10 in CDl11c, and 6 in CD18 (Corbi et al., 1987;
Kishimoto et al., 1987b; Law et al., 1987). However, these
consensus sequences in Leu-CAMs are apparently not all
glycosylated, as estimated by the decrease in their molecular

! Abbreviations: CD11/CD18, Leu-CAM, heterocomplex of leuko-
cyte adhesion molecules consisting of specific a-chains and the common
B-chain; CD11a/CD18, Leu-CAMa, LFA-1; CD11b/CDI18, Leu-
CAMb, Mac-1; CD11¢/CD18, Leu-CAMc, p150/95; Con A, concana-
valin A; AAL, Aleuria aurantia lectin; RCA, Ricinus communis agglu-
tinin 120. Subscript OT is used to indicate NaB’H,-reduced oligo-
saccharides. All sugars mentioned in this paper have the D-configuration
except for fucose, which has the L-configuration.

0006-2960/91/0430-1561$02.50/0 © 1991 American Chemical Society
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FIGURE 1: SDS-polyacrylamide gel electrophoretogram of purified
CDI11/CDI8 and CD18: (A) pattern of the Leu-CAM complex
purified by affinity chromatography: (B) pattern of isolated CD18.
The gels were stained with Coomassie Brilliant Blue.

weights on SDS—polyacrylamide gel electrophoresis (SDS—
PAGE) after digestion with endoglycosidases (Miller &
Springer, 1987; Kantor et al., 1988). In agreement with this,
only half of the potential sites in a fibronectin receptor, which
is also a member of an integrin family, are reported to be
glycosylated (Akiyama & Yamada, 1987). As a first step to
elucidate the functional roles of the integrin, an extensive
structural study of the sugar chains of Leu-CAMs has been
performed in this study.

EXPERIMENTAL PROCEDURES

Purification of Leu-CAMs. Packed human buffy coat cells,
which are enriched in T cells, were prepared by Ficoll-Isopaque
gradient centrifugation from pooled human blood supplied by
Finnish Red Cross Blood Transfusion Service, Helsinki. The
cells were homogenized by a Potter-Elvehjem homogenizer in
10 mM phosphate buffer, pH 7.4, containing 0.15 M NaCl,
1% Triton X-100, and | mM phenylmethanesulfonyl fluoride.
The cell homogenates were centrifuged at 20000g for 15 min,
and the resultant supernatants were further spun down at
100000g for 45 min. Leu-CAMs were purified from the final
supernatants, in which solubilized membrane-bound glyco-
proteins were recovered, by affinity chromatography using a
column containing the monoclonal antibody mAb-59 bound
to Sepharose 4B. This antibody recognizes the S-subunit
common to the three Leu-CAMs. The column was washed
with 20 mM glycine-NaOH buffer, pH 9.0, containing 0.1%
sodium deoxycholate to remove nonspecifically adsorbed
proteins. The bound materials were eluted with 50 mM di-
ethylamine solution, pH 11.5. The eluates were neutralized,
dialyzed against distilled water, and lyophilized (Kantor et al.,
1988). Leu-CAMs thus prepared contained two major bands
migrating with apparent molecular weights of 180000 and
95000 as determined by SDS-PAGE, which is shown in
Figure 1. For separation of the $-subunit, preparative
SDS-PAGE was used. The isolated protein showed a single
band by SDS-PAGE (Figure 1).

Liberation of Asn-Linked Sugar Chains from Leu-CAMs.
Leu-CAMs (5 mg) and the isolated B-subunit (approximately
0.1 mg), which were dried thoroughly over P,O; in vacuo, were
subjected to hydrazinolysis for 10 h as described previously
(Takasaki et al., 1982). After N-acetylation, two-thirds of
the liberated oligosaccharide mixture from Leu-CAMs was
reduced with NaB’H, to obtain tritium-labeled oligo-
saccharides for structural analysis, and the remainder was
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FIGURE 2: Time course of the release of oligosaccharides from
Leu-CAMs by hydrazinolysis. The number of sugar chains released
from Leu-CAMs was calculated on the basis of the radioactivities
incorporated into the oligosaccharides and xylitol and a molecular
weight for Leu-CAMs of 275000 as described in the text.

reduced with NaB?H, to obtain deuterium-labeled oligo-
saccharides for methylation analysis. To facilitate the detection
of the deuterium-labeled oligosaccharides, one-ninth of the
tritium-labeled oligosaccharides was added. Due to the limited
amount of the 3-subunit available, the oligosaccharide mixture
obtained from this glycoprotein was solely reduced with
NaB’H, for structural analysis.

In order to determine the number of Asn-linked sugar chains
included in one molecule of glycoprotein sample, a time-course
study of the liberation of sugar chains by hydrazinolysis was
performed with 100 ug of Leu-CAMs for each incubation time.
Xylose was added as an internal standard according to the
previously published method (Takasaki et al., 1982). For
instance, xylose (25 nmol) was mixed with the released oli-
gosaccharides prior to reduction with NaB*H,. The radioactive
oligosaccharides and [*H]xylitol were separated by paper
chromatography using 1-butanol-ethanol-water (4:1:1 v/v)
as a solvent. On the basis of the radioactivities incorporated
into xylitol and the oligosaccharide fraction and the molecular
weight of Leu-CAMs as 275000, the approximate number of
Asn-linked sugar chains liberated from 1 mol of Leu-CAMs
was calculated to be 12 mol (Figure 2). This value is con-
sistent with those estimated from the decrease in the molecular
weight of CD11a/CD18 and CD11¢/CD18 on SDS-PAGE
after endoglycosidase treatment (Miller & Springer, 1987;
Kantor et al., 1988). The data indicated that about 5-6
Asn-linked sugar chains are included in each subunit.

Analytical Methods. The radioactive oligosaccharides were
subjected to high-voltage paper electrophoresis in pyridine—
acetate buffer, (3:1:387 pyridine:acetic acid:water), pH 5.4,
at 70 V/cm for 90 min. Fractionation of the radioactive
oligosaccharides by Bio-Gel P-4 column chromatography was
performed as reported by Yamashita et al. (1982). Methyl-
ation analysis of oligosaccharides was conducted as described
in a previous paper (Furukawa et al., 1989).

Affinity Chromatography of Oligosaccharides on Immo-
bilized Lectin Columns. Lectin column chromatography using
immobilized concanavalin A (Con A), Aleuria aurantia lectin
(AAL), and Ricinus communis agglutinin 120 (RCA) was
performed as described previously (Ogata et al., 1975; Ya-
mashita et al., 1985; Harada et al., 1987). In brief, the mixture
of radioactive oligosaccharides was applied to a Con A-Se-
pharose column that was equilibrated with 10 mM Tris-HCI
buffer, pH 7.4, containing 0.1 M NaCl, 1 mM MgCl,, | mM
CaCl,, and | mM MnCl,. The column was washed with 10
bed volumes of the buffer, and the bound oligosaccharides were
eluted with the buffer containing 5 mM methyl a-p-gluco-
pyranoside and then with the buffer containing 100 mM
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methyl a-p-mannopyranoside. In the case of an AAL-Se-
pharose column that was equilibrated with 10 mM Tris-HCI
buffer, pH 7.4, the column was washed with 10 bed volumes
of the buffer, and the bound oligosaccharides were eluted with
the buffer containing 1 mM L-fucose. In the case of an
RCA-agarose column that was equilibrated with phosphate-
buffered saline, pH 7.4, the column was washed with 10 bed
volumes of the buffer, and the bound oligosaccharides were
eluted with the buffer containing 10 mM lactose.

Chemicals, Enzymes, and Lectins. Con A-Sepharose and
RCA-agarose were purchased from Pharmacia Fine Chemical
Co., Tokyo, and Hohnen Qil Co., Tokyo, respectively.
AAL-Sepharose was kindly supplied by Dr. N. Kochibe,
Gunma University. NaB’H, (600 mCi/mmol) was purchased
from New England Nuclear (Boston, MA), and NaB?H, was
obtained from Nacalai Tesque Co., Kyoto. Streptococcal
B-galactosidase and 8-N-acetylhexosaminidase were purified
from culture fluid of Streptococcus pneumoniae according to
the method of Glasgow et al. (1977). Jack bean 8-N-
acetylhexosaminidase was purified from jack bean meal
(Sigma Chemical Co., St. Louis, MO) by the method of Li
and Li (1972). B-Galactosidase from Streptococcus 6646K,
which will be referred to as 6646K S-galactosidase in this
paper, and B-mannosidase from snail were kindly supplied by
Seikagaku Kogyo Co., Tokyo. A4spergillus saitoi a-manno-
sidases | and 1l were purified according to the method of
Kobata and Amano (1987). Almond emulsin a-fucosidase I
was purified according to the method of Kobata (1982).
Sialidase from Arthrobacter ureafaciens and endo-S-
galactosidase from Escherichia freundii were purchased from
Nacalai Tesque Co., Kyoto, and Seikagaku Kogyo Co., Tokyo,
respectively.

Exo- and Endoglycosidase Digestion. Unless otherwise
mentioned, oligosaccharides [(3-5) X 10° cpm] were incubated
with one of the following mixtures at 37 °C for 18h: (1) Ar.
ureqfaciens sialidase (50 milliunits) in 50 uL of 0.5 M acetate
buffer (pH 5.0); (2) a mixture of streptococcal 3-galactosidase
(1 milliunit) and 8-N-acetylhexosaminidase (4 milliunits) in
80 uL of 0.3 M citrate phosphate buffer (pH 6.0) containing
7.5 umol of mannose; (3) a mixture of Streptococcus 6646K
B-galactosidase (5 milliunits) and jack bean B-N-acetyl-
hexosaminidase (0.5 units) in 50 uL of 0.3 M citrate phosphate
buffer (pH 5.5); (4) Streptococcus 6646K (-galactosidase (5
milliunits) in 50 uL of 0.3 M citrate phosphate buffer (pH
6.0); (5) almond emulsin a-fucosidase I (40 microynits) in 50
uL of 0.1 M acetate buffer (pH 5.0); (6) As. saitoi a-man-
nosidase 1 (0.15 ug) in 30 uL of 0.5 M acetate buffer (pH 5.0);
(7) As. saitoi a-mannosidase 1 (20 milliunits) in 50 uL of
0.5 M acetate buffer (pH 5.0); (8) snail 8-mannosidase (10
milliunits) in 50 L of 0.05 M sodium citrate buffer (pH 4.0);
(9) jack bean §-N-acetylhexosaminidase (0.5 units) in 50 L
of 0.3 M citrate phosphate buffer containing 100 ug of v-
galactonolactone; (10) E. freundii endo-B3-galactosidase (20
milliunits) in 50 uL of 0.1 M acetate buffer (pH 6.0). One
drop of toluene was added to all reaction mixtures to inhibit
bacterial growth during incubation. The digestion was ter-
minated by heating the reaction mixture in a boiling water
bath for 3 min, and the product was desalted and analyzed
by Bio-Gel P-4 column chromatography.

Oligosaccharides. Neu5Aca2—>6Gal31—4GIlcNAcB1—-
2Manal—6(NeuSAca2—6Galf1—>4GlcNAcf1—-
2Manal—3)ManB1—4GIcNAcB1—4GIcNAcor (Neu5A-
¢,-Gal,-GlcNAc,-Man;-GleNAc-GlcNAcor)  and
NeuS5Aca2—6GalB1—4GIlcNAcB1—=2Manal—6 or 3-
(GalB1—4GIcNAcf1—2Manal—3 or 6)ManBl—-
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FIGURE 3: Paper electrophoretogram of oligosaccharides released from
Leu-CAMs. The radioactive oligosaccharides released from Leu-
CAMs by hydrazinolysis followed by reduction with NaB*H, were
subjected to paper electrophoresis (a). Fractions N and A were
recovered from the paper by elution with water. A part of fraction
A was digested with Ar. ureafaciens sialidase and analyzed by paper
electrophoresis (b). Arrowheads at the top of the figure indicate the
migrating positions of authentic oligosaccharides: (i) lactitol; (ii)
NeuSAc-Galy;GlcNAcyManyGleNAc-GleNAcqr; (iii) NeuSAc:
GalyGlcNAcy, Many-GleNAc-GlcNAcor; (iv) NeuSAc,-Galye
GleNAcy-Man;GleNAc-GleNAcor; (v) NeuSAcyGalyGleNAcy
ManyGlcNAc-GlcNAcor; (vi) NeuSAc;GalyGleNAcy-Man;
GleNAc-GleNAcor.

4GIcNAcB1—4GIcNAcor (Neu5Ac-Galy,GlcNAc, Mans:
GIcNAc:GlcNAcqr) were prepared from human transferrin
(Spik et al., 1975) by hydrazinolysis, and their desialylated
oligosaccharide (GalyGlcNAc,ManyGlcNAcGIcNAcoT) was
prepared by digestion with Ar. wureafaciens sialidase.
NeuSAca2—6GalBl1—=4GIlcNAcB1—+4(NeuSAca2—-
6Gal1—4GlcNacfl—2)Manal—3(NeuSAca2—6Galfl—-
4GlcNAcBl—2Manal—6)ManB1-—+4GIcNAcBl—-
4GlcNAcor (NeuSAc;-GalyGlecNAc;-Man;-GleNAc:
GlcNAcqor) and its di- and monosialylated oligosaccharide
(Neu5Ac,Gal;*GIcNAcy-Man,;-GleNAc-GIcNAcor and
NeuSAc-GalyGleNAc;Man;GleNAc-GIcNAcqr) were pre-
pared from fetuin (Takasaki & Kobata, 1986) by hydrazi-
nolysis.  GalBl1—4GIcNAcf1—2Manal—6(Galf1—-
4GlcNAcB1—2Manal—3)ManfB1—4GIcNAcBl1—4-
(Fucal—6)GleNAcor(GalyGlcNAc, Man;-GleNAc-Fuce
GlcNAcgr) was prepared from human platelet thrombos-
pondin (Furukawa et al,, 1989). Manal—6(Manal—3)-
ManB81—>4GIcNAcB1—4GlecNAcor (Man;GlcNAc-
GlcNAcor) and Manal—6(Manal—3)Mangl—-
4GlcNAcB1—>4(Fucal—=6)GlcNAcor (ManyGlcNAc-Fue:
GIcNAcgr) were obtained from Galy,GlcNAc,-Manye
GIcNAc-GIcNAcor and Galy;GlcNAcy-Many-GIcNAc:-Fuc.
GIcNAcor, respectively, by digestion with a mixture of
streptococcal 8-galactosidase and 8-N-acetylhexosaminidase.
Manal—>6(Manal—3)Manal—+6(Manal—3)Mang1—-
4GIcNAcB1—4GIcNAcor (MansgGleNAc-GIcNAcor) was
obtained from bovine pancreatic ribonuclease B (Liang et al.,
1980), and ManBl1—4GlcNAcB1—4GIcNAcor(Man:
GlcNAc-GIcNAcqr) was prepared from its digest with jack
bean a-mannosidase.

RESULTS

Fractionation of Oligosaccharides by Paper Electrophoresis.
The radioactive oligosaccharides released from Leu-CAMs by
hydrazinolysis were subjected to paper electrophoresis and
separated into neutral (N) and acidic (A) fractions (Figure
3a). The percent molar ratios of the fractions N and A
calculated from their radioactivities were 56% and 44%, re-
spectively. When fraction A was digested exhaustively with
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Table 1: Percent Molar Ratio of Oligosaccharides Fractionated by
Serial Immobilized Lectin Column Chromatography

% molar ratio

af8 complex B-subunit

fractions N AN N AN

[ Con A-, AAL" 5 3 8 9
1 Con A-, AAL* 7 26 S 23
i Con A*, AAL" 1 3 2 4
v Con A*, AAL* 3 10 2 7
v Con A**,  AAL- 40 2 38 2
\4 Con A**, AAL* 0 tr? 0 tr

“Trace, less than 1% of the total oligosaccharides.

Ar. ureafaciens sialidase, all of the acidic oligosaccharides were
converted to neutral ones (AN) as shown in Figure 3b.
Therefore, most of the acidic nature of the oligosaccharides
could be ascribed to their sialic acid residues.

Fractionation of Oligosaccharides in Fractions N and AN
by Lectin Chromatography. Oligosaccharides in fractions N
and AN were subjected to Con A-Sepharose column chro-
matography, since Leu-CAMs are reported to contain high
mannose type sugar chains (Miller & Springer, 1987). The
pass-through fraction (Con A~), the bound fraction eluted with
5 mM methyl a-D-glucoside (Con A*), and the fraction eluted
with 100 mM methyl @-D-mannoside (Con A**) were ob-
tained. These fractions were applied to an AAL-Sepharose
column in order to separate oligosaccharides with and without
the Fucal —=6GIcNAc group in their trimannosyl core. The
fraction that passed through the column is designated as AAL"
and that bound to the column and eluted with 1 mM L-fucose
as AAL*. The molar ratios of oligosaccharides in each fraction
thus separated by the serial lectin column chromatography
were calculated on the basis of the radioactivities of the
fractions and are summarized in Table I.

Structures of Oligosaccharides in Fractions V and VI.
When fraction N-V (Con A**, AAL"), which contained 40%
of the total oligosaccharides, was subjected to Bio-Gel P-4
column chromatography, it was separated into five peaks
(Figure 4A). After digestion with As. saitoi a-mannosidase
1, which cleaves only the Mana1—2Man linkage, about 95%
of the oligosaccharides was converted to a radioactive com-
ponent, the effective size of which was the same as authentic
MangGlcNAcGIcNAcor (component a in Figure 4B). When
component a in Figure 4B was further digested with jack bean
«a-mannosidase, the product was eluted at the same position
as authentic Man-GlcNAc-GlcNAcqy (Figure 4C). That the
radioactive product in Figure 4C has the structure Mang1—-
GIcNAcB1—GleNAcqr was confirmed by sequential digestion
with snail 3-mannosidase and jack bean 3-N-acetylhexo-
aminidase (data not shown). These results indicated that
approximately 95% of the oligosaccharides in fraction N-V
were a sceries of high mannose type: (Manal—2)p-s
MansGlcNAc-GleNAcor.

The rest of the oligosaccharides in fraction N-V were re-
sistant to a-mannosidase [ digestion and were separated into
two radioactive components (b and ¢ in Figure 4B). When
component ¢ was digested with streptococcal 3-galactosidase,
one galactose residue was released (solid line in Figure 4D).
When it was further digested with streptococcal §-NV-acetyl-
hexosaminidase, one N-acetylglucosamine residue was released
and eluted at the same position as authentic Mans
GlcNAc-GIeNAcgr (solid line in Figure 4E). That the ra-
dioactive solid-line product in Figure 4E has the same structure
as MansyGlcNAc-GleNAcor was further confirmed by the fact
that it was converted to ManB1—4GlcNAcB1—4GIcNAcor
by jack bean a-mannosidase digestion (solid line in Figure 4F).
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FIGURE 4: Sequential exoglycosidase digestion of fractions N-V and
AN-V. Fractions and their digestion products were analyzed by
Bio-Gel P-4 column chromatography: (A) fraction N-V; (B) oligo-
saccharides in panel A digested with As. saitoi a-mannosidase I; (C)
component a in panel B digested with jack bean a-mannosidase; (D)
components b (dotted line) and ¢ (solid line) digested with streptococcal

products of solid- and dotted-line peaks in panel D with streptococcal
8-N-acetylhexosaminidase, respectively; (F) solid and dotted lines
representing the digestion products of solid- and dotted-line peaks
in panel E with jack bean a-mannosidase, respectively; (G) fraction
AN-V. Arrowheads at the top of the figure indicate the elution
positions of glucose oligomers used as internal standards, and the
numbers indicate the glucose units. White arrows indicate the elution
positions of authentic oligosaccharides: (I) Mang-GleNAc-GlcNAcor;
(IT) MansGleNAc-GleNAcgr; (ITT) Man.GleNAc-GleNAcqr.

These results and Con A binding specificity of the oligo-
saccharide indicated that component c in Figure 4B has the
structure

Mana1
Mana1”> 6

3 ManB1—4GIcNAcB1—4GIcNACH T
Galp1-4GIcNAcB1—»2Mana1”

Component b also released one galactose residue by digestion
with streptococcal §-galactosidase (dotted line in Figure 4D)
and one N-acetylglucosamine residue with streptococcal 8-N-
acetylhexosaminidase (dotted line in Figure 4E). The resulting
radioactive product was eluted at the same position as au-
thentic Man;-GleNAc-GIcNAcor. The dotted-line product
in Figure 4E was converted to Man-GlcNAc-GlcNAcor by
digestion with jack bean a-mannosidase (dotted line in Figure
4F). That the dotted line products in Figure 4F have the
structure Man81—GIlcNAcB1—GlcNAcor was confirmed by
sequential exoglycosidase digestion as described above. The
results indicated that component b in Figure 4B is a mo-
noantennary complex type sugar chain with the Galgl—-
4GIcNAcB1—2 group at its outer chain. Since component
b was totally resistant to digestion with As. saitoi a-manno-
sidase II, which releases a mannose residue from the
GalB1—4GleNAcS1—2Manal—6(Mana1—3)Man group
but not from the Gal81—4GIcNAcB1—2Manal—3-

06-Aug-23 1:53:46 PM



232 Selected Papers of Carl G. Gahmberg

Sugar Chains of Human Leu-CAMs

2018 16 | 131211109 8 7 6
YVY'VVVYV'VVVV Yyvv
A 4 "
> e
-
> |B ‘
- A
o |C i
< \
@} A /Y AW
3 D
< A
© |E
; L /\\ |
100 150 200

ELUTION VOLUME ( ml)

FIGURE 5: Sequential exoglycosidase digestion of fraction AN-IV.
The fraction and its digestion products were analyzed by Bio-Gel P-4
column chromatography: (A) fraction AN-IV; (B) dotted and solid
lines representing the digestion products of components d and ¢ in
pancl A with streptococcal 3-galactosidase, respectively; (C) dotted
and solid lines representing the digestion products of dotted- and
solid-line peaks in panel B with streptococcal 3-N-acetylhexos-
aminidase: (D) the solid-line peak in panel C digested with strepto-
coccal B-galactosidase; (E) the peak in panel D digested with strep-
tococcal B-N-acetylhexosaminidase. Arrowheads at the top of the
figure are the same as in Figure 4. White arrows indicate the elution
positions of authentic oligosaccharides: (I) GalyGlcNAc,Man;
GlecNAc-FucGleNAcgr: (11) ManyGleNAc Fue:GleNAcgr.

(Manal—6)Man group (data not shown), the Gal3l—-
4GIcNAc group should be attached to the Manal—3 side.
In order to further confirm the structures of components b and
¢, oligosaccharides in fraction N-V were applied to an RCA—
agarose column, which recognizes the terminal galactose
residues. About 5% of the oligosaccharides in this fraction
was retarded on the column and was separated into two com-
ponents that were eluted on a Bio-Gel P-4 column at the same
positions as those of components b and ¢ in Figure 4B, re-
spectively. Structural studies of these oligosaccharides by
sequential glycosidase digestion gave the same series of results
as described for components b and ¢ (Figure 4D-F) (data not
shown).

The oligosaccharides in fraction AN-V (Con A**, AAL")
were separated on a Bio-Gel P-4 column into two components
whose elution positions were the same as those of components
b and c in Figure 4B (Figure 4G). Sequential exoglycosidase
digestion of these components gave the same series of results
as described already for components b and ¢ in Figure 4B,
respectively (data not shown). Therefore, these two compo-
nents should have the same structures as components b and
¢c. Since fraction AN-VI (Con A**, AAL*) contained oli-
gosaccharides amounting to less than 1% of the whole oligo-
saccharide mixture, their structural study was not performed.

Structures of Oligosaccharides in Fractions II and IV,
Fraction AN-1V (Con A*, AAL™"), which included 10% of the
total oligosaccharides, was separated into two components with
effective sizes of 14.5 and 17.5 glucose units by Bio-Gel P-4
column chromatography (components d and e in Figure 5A).
When radioactive components d and e were digested with
streptococcal 8-galactosidase followed by streptococcal 8-N-
acetylhexosaminidase, two galactose residues (dotted line and
solid line in Figure 5B, respectively) and two B-N-acetyl-
glucosamine residues (dotted line and solid line in Figure 5C,
respectively) were released. The effective size of the dotted-line
product in Figure 5C was the same as authentic Many-
GlcNAc:Fuc-GlcNAcor. That the product has the structure
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Manal—6(Manal—3)ManB1—4GIlcNAcB1—4(Fucal—-
6)GIcNAcqr was confirmed by the method reported previously
(Furukawa et al., 1989) (data not shown). These results
indicated that component d has the structure Galg1—-
4GlcNAcB1—2Manal—6(Gal1—4GlcNAcf1—2Mana-
1—3)ManB1—4GlcNAcB1—4(Fucal —6)GlcNAcot.

When the solid-line component in Figure 5C was digested
with streptococcal 3-galactosidase followed by streptococcal
B-N-acetylhexosaminidase, one galactose residue (Figure 5D)
and one N-acetylglucosamine residue (Figure SE) were re-
leased. The radioactive product at this stage was eluted at
the same position as authentic ManyGIcNAc-Fue-GleNAcqy-
On the basis of the specifities of the enzymes and the lectins,
component e was considered to be a biantennary complex type
sugar chain with one each of the Gal31—4GIcNAcSl—-
3GalB1—>4GlcNAc and the Gal31—>4GlIcNAc outer chains.
In order to determine the location of the tetrasaccharide outer
chain, the solid-line peak in Figure 5C was digested with As.
saitoi a-mannosidase 11, which releases a mannose residue
from the GalBl—4GIcNAcB1—>2Manal—6(Manal—3)Man
group but not from the Galg1—4GIcNAcSl—2Manal—3-
(Manal—6)Man group. Since it was totally resistant to the
enzyme digestion, the tetrasaccharide outer chain in component
e was considered to be attached to the Manal—3Man arm
of the trimannosyl core (data not shown). Oligosaccharides
in fraction N-IV (Con A*, AAL*) showed the same elution
patterns as those of oligosaccharides in fraction AN-IV before
and after each digestion with glycosidases.

The elution profiles of oligosaccharides in fraction N-III
and AN-III (Con A¥, AAL") were also the same as those of
oligosaccharides in fraction AN-IV before and after enzyme
digestions except that the elution position of each peak was
smaller by one glucose unit than the respective peak from
fraction AN-IV, reflecting the absence of a fucose residue
linked to the trimannosyl core. Therefore, fraction I1I contains
the nonfucosylated forms and fraction IV the fucosylated forms
of the oligosaccharides

1Fuoa|l
Galp1—4GIcNAcB1 —;2Mana1\6 6
3 ManB1-+4GIcNAcB1—4GIcNACG s
Galp1»4GIeNAcp1»2Manal”
Fucat
13

GalB14GIcNACh1 +2Manaty g 6
Manp1—4GIoNACH1 -4GIcNACyy

181 B1-3Galpt B1->2Mana1~3

Structures of Oligosaccharides in Fractions I and II.
Oligosaccharides in fraction AN-II (Con A~, AAL*), which
amounted to 26% of the total oligosaccharides, were eluted
from a Bio-Gel P-4 column as multiple peaks larger than 15
glucose units (Figure 6A). After digestion with E. freundii
endo-B-galactosidase, almost all the oligosaccharides were
converted to smaller ones, the major peak of which was eluted
at 17 glucose units (Figure 6B). The oligosaccharides released
by digestion with the endo-B-galactosidase and eluted at
smaller than 10 glucose units were recovered and reduced with
NaB’H,. When these oligosaccharides were subjected to
Bio-Gel P-4 column chromatography, they were eluted mainly
at 4.5 glucose units with an accompanying small peak at 3.5
glucose units (Figure 6B inset). By digestion with streptococcal
B-galactosidase, most of the oligosaccharides eluted at 4.5
glucose units were converted to a radioactive oligosaccharide
with mobility of 3.5 glucose units. The oligosaccharide eluted
at 3.5 glucose units was further digested with jack bean 8-N-
acetylhexosaminidase, and the radioactive oligosaccharide was
eluted at 1.5 glucose units. Analysis of the radioactive product
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FIGURE 6: Sequential exo- and endoglycosidase digestion of fraction
AN-II. The fraction and its digestion products were analyzed by
Bio-Gel P-4 column chromatography: (A) fraction AN-I1; (B) ol-
igosaccharides in pancl A digested with E. freundii endo-g3-
galactosidase: (inset in panel B) the oligosaccharides released by the
enzyme digestion reduced with NaB*H, and subjected to Bio-Gel P-4
column chromatography; (C) oligosaccharides in panel A digested
with a mixture of 6646K B-galactosidase and jack bean -N-
acetylhexosaminidase; (D) solid and dotted lines representing the
digestion products of components g and h in panel C treated by one
and two cycles of enzyme digestion with almond emulsin a-fucosidase
[ followed by a mixture of streptococcal 8-galactosidase and §-/V-
acetylhexosaminidase, respectively; (E) solid and dotted lines rep-
resenting the digestion products of the solid-line peak eluted at 10.0
glucose units and the dotted-line peaks eluted at 10.0 and 12.2 glucose
units in panel D with jack bean 8-N-acetylhexosaminidase, respectively;
(F) oligosaccharides in panel A treated with two cycles of enzyme
digestion first with almond emulsin -fucosidase I and subsequently
with a mixture of streptococcal B-galactosidase and 3-N-acetyl-
hexosaminidase; (G) dot-dashed line representing each digestion
product of components i, j, and k in panel F with jack bean 8-N-
acetylhexosaminidase and solid and dotted lines representing the
digestion products of components | and m in panel F with jack bean
B-N-acetylhexosaminidase, respectively; (H) solid and dotted lines
representing the digestion products of solid- and dotted-line peaks
in panel G with 6646K S-galactosidase, respectively; (1) solid-line peak
in panel H digested with streptococcal 8-N-acetylhexosaminidase; (J)
dotted-line peak in panel H digested with streptococcal 3-NV-
acctylhexosaminidase; (K) the peak in panel J digested with strep-
tococcal B-galactosidase; (L) the peak in panel K digested with
streptococcal B-N-acetylhexosaminidase. Component f in panel C,
the solid- and dotted-line peaks eluted at 8.2 glucose units in panel
D, the solid- and dotted-line peaks in panel E, the dot-dashed-line
peak in pancl G, the peak in panel I, and the peak in panel L were
shown to have the structure ManyGleNAc:-Fue-GleNAcor by se-
quential enzyme digestion as described in the text. Arrowheads at
the top of the figure are the same as in Figure 4. The white arrow
indicates the elution position of authentic oligosaccharide Mans-
GlecNAc-Fue'GleNAcor.
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that is a reducing terminal sugar revealed that it is a galactitol
(data not shown). These results indicated that the major and
minor oligosaccharides in the Figure 6B inset are Galgl—-
4GlcNAcB1—Galgr and GIcNAcB1—Galgy. Therefore, the
majority of oligosaccharides in the Con A~ fraction contain
N-acetyllactosamine groups in their outer chain moieties.

When oligosaccharides in Figure 6A were digested with a
mixture of 6646K p-galactosidase and jack bean B-N-
acetylhexosaminidase, which removes all Galgl—-
GlcNAcS1— groups, they were converted to three components
(components f, g, and h in Figure 6C). When digested with
almond emulsin a-fucosidase 1, which cleaves the Fucal—-
3GIcNAc and the Fucal—4GlcNAc linkages, and then di-
gested with a mixture of streptococcal 8-galactosidase and
B-N-acetylhexosaminidase, component g was converted to a
mixture of two radioactive oligosaccharides with mobilities of
10.0 and 8.2 glucose units (solid line in Figure 6D). Com-
ponent h was converted to a mixture of three radioactive
oligosaccharides with mobilities of 12.0, 10.0, and 8.2 glucose
units when treated with two cycles of the same treatment as
above (dotted line in Figure 6D). By digestion with jack bean
B-N-acetylhexosaminidase, all these oligosaccharides were
converted to a single radioactive oligosaccharide eluted at the
same position as authentic ManyGleNAc-Fuc-GleNAcor
(Figure 6E). The results indicated that component g in Figure
6C contains GalBl—4(Fucal—=3)GIcNAcB1—2, 4, or
6Manal—3 or 6Man81—4GlcNAcB1—4(Fucal—6)-
GlcNAcor and that component h in Figure 5C contains
GalBl—4(Fucal—3)GlcNAcB1—2Mana1—6[Galf1—4-
(Fucal—3)GIlcNAcB1—2Manal—3]ManB1—>4GIlcNAc-
Bl—4(Fucal—6)GlcNAcor, Galfl—4(Fucal—3)-
GleNAcB1—2[Galg1—4(Fucal—3)GIcNAcS1—4 or 6]-
Manal—3 or 6(Manal—6 or 3)Man81—4GlcNAcS1—4-
(Fucal—6)GlcNAcor, Gal3l—4(Fucal—3)GlcNAcS1—-
4Manal—3[GalB1—4(Fucal—3)GlcNAcBl—~6Manal—-
6]Manf1—~4GlcNAcBl—4(Fucal—6)GIcNAcgy, or
GalB1—4(Fucal—3)GlcNAcB1—3Galg1 —4(Fucal —3)-
GlcNAcB1—2, 4, or 6Manal—3 or 6ManBl—-
4GlcNAcB1—4(Fucal—6)GlcNAcor.  Since the oligo-
saccharides released by digestion with endo-3-galactosidase
were not fucosylated at all, the fucose residue should be at-
tached to the N-acetylglucosamine residues that form the
branches of the sugar chains, and when the N-acetyl-
lactosamine repeat was fucosylated, the repeat should be at-
tached to the fucosylated branch of the sugar chains. In
fraction AN-II, Gal31—GlcNAcB1— and its repeating outer
chains should be added to these oligosaccharides forming bi-,
tri-, and tetraantennary complex type sugar chains.

When fraction AN-II was treated with two cycles of enzyme
digestion with almond emulsin a-fucosidase I and then with
a mixture of streptococcal 3-galactosidase and §-N-acetyl-
hexosaminidase, it was converted to a mixture of five oligo-
saccharides (i-m in Figure 6F). Components, i, j, and k were
all converted to a single radioactive product with the same
mobility as authentic Man,;GlcNAc-Fuc-GlcNAcgyr by di-
gestion with jack bean 8- N-acetylhexosaminidase (dot-dashed
line in Figure 6G). Therefore, the differences in size of
components i, j, and k were ascribed to the different numbers
of N-acetylglucosamine residues. On the basis of the specificity
of streptococcal 3-NV-acetylhexosaminidase, which cleaves the
GlcNAcB1—2Man linkage of the GIcNAcB1—4-
(GIcNAcB1—2)Man group but not that of the GleNAcg1—-
6(GlcNAcB1—>2)Man group, components i and j were con-
sidered to be derived from triantennary complex type oligo-
saccharides having the GlcNA¢B1—4(GleNAcg1—2)Man
group and the GlcNAcB1—6(GlcNAcS1—2)Man group, re-
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Table 1I: Mecthylation Analysis of Each Con A Fraction Obtained from a Mixture of Fractions N and AN

molar ratio?

partially methylated sugars Con A~ Con A% Con A* Con A**

fucitol

2,3,4-tri-O-methyl-1,5-di-O-acetyl 1.8 038 0.8 tre
galactitol

2,3,4,6-tetra-O-methyl- 1,5-di-O-acetyl 3.6 3.6 2.0 tr

2,4,6-tri-O-methyl-1,3,5-tri-O-acetyl 0.5 0.5 tr
mannitol

2,3,4,6-tetra-O-methyl- 1,5-di-O-acetyl 1.4

3,4,6-tri-O-methyl-1,2,5-tri-O-acetyl 0.3 0.3 2.0 1.2

3,6-di-O-methyl-1,2,4,5-tetra-O-acetyl 0.9 0.9

3,4-di-O-methyl-1,2,5,6-tetra-O-acetyl 0.8 0.8

2,4-di-O-methyl-1,3,5,6-tetra-O-acetyl 1.0 1.0 1.0 1.0
2-(N-methylacetamido)-2-deoxyglucitol

6-mono-0-methyl-1,3,4,5-tetra-O-acetyl 1.0

3,6-di-O-methyl-1,4,5-tri-O-acetyl 4.0 49 3.1 0.5

4,6-di-O-methyl-1,3,5-tri-O-acetyl 0.2 0.2

1,3,5,6-tetra-O-methyl-4-mono-O-acetyl 0.2 0.2 0.2 0.5

1,3,5-tri-O-methyl-4,6-di-O-acetyl 0.8 0.8 0.8 tr

2Numbers in the table were calculated by taking the value of 2,4-di-O-methyl-1,3,5,6-tetra-O-acetylmannitol as 1.0. ?After almond emulsin

fucosidase I digestion. ¢Trace, less than 0.1.

spectively, and component k was considered to be derived from
a tetraantennary complex type oligosaccharide.

When peaks | and m in Figure 6F were digested with jack
bean B-N-acetylhexosaminidase, three N-acetylglucosamine
residues were removed and the products were eluted at 11.2
and 14.0 glucose units (solid and dotted lines in Figure 6G,
respectively). When the solid- and dotted-line components in
Figure 6G were digested with 6646K (-galactosidase, which
cleaves the Gal31—3GlcNAc linkage as well as the Galg1—-
4GIcNAc linkage, both components released one galactose
residue (solid and dotted lines in Figure 6H, respectively). The
resulting solid-line product was converted to the fucosylated
trimannosyl core by digestion with sterptococcal B-N-
acetylhexosaminidase (Figure 61), and the dotted-line product
was also converted to the core by sequential digestion with
streptococcal 3-/NV-acetylhexosaminidase (Figure 6J), strep-
tococcal B-galactosidase (Figure 6K), and streptococcal 8-N-
acetylhexosaminidase (Figure 6L). The results indicated that
component | contains the Gal31—>3GIlcNAcfl—2Manal—3
or 6Man group and component m contains the Galgl—-
3GleNAcB1—3GalB1—4GIcNAcB1—2Manal—3 or 6Man
group. Since the fucosylated components g and h in Figure
6C were converted to the afucosylated and agalactosylated
derivatives (Figure 6D) by one and two cycles of enzyme
digestion with almond emulsin a-fucosidase I followed by a
mixture of streptococcal B-galactosidase and B3-N-acetyl-
hexosaminidase, respectively, the fucosylated components were
shown to consist of the Gal31—4GIcNAc group but not the
GalB1—3GIcNAc group. Therefore, the type I group in
components | and m in Figure 6F were not fucosylated. Al-
though this type I group in component m should be released
upon digestion with endo-8-galactosidase, it was not detected
in the oligosaccharides released by the above enzyme treat-
ment, probably due to the lower limitation for detection.

The elution profiles of the oligosaccharides in fraction N-II
(Con A-, AAL*) that comprised 7% of the total oligo-
saccharides were almost identical with those in fraction AN-IIL.
Structural studies of oligosaccharides in this fraction by se-
quential glycosidase digestion also gave a series of results
similar to that described for oligosaccharides in fraction AN-II
(data not shown). The elution profiles of oligosaccharides in
fraction I (Con A~, AAL") of fractions N (5%) and AN (3%)
were also similar to those of oligosaccharides in fraction 11
before and after enzyme digestions except that the elution
position of each peak was smaller than the respective peak from
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fraction IT by one glucose unit, reflecting the absence of a
fucose residue linked to the trimannosyl core. However, in
these fractions, the Gal31—3GIcNAc group could not be
detected in a tetraantennary complex type sugar chain,
probably due to the lower limitation for detection.

Analysis of the Carbohydrate Structures of the 8-Subunit
of Leu-CAMs. Radioactive oligosaccharides released from
the B-subunit of Leu-CAMs were also analyzed mainly by
lectin column chromatography. Due to the limited amount
of the glycoprotein sample available, the number of sugar
chains attached to the 8-subunit was not determined. The
percent molar ratio of the oligosaccharides in each fraction
obtained by Con A~Sepharose and AAL-Sepharose column
chromatography is summarized in Table I.

It became apparent that the percent molar ratio of oligo-
saccharides in each fraction is almost identical with that of
the corresponding fraction obtained from a8 complexes. In
addition, the elution profile of the oligosaccharides in each
fraction from a Bio-Gel P-4 column was almost identical with
that of the oligosaccharides in the corresponding fraction from
af complexes (data not shown). Because the amount of
sample available was limited, methylation analysis of oligo-
saccharides from the S-subunit could not be performed.

Methylation Analysis of Oligosaccharides. In order to
confirm each glycosidic linkage of the carbohydrate structures
of Leu-CAMs determined mainly by sequential exoglycosidase
digestion, deuterium-labeled fractions N and AN were pre-
pared for methylation analysis. These two fractions were
combined and subjected to Con A-Sepharose column chro-
matography to separate the Con A-, Con A%, and Con A**
fractions. After the haptenic monosaccharides used for eluting
the bound materials were removed by Bio-Gel P-4 column
chromatography, each fraction was subjected to methylation
analysis. In the case of the Con A~ fraction, the oligo-
saccharides before and after almond emulsin a-fucosidase I
digestion were also subjected to methylation analysis in order
to confirm the structure of the fucosyl-N-acetyllactosamine
group.

As shown in Table II, the molar ratio of each methylated
sugar was calculated by taking the value of 2,4-di-O-
methyl-1,3,5,6-tetra-O-acetylmannitol as 1.0. Comparison of
the data for oligosaccharides in fraction Con A~ before and
after a-fucosidase I digestion indicated that 40% of the fucose
residues is linked at the C-3 position of the N-acetylglucos-
amine residue of the N-acetyllactosamine groups, since 6-
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Table [11: Proposed Structures of the Asn-Linked Sugar Chains of Leu-CAMs

proposed structures?

molar ratio (%)

Mana 1 ~6
3Manoﬂ\s

»3

(Mana1-2)o~ 4
Mana1” ManB1—-4R

Mana1

Mana1\6
3Mamx1\6

Mana 1~

*NeuSAca2—3 or 6Galf1—4GicNAcB1—»2Mana1”

ManB1-4R

Mana1\6
3Man[.‘$1—>4R
*NeuSAco2—3 or 6Galp1 —4GIcNAcB1 »2Manal”

Galp1—4GIcNAcf1 -2Manai~ g

(Neu5Aco2-3 or 6)g ~2 Manp1-4R

Galp1 »4GIcNACB1 —2Mana1~ >
Galf1—4GIcNAcB1 -->2Manuz1~.‘5

3Man;&l-—mR
Galp1-4GIcNAcB1—»3Galp1—-4GIcNAcp1—»2Manal”

(NeuSAco2—3 or 8)o~2

+Fucat
Galpt—4GIcNAcB1—2Manaty
Galp1—-4GIcNAcB1

+Fucal”
Galp1—4GIcNACB1

+Fucot”

8(3)

3(G)Manm—mﬂ

tFucm\3

(NeusAca2—3 or 6o~ 2{ 5101 scicnAcht o))

tFucat
\ Galf1—-4CGIcNAcB1 g
( Fucat *Fucot Manat 6
NeuSAca2-+3 of 8)g ~ 2 Galp1—4GIcNACH1 - n‘ Galp1—»4GIcNACB1”
Galp1—4GIcNAcB1—»2Mana

+Fucal”

aizzManm—MR
1/

’ tFucal
Galp1-4GIcNACBT
+Fucat Mana1
Galp1—-4GIcNACB1” \e(a)
Galpi—4GIcNACB1 -/ ) Galpt 54GIcNACB 3(6)
+Fuca1 > Manat
Galp1>4GIcNACp1”

3
\ tFuca1”

+Fucal
~
3

(NeuSAco2—3 or 6)g~ 2 ManB1-4R

Fucal
Galp1-4GIcNACB1
+Fucat ~3 Manai N
Galp1-»4GIcNACB1 -/ | Galp1 —4GIcNAC! 6(3)
Galp1 —>AGIr3:NAc[31 « 3(8)
+Fuca1” Manad
Galp1 —»3GIcNACB1(—3Galp1—-4GIcNACE )

+Fucat
(NeuSAca2—3 or 8)g~2
ManB1—4R

38

“R = GlcNAcfl—4(xFucal >6)GlcNAcor n = 0-4; m = 0-1. The number of fucose residues attached via al—3 to N-acetylglucosamine in the

complex-type sugar chains is not more than two.

mono-O-methyl-2-(/N-methylacetamido)-2-deoxyglucitol,
which was detected in fraction Con A~, disappeared after the
a-fucosidase 1 digestion. Since 2-(/N-methylacetamido)-2-
deoxyglucitol was detected in a trace amount as a 4,6-di-O-
methyl derivative in oligosaccharides in fraction Con A~ before
and after the enzyme digestion, the presence of the Galg1—-
3GIcNAc group in fraction Con A~ is also confirmed by
methylation analysis.
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Detection of 2,4,6-tri-O-methylgalactitol in fraction Con A*
indicated that 3% of the galactose residues of biantennary
complex type sugar chains is substituted with an N-acetyl-
lactosamine group. The methylation data of fraction Con A**
also indicated that oligosaccharides in the fraction are mainly
of high mannose type. However, the presence of 2,3,4,6-
tetra-O-methylgalactitol and 3,6-di-O-methyl-2-(/V-methyl-
acetamido)-2-deoxyglucitol in the same fraction supported the
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occurrence of monoantennary complex type and hybrid type
sugar chains as determined by sequential exoglycosidase di-
gestion (Figure 4).

The proposed oligosaccharide structures of human Leu-
CAMs, as determined by sequential exoglycosidase digestion
and methylation analysis, are shown in Table III.

DiscussioN

Since human buffy coat cells are enriched in T cells, the
predominant class of molecules present in the Leu-CAMs
should be CD11a/CD18. This estimation is also supported
by the fact that the a-subunit band corresponding to M,
180000 was detected by SDS-PAGE analysis of the sample
(Figure 1). The CD11a/CD18 molecule is expressed on the
surface of virtually all leukocytes and is involved in various
functions such as cell adhesions. Monoclonal antibodies
against CD11a/CD18 inhibited proliferation of antigen-spe-
cific helper T cells and cytolytic functions mediated by cyto-
toxic T cells and by natural killer cells (Davignon et al., 1981;
Krensky et al., 1983; Miedema et al., 1984). Adhesion of
leukocytes to endothelial cells, fibroblasts, and keratinocytes
at the sites of inflammation is also mediated by the
CD11a/CD18 molecule (Dustin & Springer, 1988; Patarroyo
et al., 1990). The oligosaccharide moieties of leukocyte cell
surface glycoproteins have been implicated in the recognition
processes of lymphocytes, including the recognition of Ia
molecules by responding T cells in the mixed lymphocyte
reaction. Also, homing of lymphacytes to various organs may
be due to sugar-binding proteins (Gallatin et al., 1983;
Stoolman & Rosen, 1983; Lasky et al., 1989). Little is known,
however, about their carbohydrate structures involved in these
phenomena.

By use of established methods for structural analysis of
oligosaccharides released by hydrazinolysis, structures of the
Asn-linked sugar chains of Leu-CAMs have been determined.
On the basis of the results presented here, Leu-CAMs were
shown to have 12 Asn-linked sugar chains per molecule and
their structures are proposed as shown in Table III. The major
Asn-linked sugar chains of Leu-CAMs were of high mannose
type and bi-, tri-, and tetraantennary complex types. Although
the outer chains of biantennary complex type sugar chains
contain only the Galg1—>4GlcNAcB1— group, those of tri-
and tetraantennary sugar chains are enriched with the
GalB1—4(Fucal—3)GlcNAc group. Small amounts of the
GalBl1—3GicNAcBl— and the Galfl1—3GlcNAcgl—-
3GalB1—4GlcNAc groups are also found in the outer-chain
moieties of the tetraantennary sugar chains. These type I
structures were not fucosylated as in the case of the Galgl—-
4GleNAc outer chain from which the type I structure extends.
This structural characteristic is quite unique to Leu-CAMs.
The fucosylation of the N-acetyllactosamine group of tri- and
tetraantennary complex type sugar chains is also characteristic
to these molecules. Recently, fucosyl-N-acetyllactosamine,
which is expressed on cell surface glycoconjugates in a
stage-specific manner during the development of mouse em-
bryos (Gooi et al., 1985), has been shown to interact homo-
typically, thus inducing compaction, a tight cellular adhesion
(Eggens et al., 1989). Therefore, the fucosyl-N-acetyl-
lactosamine residues expressed on Leu-CAMs might be im-
portant for initial interaction with ligands such as ICAM-1
and ICAM-2 (Rothlein et al., 1986; Patarroyo et al., 1987;
Staunton et al., 1989). The presence of fucosyl-N-acetyl-
lactosamine on CD11a/CD18 has previously been demon-
strated by using a2 monoclonal antibody (Spitalnik et al., 1989).

In addition, Leu-CAMs contain a small amount of hybrid
type and monoantennary complex type sugar chains. These
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sugar chains are not widely distributed in mammalian gly-
coproteins. The latter structure has been found limitedly in
chorionic gonadotropin (Endo et al., 1979), urinary ribo-
nuclease (Hitoi et al., 1987), placental B-glucocerebrosidase
(Takasaki et al., 1984), and platelet thrombospondin (Furu-
kawa et al., 1989) of human origin.

Comparative study of the oligosaccharides released from
af complexes and the 8-subunit by lectin chromatography
showed that similar series of oligosaccharides were distributed
evenly in both a- and 8-subunits. The results are consistent
with previous reports that the sugar chains of Leu-CAMs were
susceptible to endo-g3-N-acetylglucosaminidases H and F (endo
F) and that the reduction of molecular sizes of a- and 8-
subunits determined by SDS-PAGE after treatment with endo
F suggests the presence of 5-6 sugar chains in each subunit
(Miller & Springer, 1987; Kantor et al., 1988). The presence
of sulfate groups in the sugar chains of the CD11a/CD18
molecule, which was detected by metabolic labeling of mouse
T Iymphoma EL-4 cells with SO, (Dahms & Hart, 1985),
was not confirmed by the present study. Therefore, the amount
of sulfated sugar chains in the Leu-CAMs from peripheral T
cells might be very small, even if they occur in CD11a/CD18.
Whether hydrazinolysis does release sulfate groups from sugar
chains or not was investigated by treatment of radioactive
keratan sulfate fragment GIcNAc(6-SO,)31—3Galgr with
hydrazine at 100 °C for 10 h. Since the electrophoretic
mobility of the sulfated disaccharide was not affected by the
treatment, hydrazinolysis does not release sulfate groups from
sugar chains. In addition, the carbohydrate structures of the
sulfated sugar chains were determined by use of the hydra-
zine-released oligosaccharides (Yamashita et al., 1983; Edge
& Spiro, 1984).

Burkitt lymphoma cells lack or have a low level of the
CD11a/CD18 molecule and are not metastatic (Patarroyo et
al., 1988; Roossien et al., 1989). Metastatic lymphoma cells
were shown to invade monolayers of lymphocytes and fi-
broblasts. The invasion was totally blocked by anti-
CD11a/CD18 antibody. In addition, mutant lymphoma cells,
which are deficient in the expression of the CD11a/CDI18
molecule on cell surfaces due to the impaired synthesis of either
the a- or B-subunit precursor, failed considerably to invade
the cell layers. These results strongly suggested the involve-
ment of CD11a/CD18 in the efficient metastasis of certain
lymphoma cells. Since the carbohydrate structure of metas-
tasis-associated glycoprotein was determined by the analysis
of lectin mutant cell lines, which have lost the metastatic
potential but not the tumorigenicity (Stanley, 1984; Dennis
et al., 1987), it would be of interest to determine the carbo-
hydrate structures of the CD11a/CD18 molecule isolated from
the invasive lymphoma cells.
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The vascular E-selectin binds to the leukocyte integrins

CD11/CD18

Pekka Kotovuori!, Eveliina Tontti!, Rod Pigott?,
Maura Shepherd?, Makoto Kiso?, Akira Hasegawa?,
Risto Renkonen?, Pekka Nortamo!, Dario C.Altieri’
and Carl G.Gahmberg!-

'Department of Biochemistry, University of Helsinki, Unioninkatu 35,
SF-00170 Helsinki, Finland, *British Bio-Technology Ltd, Oxford, UK,
*Department of Applied Bioorganic Chemistry, Gifu University, Gifu,
Japan, “Department of Bacteriology and Immunology, University of
Helsinki, Helsinki, Finland and *Scripps Research Institute, La Jolla,
CA, USA

%To whom correspondence should be addressed

Leukocyte adhesion involves at least three molecular
families of adhesion proteins: the leukocyte integrins
CD11/CD18, the intercellular adhesion molecules ICAMs)
and the carbohydrate-binding L-, E- and P-selectins. The
intercellular adhesion molecules are well-known ligands for
the CD11/CD18 integrins. We now show that E-selectin
specifically binds to the sialyl Lex carbohydrate epitopes of
leukocyte integrins. Thus, the different families of leukocyte
adhesion molecules form an integrated adhesion network.

Key words: adhesion/integrins/leukocyte/selectin

Introduction

Leukocyte adhesion is a complex process requiring several
types of adhesion molecules. The leukocyte-specific integrins
CD11a/CD18 (LFA-1), CD11b/CD18 (CR3,Mac-1) and
CD11¢/CD18 (pl150/95) are pivotal in adhesion (Arnaout,
1990; Patarroyo et al., 1990; Springer, 1990; Hynes, 1992).
These integrins are heterodimeric type 1 membrane glyco-
proteins present in different proportions on all leukocytes. The
integrins require activation to a high-affinity state to be able to
bind their ligands. Among the most effective activators are
various phorbol esters (Patarroyo et al., 1985a,b; Rothlein and
Springer, 1986; Wright and Meyer, 1986), indicating a role for
protein kinase C.

Three cellular ligands for CD11/CD18 have been described:
the intercellular adhesion molecules ICAM-1 (CD54) (Rothlein
et al., 1986; Patarroyo et al., 1987; Hogg, 1991), ICAM-2
(Staunton et al., 1989; de Fougerolles et al., 1991; Gahmberg
et al., 1991) and ICAM-3 (de Fougerolles and Springer, 1992).
These belong to the immunoglobulin superfamily of cell surface
proteins, ICAM-1 containing five immunoglobulin domains
(Simmons et al., 1988; Staunton et al., 1988) and ICAM-2 two
(Staunton et al., 1989). The amino acid sequence of ICAM-3
is not yet known. ICAM-1 is basally expressed, but strongly
upregulated on endothelial cells by various cytokines (Rothlein
et al., 1988). ICAM-2 is found predominantly on endothelial
cells. In most tissues it is stably expressed (de Fougerolles
et al., 1991; Nortamo et al., 1991a,b), but the expression is
enhanced in endothelium in lymph nodes with malignant
lymphomas (Renkonen ez al., 1992).

© Oxford University Press
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Three members of the selectin family (Bevilacqua er al.,
1991) of adhesion lectins are currently known. L-Selectin
(LECAM-1, Leu8) is found on leukocytes, and is important in
homing of circulating cells and in adhesion to activated
endothelium (Gallatin et al., 1983). Surface expression of
P-selectin  (PADGEM, GMP140, CD62) and E-selectin
(ELAM-1) (Bevilacqua et al., 1989; Larsen et al., 1989) is
inducible on endothelial cells. Upon activation, P-selectin is
translocated in minutes from intracellular Weibel—Palade
bodies to the endothelial cell surface. Expression of E-selectin
requires protein synthesis and is maximal at 4 h in vitro.

Both E- and P-selectin recognize the carbohydrate sialyl Le*
(Phillips et al., 1990; Walz er al., 1990; Polley et al., 1991;
Tiemeyer et al., 1991; Zhou et al., 1991). The positional
isomer sialyl Le* may also act as a ligand (Berg ef al., 1991;
Takada et al., 1991; Majuri et al., 1992). Recent experiments
have shown that the selectins slow down the movement of
PMNs or induce ‘rolling’ of the cells over the endothelial cell
surface (Lawrence and Springer, 1991; Ley et al., 1991; von
Andrian ef al., 1991). During this process, the leukocyte
integrins are activated, and become able to bind to ICAM-1 and
ICAM-2 on endothelial cells.

The mechanism(s) of activation of leukocyte adhesion
remains poorly understood, but recent work has shown that
E-selectin is able to activate PMN CD11b/CD18-dependent
functions, resulting in increased chemotaxis and binding of
C3bi-coated erythrocytes (Butcher, 1991; Kuijpers er al., 1991,
Lo et al., 1991).

We now show that E-selectin binds to CD11a/CD18 and
CDI11b/CD18. These interactions may be important in the
activation of integrins in living cells, leading to firm adhesion
of granulocytes to endothelium. It also means that the three
major families of adhesion proteins may cooperate to generate
physiologically useful adhesion.

Results

Recombinant soluble E-selectin binds to purified
CDI11/CD18

Leukocyte integrins were purified from human blood buffy coat
cells essentially as described previously, using monoclonal
antibodies and affinity chromatography. Figure 1 shows a
Coomassie blue-stained gel of the CD11/CD18 preparations.
The CDI1b polypeptide was poorly stained. CD11/CDI18
(mixture of CD11a/CD18, CD11b/CD18 and CD11c/CD18)
was coated on plastic plates using a '?I-labelled preparation to
estimate the efficiency of coupling. Using 2.5 ug of the
integrins, ~0.3 pg of protein was coupled/well (not shown).
Using purified CD11a/CD18 and CD11b/CD18, we found that
both heterodimers were active in binding (Figure 2A). The
binding was inhibited by the sialyl Le* oligosaccharide in a
dose-dependent manner, whereas the control blood group
B-active pentasaccharide had no effect (Figure 2B). Seventy per
cent of the binding was inhibited using 5 ug of non-radioactive

131

06-Aug-23 1:53:50 PM



240 Selected Papers of Carl G. Gahmberg

P.Kotovuori et al.

A B C

CD11>— o CD11a o osadd -« CDMb
CD18>— @l CDI8>— - w— —< CD18

v

ol

Fig. 1. PAGE of purified CD11/CD18 mixture (A), CD11a/CD18 (B) and
CD11b/CD18 (C). The purified heterodimers were run on 8% acrylamide
slab gels and visualized after staining with Coomassie blue. The positions of
the polypeptides are indicated.

E-selectin (Figure 2C). The anti-E-selectin antibody 1.2B6
inhibited binding by ~40% (Figure 2C) and the anti-sialyl Le*
antibody by ~70%, as did the sialyl Le* oligosaccharide
(Figure 2C). The anti-E-selectin antibody BBIG-E1 showed no
inhibition (not shown). EDTA inhibited binding to 90%.

E-Selectin-transfected COS cells bind to CD11a/CDI8

To obtain further evidence that E-selectin binds to CD11/CD18,
we transfected COS-1 cells with an E-selectin expression vector
and assayed for the binding of cells to CD114/CD18 coupled to
plastic. CD11b/CD18-containing preparations were not used
because COS cells contain substantial endogenous CD11b/CD18
binding activity. Figure 3A shows that transfected COS cells
specifically bound to CD11a/CD18. The binding was partially
inhibited by the BBIG-E1 and 1.2B6 anti-E-selectin antibodies
(results for 1.2B6 not shown), and also by the sialyl Le* oligo-
saccharide (Figure 3B). The difference in binding of E-selectin-
transfected and mock-transfected cells to CD11a/CD18-coated
plates was highly significant (** P < 0.01, *** P < 0.001).
The background binding of COS cells to CD11/CD18 may be
due to ICAM-like molecules or other ligands for CD11/CD18
present in untransfected cells.

Discussion

Recently, several groups reported that the ligands for E-selectin
are sialyl Le*- and sialyl Le®-containing oligosaccharides
(Phillips et al., 1990; Walz et al., 1990; Polley et al., 1991;
Tiemeyer et al., 1991; Zhou et al., 1991). Furthermore, Picker
et al. (1991) found that PMN L-selectin itself contains sialyl
Le*, and is able to present it to E- and P-selectins. Other PMN
glycoproteins binding to these selectins have not been reported,
although there is evidence for their existence (Picker ef al.,
1991).

The carbohydrate structures of the leukocyte integrins,
isolated from blood buffy coat cells, were recently determined
(Asada et al., 1991). The oligosaccharides are all N-linked and
a large proportion of them contain a repeating galactose 31-4
(fucose «1-3) N-acetylglucosamine (31-3 unit with terminal
sialic acid, i.e. the sialyl Le* structure. This finding suggested
that the leukocyte integrins themselves could act as ligands for
vascular selectins.
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Fig. 2. Binding of soluble E-selectin to purified CD11/CD18 integrins, and
its inhibition by oligosaccharides and antibodies. (A) Binding of E-selectin
to plates coated with 2.5 pg purified mixture of CD11/CD18, CD11a/CD18
and CD11b/CD18. The difference in binding was significant as compared to
control (*P < 0.1, ** P < 0.01). (B) Binding of E-selectin to plates
coated with 2.5 ug CD11/CD18 mixture in the presence of the indicated
amounts of sialy] Le* oligosaccharide or control blood group B-active
oligosaccharide. The background binding is shown by the dashed line.

(C) Binding of E-selectin to plates coated with 2.5 ug CD11/CD18 in

0.05 ml binding buffer only, or in the presence of 5 pg E-selectin, 10 pg of
the anti-selectin antibody 1.2B6, 10 ug of the anti-sialyl Le* antibody, 30 pg
of sialyl Le* oligosaccharide or 2.5 mM EDTA. The control plates were
coated with BSA only. The background is indicated by the dashed linc.

The differences in binding between the E-selectin in the absence or presence
of inhibitors were significant (*P < 0.1, **P < 0.01).

We have demonstrated that this is indeed the case. Both
isolated CD11a/CD18 and CD11b/CD18 were able to bind
specifically recombinant, soluble E-selectin. These integrins
must mainly derive from PMNs, a major cellular component of
the buffy coat cells used for isolation of the integrins. Most
lymphocytes do not contain the sialyl Le* structure (Picker
et al., 1991).

In addition, we have shown that COS cells transfected with
an E-selectin expression vector specifically bound to
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Fig. 3. Binding of E-selectin-transfected and mock-transfected COS-1 cells
to purified CD11a/CD18. Ten micrograms of CD11a/CD18 in 1 ml were
used for coating to 35 mm Petri dishes and bound COS cells counted.

(A) Results from three independent experiments are shown. (B) Effects of
anti-E-selectin antibody BBIG-E1 (50 pg/ml) , sialyl Le* oligosaccharide
(0.2 mg in 1 ml medium) and 50 pg/ml ICAM-2 control antibody (6D5).
The background binding of mock-transfected cells to CD11/CD18-coated
plates in (B) is shown by the dashed line.

CD11a/CD18 coated to plastic. The CD11/CD18—E-selectin
interactions were efficiently inhibited by oligosaccharides
containing the sialyl Le* structure, whereas a control oligo-
saccharide had no effect. An antibody specific for sialyl Le*
was also effective in inhibition. The two anti-E-selectin
antibodies differed in inhibition of binding of E-selectin. Only
the 1.2B6 antibody inhibited the binding of soluble E-selectin
to CD11/CD18, whereas both were inhibitory at the cellular
level. Antibodies to CD11/CD18 did not show clear inhibition,
probably because they were unable to cover the ~ 12 oligo-
saccharides found per CD11/CD18 heterodimer (Asada et al.,
1991) (not shown). The selectins need Ca2* for activity and,
as expected, EDTA inhibited binding.

It is quite possible that several other leukocyte surface glyco-
conjugates contain the sialyl Le* epitope (Fukuda et al., 1985),
but its presence in CD11/CDI18 integrins may be physio-
logically important, as discussed below.

Our current view of PMN binding to endothelium may be
summarized as outlined in Figure 4 [adapted from Lo et al.
(1991)]: inflammatory cytokines rapidly induce the expression
of P-selectin on endothelial cells by its translocation from intra-
cellular granules. In ~2 h, E-selectin appears on the endo-
thelial cell surface. These selectins interact with circulating
PMNgs, resulting in the ‘rolling’ phenomenon (Lawrence and
Springer, 1991; von Andrian ef al., 1991). During this process,
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the PMNs are brought near to the ‘membrane of endothelial
cells, which is necessary for efficient activation by receptor-
ligand-mediated contact. Only after activation and a decrease in
the rate of passage of PMNs over the endothelium do
CD11/CD18-ICAM interactions become possible (Lawrence
and Springer, 1991).

E-Selectin is able to activate PMN adhesion (Kuijpers ez al.,
1991; Lo eral., 1991), possibly through the binding to
CD11/CD18 molecules. P-Selectin also binds to sialyl Le* and
may also be activating. Activated PMNs would then bind to the
endothelium through CD11/CD18 interactions with ICAM-2
and ICAM-1, leading to migration into inflamed tissues
(Stoolman, 1989; Osborn, 1990). Furthermore, the selectin—
CDI11/CD18 interactions could strengthen the attachment of
leukocytes to endothelial cells at this stage.

Leukocytes from patients with leukocyte adhesion deficiency,
which lack the CD11/CD18 integrins, are able to roll on the
endothelial cell surface. The rolling may be mediated through
various leukocyte glycoconjugates expressing the sialyl Le*/
sialyl Le? epitopes, but obviously the activation of the integrins
cannot take place and the cells cannot, therefore, penetrate the
endothelial cell layer.

In spite of intensive studies, the mechanism(s) of integrin
activation has remained unclear. Phorbol esters, which
efficiently induce leukocyte adhesion, activate protein kinase C
(Nishizuka, 1984). Several studies have shown that CD11 is
constitutively phosphorylated and upon activation the CDI8
B-chain is phosphorylated mainly on serine residues (Hara and
Fu, 1986; Chatila er al., 1989; Buyon et al., 1990). An
excellent correlation between CDI18 phosphorylation and
leukocyte adhesion was recently observed (Valmu et al., 1991).
However, deletion of acceptor serines in the cytoplasmic
portion of CDI18 did not abolish adhesion, whereas threonine
deletion did (Hibbs et al., 1991).

Wright’s group recently described an interesting fatty acid-
like molecule (integrin modulating factor) isolated from phorbol
ester-stimulated leukocytes, which was able to induce a tran-
sient adhesion (Hermanowski-Vosatka er al., 1992). This may
be an important physiologic activator.

As an alternative to activation signals originating from the
inside of the cells, agents interacting directly with the external
portions of the leukocyte integrins could be important. Divalent
cations are needed for leukocyte adhesion and the CD11 poly-
peptides contain three cation-binding motifs in their external
parts. Ca?* has been shown to bind to CD1la (Gahmberg
et al., 1988). Mg?* is known to be important and most
probably it also binds here. Dransfield et al. (1992) have
shown, using a monoclonal antibody, that Mg?* induces a
conformational change in CD11a/CD18. van Kooyk et al.
(1991) have shown that the monoclonal CD11a/CD18 antibody
NKI-L16 induces CD11/CD18 activation in the presence of
Ca2*. In addition, extracellular Mn?* ions are able to activate
CDI11b/CDI18 by increasing its affinity for ligands (Altieri,
1991). Furthermore, Keizer er al. (1988) have described an
anti-CD11a antibody which was able to activate CD11a/CD18-
dependent adhesion, and Robinson e al. (1992) a CDI18-
reactive antibody which induced activation of both CDI1la/
CD18 and CD11b/CD18.

Because E-selectin can activate CD11/CD18 and we have
shown that it binds to the integrins, we favour the hypothesis
that activation in same cases can occur directly through
selectin—integrin interactions. Importantly, this mechanism
would bring together the three major groups of leukocyte
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Fig. 4. A model for granulocyte binding to endothelial cells. Circulating PMNs express inactive CD11/CD18 complexes and L-selectin. The unstimulated
endothelial cell expresses ICAM-2 and relatively small amounts of ICAM-1. The release of inflammatory cytokines induces the expression of E- and
P-selectins, and increases that of ICAM-1. The selectins are able to bind to the leukocyte integrins and activate them, probably by the induction of a
conformational change. The activated integrins subsequently bind to the ICAM-molecules on the endothelial cell and firm attachment occurs.

adhesion molecules, selectins, integrins and some members of
the immunoglobulin supergene family, with the integrins play-
ing a pivotal role.

Materials and methods
Isolation of CD11/CDI8 integrins

A mixture of leukocyte integrins was isolated from normal human buffy coats
by affinity chromatography using the anti-CD18 antibody 7E4 (Nortamo ef al.,
1988), as described in detail previously (Kantor er al., 1988). CD11a/CD18
was isolated in a similar way using the CDI1la-specific antibody E83
[Dr V.Bazil, see Nortamo ef al. (1991)], and CD11b/CD18 using the CD11b-
specific antibody 3F5 (P.Nortamo, unpublished). Their purity was checked by
PAGE in the presence of SDS (Laernmli, 1970).

Binding of recombinant E-selectin to immobilized CD11/CDI8 integrins

A soluble E-selectin construct was made as described previously (Pigott er al.,
1991) and the protein expressed in Chinese hamster ovary (CHO) cells.
E-Selectin was isolated using the BBIG-E1 antibody by affinity chroma-
tography. The E-selectin was >97% pure, as determined by N-terminal
sequence analysis. Ten micrograms of CD11/CDI8 were labelled with '*T
(The Radiochemical Centre, Amersham) using the chloramine T method
(Greenwood et al., 1963) and this preparation was used to estimate the
efficiency of coating to plastic. Two and a half micrograms of integrins were
used for subsequent coating in 0.05 ml of 25 mM Tris (pH 8.0)-0.15 M
NaCl-2 mM MgCl,—0.1% octylglucoside overnight at +4°C to Nunc-
Immuno plates (Roskilde, Denmark), which resulted in binding of ~0.3 pg of
integrins. The plates were subsequently saturated by coating with 1% bovine
serum albumin (BSA) for 3 h at room temperature. Binding of E-selectin was
determined using '*I-labelled preparations, which were incubated for 1h
at room temperature with CD11/CD18-coated plates in 0.05 ml of binding
buffer consisting of phosphate-buffered saline (PBS) (pH 7.3)-1.5 mM
MgCl,—1.5 mM CaCl,—0.4% BSA in the absence or presence of competing
reagents. After incubation, the plates were washed three times in binding buffer
and the associated radioactivity counted. When indicated, EDTA was used at
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a concentration of 2.5 mM in PBS without divalent cations. The sialyl Le*
active pentasaccharide sialyl o2-3 galactose 81-4 (fucose «l-3) N-acetyl-
glucosamine B1-3 galactose was synthesized as described previously
(Kameyama ef al., 1991). A blood group B-active pentasaccharide was obtained
from BioCarb, Lund, Sweden. The 1.2B6 anti-E-selectin antibody (Wellicome
ef al., 1990) and the anti-sialyl Le* antibody (Fukushima et al., 1984) have
been described previously. The anti-E- selectin antibody BBIG-El was pro-
duced by British Bio-Technology Ltd. The anti-ICAM-2 6D35 antibody used as
a control has been described previously (Nortamo et al., 1991).

Cellular binding assays

COS-1 cells were purchased from the American Type Culture Collection and
used at a passage number <20. They were transfected with E-selectin in the
CDMS8 vector (British Biotechnology Products), by the dextran sulphate
procedure. Routinely, >20% of the cells were transfected, as shown by im-
munofluorescence using anti-E-selectin antibody. Control cells were mock-
transfected. Petri dishes (Greiner GmbH, Kremsmiinster, Austria) were coated
with 10 g of CD11a/CD18 in 1 ml of coating buffer as described above. Bind-
ing was performed using Dulbecco’s modified Eagle’s medium (MEM), 50 mM
Hepes (pH 7.4)-2 mM MgClL,—2 mM CaCl,—5% fetal calf serum (FCS) for
1 h at room temperature. After incubation, the plates were washed three times
in the same buffer and the attached cells counted.
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Introduction

Fibronectin became a “classical” integrin ligand, and the RGD recognition sequence is present
in several additional proteins such as vitronectin and fibrinogen. The integrins V33, a V85,
aVB6,aVE8, 0481, 581 and olIbB3 bind RGD containing ligands. In contrast, the leukocyte
B2-integrins bind to the intercellular adhesion molecules (ICAM), and use larger recognition
sequences. In fact, the ICAMs do not contain RGD sequences.

ICAM-1 was the first $2 integrin ligand identified, independently by T.A. Springer’s and
our groups. We used stimulation of lymphocytes with phorbol esters, and tested for inhibition
of aggregation with monoclonal antibodies. The antigen recognized was immune precipitated
and identified using SDS gel electrophoresis. ICAM-1 is expressed on leukocytes, endothelial
cells and many other types of cells, and it is induced by cytokines, and other stimulatory mol-
ecules. ICAM-1 is an immunoglobulin superfamily protein, containing five immunoglobulin
domains. The ICAM family consists of five members. ICAM-1 and ICAM-3 contain five
immunoglobulin domains, ICAM-2 and ICAM-4, two domains, whereas ICAM-5 has nine
immunoglobulin domains. ICAM-2 is expressed on leukocytes and endothelial cells, and it
is not easily up-regulated by cytokines. ICAM-3 is expressed on leukocytes and it may be
important in signal transduction. Endothelial cells in lymphomas show a strong ICAM-3
expression. [CAM-4 is present in erythrocytes, and ICAM-5, originally named telencephalin,
is the most complex one, and it is expressed in dendrites of central neurons. Our group has

worked a lot on all ICAMs, and named ICAM-4 and ICAM-5 (Paper 30).

Comments on Papers 30 to 42

RGD peptides did not inhibit the phorbol ester induced adhesion of leukocytes, and therefore
we looked for B2 integrin ligand molecules expressed in leukocytes. Using the LB2 antibody
(1), which prevented adhesion, we identified a surface glycoprotein with an apparent molecular
weight of 84000 (Paper 31). Independently, Rothlein et al. (2) discovered the same molecule,
and named it intercellular adhesion molecule-1 (ICAM-1). ICAM-1 is expressed in differ-
ent leukocytes, but also in several tissues, and it is often up-regulated during inflammation.
Among others, human large granular lymphocytes express the CD11a-¢/CD18 integrins and
ICAM-1 (3).

Later Staunton et al. (4) transfected COS cells with an endothelial cell cDNA library,and
cloned a cDNA related to ICAM-1, and named it ICAM-2. We synthesized the ICAM-2
cDNA using PCR, expressed it in bacteria and made an ICAM-2 antiserum. This enabled
the identification of the cellular protein as a 55000 molecular weight glycoprotein (5). Later
we made a monoclonal antibody to ICAM-2 (6). The expression of ICAM-2 turned out to
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be refractory to several tested cytokines (7), but its expression was increased in lymphoid
malignancies (8).

Our ICAM-2 monoclonal antibody (6D5) inhibited ICAM-2 dependent adhesion, and
it bound to the first immunoglobulin domain in ICAM-2. 'This finding indicated that the
LFA-1 adhesion site is in this domain. We then compared the sequences in the first domains
of ICAM-2 and ICAM-1, and synthesized a peptide covering the sequence 21-42 of ICAM-2.
The peptide efficiently inhibited the binding of endothelial cells to LFA-1 (Paper 32). Impor-
tantly, low levels of the peptide stimulated leukocyte adhesion and natural killing cell activity
(9) (Paper 33).'The peptide also bound to CD11b/CD18 (Mac-1, «Mp2), but not to CD11¢/
CD18 («Xp2). The peptide strongly stimulated the CD11b/CD18 dependent aggregation of
the monocytic cell lines U937 and THP-1 (Paper 34). How can we explain that low levels of
the peptide are stimulatory, whereas higher amounts are inhibitory? New results show that 32
integrins are bound to ICAMs in cis in resting neutrophils (10,11). Probably, the affinity of
the closed integrin in cis binding is lower than its binding in #7ans to ICAMs in neighbouring
cells. In leukocyte adhesion to other cells, the integrins are in open, high affinity conformation.
High concentrations of the peptide or soluble ICAM-2-Fc inhibited adhesion, which must
be due to competitive inhibition (Paper 35).

Using a phage display library we identified a short $2-integrin binding peptide, LLG
(Paper 36). This sequence is located in the first Ig-domain of ICAM-1, and it is within the
synthetic ICAM-2 peptide. The LLG sequence is also present in von Willebrand factor. The
LLG peptide efficiently inhibited leukocyte adhesion.

ICAM-3 is a major ICAM on resting leukocytes (12,13), and it is involved in the initiation
of the immune response (14). ICAM-3 acts as receptor for DC-SIGN, and it is a stimula-
tory molecule in immune responses (15). We isolated the molecule, and were involved in the
structural analysis of its N-glycosidic oligosaccharides (16). ICAM-3 to expresses Lewis X,
and the oligosaccharides acted as ligands for DC-SIGN (17).

ICAM-4 has an interesting history. The red cell LW blood group antigen was somehow
associated with the Rh blood group antigens, but cloning and sequencing of LW, showed ho-
mology with the ICAM molecules (18). In collaboration with J.-P. Cartron’s group, we then
isolated the protein and showed that it binds to LFA-1 and Mac-1 on different leukocytes. We
named it ICAM-4 (Paper 37). Subsequent studies showed that the binding site on ICAM-4
tor LFA-1 is on the first Ig domain, whereas both Ig domains are involved in Mac-1 binding.
Mutational analysis showed that the binding sites on ICAM-4 for LFA-1 and Mac-1 overlap,
but are distinct (19). Further work then showed that ICAM-4 binds to the I domains of the
LFA-1 and Mac-1 integrins (20).

CD11¢/CD18 («XB2) is strongly expressed on macrophages, and it is thought to be
important in the uptake of senescent red cells from the circulation. We showed that ICAM-4
binds to CD11¢/CD18, and erythrophagocytosis was efficiently inhibited by ICAM-4 and
B2 integrin antibodies (Paper 38).

A neuronal membrane protein, named telencephalin, was first identified by use of a mono-
clonal antibody (21), and when cloned it was found to show high homology to the ICAM
molecules (22). Together with K. Mori’s group, we then showed that it binds to LFA-1 (Paper
39). Accordingly, we renamed it ICAM-5. In addition to LFA-1 binding, it showed homo-
philic binding with Ig domain-1 binding to Ig domains 4-5 (Paper 40). ICAM-5 stimulated
dendritic outgrowth and arborisation. We showed that T lymphocytes bind to domain-1
of ICAM-5, and monoclonal antibodies, which blocked the binding, bound to domain-1.
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Human T cells adhered to rat hippocampal neurons, and an ICAM-5 monoclonal antibody
to the human molecule blocked the interaction (23). Later we showed that a soluble form
of ICAM-5 was released into the cerebrospinal fluid during encephalitis (24). The molecular
weight of the released fragment, indicated that the cleavage took place close to the membrane.
After the biochemical characterization of ICAM-5, and its interactions, we studied its role in
neuron functions. When rat hippocampal neurons were treated with N-methyl-D-aspartic acid
(NMDA) or a-amino-3-hydroxy-5-methylisoxazole-propionic acid (AMPA) ICAM-5 was
cleaved, and the cleavage was blocked by metalloprotease-2 and -9 inhibitors. Interestingly,
the treatment promoted dendritic spine development (Paper 41). Metalloprotease deficient
mice showed more intact ICAM-5 than the wild type mice. Furthermore, soluble ICAM-
5 promoted elongation of dendritic filopodia in wild-type neurons, but not in neurons of
ICAM-5 deficient mice. Soluble ICAM-5 suppressed T cell activation, and it may act as an
anti-inflammatory molecule (25). Structural studies showed that when ICAM-5 bound to
the I domain of LFA-1, there was an unusual allosteric mobility of the C-terminal helix in
the I domain (26). The homophilic ICAM-5 binding, was studied by structural analysis (27).
Further work showed that ICAM-5 determined spine maturation by regulating the interac-
tion of NMDA receptor binding to a-actinin (28). Altogether, the studies on ICAM-5 were
rewarding, coupling immunology to neuroscience.

'The soluble Del-1 (Development endothelial locus-1) protein is secreted from endothelial
cells and associates with the cells (29). It is deposited on endothelial cells mainly in the brain
and lung. In collaboration with T. Chavakis” group we found that it acts as an endogenous
inhibitor of leukocyte adhesion (Paper 42). It binds to LFA-1, and competes with leukocyte
binding to ICAMs on endothelial cells. Endothelial cell deficiency of Del-1 increased neutrophil
accumulation in lung inflammation in mice. Del-1 inhibited Mac-1 dependent phagocytosis
(30). Del-1 was the first endogenous integrin inhibitor described.
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Leukocyte adhesion: CD11/CD18 integrins and intercellular

adhesion molecules
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Leukocyte integrins and intercellular adhesion molecules
play pivotal roles in leukocyte adhesion to target celis and
extracellular matrices. Recently, novel intercellular adhesion
molecules have been identified, and much information

has been obtained on the structures and binding sites of
leukocyte integrins and of intercellular adhesion molecules.
Furthermore, much progress has been made in the study
of integrin activation and the role of leukocyte adhesion
molecules in disease.
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ICAM  intercellular adhesion molecule
mAb monoclonal antibody

MIDAS metal ion dependent activation site
VCAM-1 vascular cell adhesion molecule-1
VLA very late antigen
Introduction

Most leukocytes circulate in the body and home to
various tissues, where they exert a number of functions.
In order to function they must adhere to other cells
and sometimes to the extracellular matrix. For this
purpose, they utilize members of three major groups of
adhesion molecules, namely, integrins, members of the
immunoglobulin superfamily, and carbohydrate-binding
selectins. Several reviews (e.g. [1]) have been published
on selectins and these molecules will not be dealt with
here. Instead, I will concentrate on the leukocyte-specific
integrins (CD11/CD18) and their ligands, the intercellular
adhesion molecules (ICAMs).

There is an enormous amount of research going on in the
field of leukocyte adhesion. There are several reasons for
this. Leukocytes have for a long time been extensively
studied by immunologists and other researchers, and
early on much was known about their surface antigens,
relation to disease, and functions ef cefera. With the
development of monoclonal antibodies, which enable the
identification and isolation of individual leukocyte cell
surface molecules, and with the advances in molecular
gene cloning and expression techniques, the research basis
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of the field has become more molecular, resulting in
rapid progress in the understanding of leukocyte functions.
Much of the information obtained from leukocyte work
has been applied to other areas of molecular cell biology.

Leukocyte adhesion is of pivotal functional importance.
This importance is most obvious from the disease known
as leukocyte adhesion deficiency. Here, the ability of
leukocytes to adhere to other cells or tissues is defective
because of integrin mutations, and the result is a
life-threatening condition. On the other hand, enhanced
adhesion may also be deleterious. Therefore, leukocyte
adhesion must be strictly regulated. It is evident that by
interfering with adhesion it could be possible to treat a
number of major diseases affecting mankind. Therefore,
most major drug companies are heavily involved in the
field. All this activity has resulted in a large number of
papers published on leukocyte adhesion and only a few
can be dealt with in this review. Several general reviews on
leukocyte adhesion have appeared relatively recently and
readers interested in the topic are referred to these [2-7].

Several questions relating to leukocyte adhesion currently
need answering. In my view, among the most important
are the following; first, how is integrin activity regulated?
Second, are the different ICAMs redundant or do they
have specific functions of their own? Third, where in
integrins and ICAMs are binding sites found and what
are these binding sites like? Fourth, can we develop
reagents that affect cell adhesion for eventual use in
clinical medicine? Substantial progress has occurred in
these areas during 1996 and until the writing of this review
(May 1997), and this progress forms the subject of this
review. Throughout the review, I use CD18 to refer to
the integrin B, polypeptide, CD11a to refer to the integrin
o, polypeptide, and CD11b to refer to the integrin o\
polypeptide. Thus, CD11a/CD18 is integrin oy ;.

Activation of integrins

It is becoming increasingly apparent that integrins (see
Figure 1) can be activated by a variety of agents, and
there are at least two major pathways of activation. When
leukocyte adhesion is activated it can occur by increasing
the affinity of individual integrin molecules for their
ligands or by increasing the avidity of adhesion. In the
former case it is probable that conformational changes
occur in the integrins, whereas increased avidity may result
from an increase in number or clustering of integrins in
the plane of the membrane, thus increasing adhesion by
means of a high local concentration of the molecules [6].

06-Aug-23 1:53:50 PM



254 Selected Papers of Carl G. Gabmberg

644  Cell-to-cell contact and extracellular matrix

Figure 1
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Schematic diagram of the integrin CD11a/CD18. Note the presence of the | domain, the glycosylation sites and the metal-binding {divalent
cation binding) repeats. Shaded domains in CD11a represent divalent cation binding domains and in CD18 represent cysteine-rich domains.
The Roman numbers in CD11a refer to repeated domains. The Roman numbers in CD18 denote distinct cysteine-rich domains. NHy, amino

terminus; COOH, carboxyl terminus. The amino termini are extracellular.

Activation by redistribution in the plane of the membrane
For more than 15 years it has been known that phorbol
esters are potent activators of leukocyte adhesion. Hogg
and co-workers [8,9°] have now convincingly shown that
activation of adhesion by these agents takes place by
clustering of CD11a/CD18 integrin molecules at the
cell surface, without any increase in integrin affinity.
Mg2+ and Mn2+ are also efficient activators of adhesion
and it has been shown that Mg2+ treatment increases
the expression of the CD11a/CD18 activation epitope
that is recognized by monoclonal antibody (mAb)24,
indicating the occurrence of a conformational change in
CD11a/CD18 [9°].

An important result was obtained by Helander ez a/.
[10**] who were studying cytotoxicity of natural killer
cells towards murine thymoma cell lines. The parent
BW5147 thymoma cell line was relatively resistant to
killing, whereas a hybrid cell line containing human
chromosome 6 was much more sensitive. The killing was
efficiently inhibited by an anti-mouse-ICAM-2 antibody,
which shows that ICAM-2 formed the major killer cell
target. But, surprisingly, there was no difference in the
amount of murine ICAM-2 on resistant and sensitive cells.
In the sensitive line, however, ICAM-2 was concentrated
into uropods, resulting in a high local concentration of the
ligand. But why then was the hybrid cell making uropods?
Immunochemical studies showed that the cytoskeletal
protein ezrin, which is encoded by a gene on human
chromosome 6, co-localized with ICAM-2. Further proof
for the pivotal role of ezrin was obtained when its
c¢DNA was transfected into BW5147 cells. This resulted
in uropod formation and concentration of ICAM-2 into
these structures, leading to increased natural killer cell
killing. Del Pozo e# 4/. [11] have shown that uropods are
functionally important, because through these structures
additional leukocytes are recruited to adhesion sites by

using CD11a/CD18, ICAM-1 and ICAM-3.

Carl_G_190x270_mm_blokki_FINAL.indd 254

Recent work has shown that ICAM-2 also binds to
o-actinin and, more specifically, that it does this through
the VRAAWRRL (single-letter code for amino acids)
sequence located at about the middle of the cytoplasmic
portion of ICAM-2 [12]. This sequence, being basic,
resembles the binding site in ICAM-1 for o-actinin,
buc in ICAM-1 the sequence is located more closely
to the membrane. The significance of this binding may
be that integrin binding activity may require a link to
the cytoskeleton. Holland and Owens [13°] found that
ICAM-1 can act as a signaling molecule -in a B cell
lymphoma line. Rapid tyrosine phosphorylation on several
proteins was observed after cross-linking of ICAM-1, and
the kinase Lyn was activated. Furthermore, this treatment
resulted in activation of Raf-1 and mitogen-activated
protein kinases.

Activation from the outside

Previous work has convincingly shown that ICAMs, and
in particular a peptide from the first domain of ICAM-2,
strongly activate leukocyte integrins [14]. Using activating
monoclonal antibodies to the CD11a polypeptide, binding
to ICAM-1 but not to ICAM-3 was enhanced [12,15°]. On
the other hand, activating antibodies specific to integrin
B2 activated binding to both ligands. These findings
strengthen the view that CD11a/CD18 can exist in differ-
ent states of activation. Importantly, when CD11a/CD18-
transfected K562 erythroleukemic cells were activated
with ICAM-1Fc, the binding to ICAM-3Fc was enhanced.
These and previous results [6] show that ICAMs should
not be considered to be passive integrin ligands, and that
they themselves may regulate integrin activity.

The intervening (I) domain in CDI11 o chains is
considered to be an important binding region for ICAMs
and soluble ligands. The I domains from CDI11b and
CD11a have been crystallized and their three-dimensional
structures determined [6]. They are composed of seven
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o helices and five B sheets with an Mg2+ coordinated in
a MIDAS (metal ion dependent activation site) motif [6).
Mutations of two short loops in the CD11b I domain (loop
sequences are E16;QLKKSKTL and Q19oNNPNPRS; the
single-letter amino acid code is used, and subscripted
numbers refer to positions of the first amino acids of
the sequence in the protein) yielded constitutively active
domains [16°]. Interestingly, like the wild-type I domain
the latter mutant could be activated by the mAb KIM185
to become a super I domain, but the former mutant
could not. These results indicate that these regions possess
important regulatory functions, which can be affected by
ligands.

Chemokines are known to activate leukocyte adhesion,
and they are evidently important physiological activators.
The MCP-1 (monocyte chemotactic protein-1), RANTES
(regulated on activation, normal T cell expressed and
secreted), and MIP-1 (macrophage inhibitory protein-1)
chemokines efficiently activated the B; integrins VLA
(very late antigen)-4 and VLA-5 in T cells, resulting in
enhanced binding to fibronectin [17]. There was no in-
creased binding to ICAM-1. Using eosinophils, RANTES
and MCP-3 rapidly but transiently activated VLA-4
whereas phorbol esters induced a long-lasting effect [18].
However, the binding of the chemokine-activated cells
to ICAM-1 by CD11b/CD18 was prolonged. Thus, the
same chemokine can differentially activate B; and B,
integrins on a certain cell. These findings further support
the proposal that the activity of different integrins may be
regulated by different mechanisms.

Cytohesin-1, an intracellular adaptor molecule

Kolanus ¢ 4/. [19**] have described a potentially important
integrin regulatory molecule, cytohesin-1. Cytohesin-1
protein contains a pleckstrin homology domain. This
protein was shown to bind to CD18 and activated
CD11/CD18 integrins to allow them to bind to ICAM-1.
But when the isolated pleckstrin domain was over-
expressed, adhesion of T cells was inhibited. How this
protein really works is not known. Possibly, cytohesin-1
could act as an adaptor molecule which, together with
other molecules or through post-translational modifications
of itself or other molecules, could regulate the interaction
between integrins and the cytoskeleton.

Certainly, during the coming years we will continue
to witness much more research into the regulation of
leukocyte adhesion by integrin activation. Useful reagents
affecting adhesion will be developed. These reagents
could, for example, interfere with various phosphorylation
reactions or with the function of the cytoskeleton, or
could directly affect the target-binding sites at the cell
surface. Work along these lines is going on in a number of
laboratories whose members are using a variety of different
techniques. Already enough information has accumulated
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to show that it will be possible to develop suitable reagents
affecting integrin activation.

More and more ICAMs

The first ICAM molecule to be discovered, ICAM-1
(CD54), was described in 1986~1987. ICAM-1 is still the
most extensively studied molecule in the ICAM family
(see Figure 2), and is perhaps the most important of
them (it is the most widely distributed and its expression
appears to be strictly regulated). The gene encoding
ICAM-2 (CD102) was cloned in 1989, and the protein was
characterized in 1991 (reviewed in [6]). It may have a major
function in the stimulation of leukocyte adhesion [14].
ICAM-3 (CDS50) had been found earlier, but only much
later when its cDNA was cloned was it identified as an
ICAM molecule (see [6]). It may be important in signal
transduction and in the immune response.

ICAM-1 is the most widely distributed ICAM, but like
it ICAM-2 and ICAM-3 are not restricted to leukocytes.
ICAM-2 also occurs on endothelial cells and the expression
of both ICAM-2 and ICAM-3 is induced in endothelial
cells in lymphomas [6]. It has now been shown that both
ICAM-2 and ICAM-3 are strongly expressed on B chronic
lymphatic leukemia cells [20). Patey ez a/. [21] carefully
compared the expression of ICAM-3 in endothelial cells
of tumors and inflamed areas. In contrast to E-selectin and
vascular cell adhesion molecule-1 (VCAM-1) expression,
ICAM-3 expression did not increase during inflammation
and increased only in tumor endothelium. The reason for
the tumor-induced expression of ICAM-2 and ICAM-3 is
not known, but possibly the tumor cells secrete stimula-
tory factors, which act on the surrounding endothelium.

In contrast to these, ICAM-4, characterized as the
Landsteiner-Wiener antigen in 1994 and shown to act
as an ICAM molecule in 1995 [22], is restricted to
erythrocytes and erythroid precursors. Its function is not
known. The ¢cDNA encoding telencephalin, which was
first recognized as a neuron-specific molecule expressed
in the telencephalon of several mammals, was cloned
in 1994, and telencephalin showed high homology with
the then known ICAMs [23). Early this year the cDNA
encoding this molecule, now called ICAM-5, was cloned
from humans [24°]); ICAM-5 was shown to bind to the
CD11a/CD18 integrin {24°,25%]. It is strongly expressed
in the grey matter of the telencephalon, but is lacking
from cerebellum and pons. What it does in the brain
remains an enigma. The microglia cells could probably
bind to this molecule, but is that the only purpose of
this molecule? Perhaps it has other functions, not directly
related to leukocyte adhesion.

In leukocytes ICAM-1, ICAM-2 and ICAM-3 are partially
redundant. Why? ICAM-1 is known to be easily inducible,
whereas ICAM-2 and ICAM-3 are more stably expressed.
ICAM-1 is perhaps the most important binding molecule
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Figure 2
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The five presently known ICAM molecules are shown schematically. The binding regions for integrins (CD11a, CD11b, CD11¢, CD11d,
and CD18) have been highlighted with small squares, and the potential N-glycosylation sites are shown. Question marks indicate that the
integrin-binding sites in the ICAM molecules are not known. Alternative names for the ICAMs are shown in parentheses at the bottom of
the figure and locations of the ICAMs are also shown at the bottom of the figure. NHg, amino terminus; COOH, carboxy! terminus; LW,

Landsteiner-Wiener antigen; TLN, telencephalin.

of these, whereas the others have some other functions
in integrin stimulation and signal transduction. However,
they certainly partially substitute for each other. This may
be the reason that no disease has been described in which
ICAMs are lacking or defective.

Structure and adhesion sites of ICAMs and
integrins

Previous work has established that the first domain in
ICAM-1 and ICAM-2 is the most important in binding
to CD11a/CD18 [6]. The same domain in ICAM-2 also
binds to CD11b/CD18. In ICAM-1, domain 3 binds to
CD11b/CD18.

ICAM-1 binds not only to leukocyte integrins but also
to fibrinogen and to Plasmodium falciparum infected red
cells [6]. The fibrinogen binding may be an important
means of recruiting inflammatory cells to injured organs.
The first domain of ICAM-1 is responsible for fibrinogen
binding as shown by Duperray ez a/. [26*] using different
anti-ICAM-1 mAbs. Two antibodies that blocked fibrino-
gen binding also blocked binding to Plasmodium falciparum
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infected erythrocytes. They had no effect on CD11a/CD18
binding. Using a synthetic peptide approach, D’Souza
et al. [27°] were able to show that amino acids 8-21
within the first domain of ICAM-1 were responsible for
binding to fibrinogen. These amino acids correspond to
the amino-terminal sequence of the ICAM-2 peptide P1,
which efficiently binds to leukocyte integrins [6,14].

It was shown in 1995 that domain 1 of ICAM-3 is
responsible for its binding to CD11a/CD18 [28], but a
further detailed study has now been made [29]. In this
study, the deletion of ICAM-3 domains, epitope mapping
using mAbs, and mutational analysis were used to analyze
the binding of domain 1 of ICAM-3 to CD11a/CD18.
Largely, the results resemble those obtained with ICAM-1,
in that they show that the corresponding amino acids in the
two proteins have similar functions.

The crystal structure of the external portion of ICAM-2
has just been reported {30*°], and this information can
be used to predict the corresponding structures of other
ICAMs. The ICAM-2 first domain has a compact structure
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composed of 85 amino acids. The amino-terminal amino
acid is lysine and the protein is three amino acids
shorter than predicted from the cDNA sequence. The two
external domains are bended in relation to each other at
a 35° angle. The predicted binding region for integrins
is remarkably flat, and quite different from the model
structure of VCAM-1, where the acidic residue (Asp40)
corresponding to Glu37 in ICAM-2 protrudes from the
CD loop (see [6]). The structure in fact much resembles
the earlier predicted structure [31]. Interestingly, the
three N-linked oligosaccharides in the second domain may
form a tripod-like skirt around the proximal part of the
second domain; this skirt could facilitate an orientation
perpendicular to the membrane. Due to the kink between
domains 1 and 2, the binding site may present itself more
efficiently to the integrins.

The binding sites in CD11a/CD18 for ICAM-1, ICAM-2
and ICAM-3 seem to be partially different. Murine
CD11a/CD18 does not bind to human ICAM-1, whereas
it does bind to human ICAM-2 and ICAM-3 [32,33]. Van
Kooyk et 2/. [34] identified an Ile-Lys-Gly-Asn motif
in the amino-terminal part of the CD11la I domain, a
peptide from which inhibited ICAM-3 binding. Likewise,
antibodies that blocked CD112/CD18 binding to ICAM-3
were found to bind to a specific part of CD11a [35]. These
antibodies did not block binding to ICAM-1.

It has long been thought that the CD18 polypeptide also
contains a domain similar to the I domain found in CD11
o chains. By mutational analysis, CD18 residues Asp134,
Ser136, Asp232 and Glu235 were shown to be involved in
binding to ICAM-1 [36]. These residues are most probably
involved in forming a B; MIDAS structure analogous to
that of the CD11b I domain.

The structures of the CD11b and CD11a I domains were
elucidated in 1995 (reviewed in [6]). They have a classical
Rossmann dinucleotide-binding fold that is formed by
six B strands surrounded by seven o helices. Springer
[37°] has now proposed that the CD11a polypeptide has a
B-propeller structure that is related to that of a G protein 8
subunit. This propeller is formed by seven B sheets, each
formed by four antiparallel B strands; four antiparallel 8
strands form the legs of a W. The sheets are twisted in
a propellerwise shape and the I domain is predicted to
insert itself between the fourth B strand of W2 and the
first B strand of W3 on the top of the B propeller. It is
notable that the I domains show homology to o subunits of
G proteins and it is possible that the interactions between
the I domains and the B propellers are similar to those of
the o and B subunits in G proteins. Although the model
that the CD11a polypeptide has a B-propeller structure
is speculative, it definitely contains several appealing and
stimulating characteristics.

Using mAbs to different regions of the CD18 and CD11a
polypeptides, information was obtained on the folding of
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the chains during biosynthesis [38%,39]. Antibodies to the
conserved region in CD18 (residues 102-344), which is
predicted to have an I domain like structure, did not react
with the precursor that had not yet become associated
with the o chain. On the other hand, antibodies reacting
with epitopes before or after the I domain like region
reacted well with the precursor forms. When the CDl11a
polypeptide was studied, the I domain was found to
fold before association with CD18, whereas the proposed
B-propeller domain folded upon association with CD18,

Adhesion molecules in vivo and in medical
applications

The medical importance of leukocyte integrins is most
evident from the clinical condition known as leukocyte
adhesion deficiency type 1 (LADI), in which a mutation
is found in the common CD18 polypeptide. LADI is
characterized by a number of leukocyte defects (see [6]
for further information and literature). All leukocyte B,
integrins are absent or greatly reduced. The affected
patients often die at a young age.

By gene targeting and other techniques, it is now possible,
using animal models, to more precisely study the functions
of individual integrins. Furthermore, the living conditions
of animals can be strictly controlled enabling detailed
studies.

When CD18-deficient 129/Sv mice were backcrossed into
the PL/] mouse strain, the homozygotes developed a
skin condition resembling psoriasis [40°]. The epidermis
showed hyperplasia and lymphocyte exocytosis from the
bloodstream, and the animals suffered from hair loss,
erythema and the development of scales and crusts.
Obviously, as the CD18-deficient 129/Sv mice showed
none of these defects, some gene in addition to the CD18
deficiency determines susceptibility to this disorder. This
must mean that this presently unknown gene product in
some way interacts with leukocyte integrins, resulting in
the condition.

A surprising finding was made in the study of CD11b/CD18-
deficient mice. Chemoattractant-induced neutrophil adhe-
sion to endothelium was reduced as expected, whereas
thioglycollate-induced neutrophil accumulation was in-
creased in the peritoneal cavity [41°]. The extravasated
cells exhibited a delay in apoptosis as compared with
normal cells. When normal neutrophils were incubated
with opsonized particles apoptosis occurred, but this
was inhibited with anti-CD11b/CD18 antibodies. These
findings indicate that CD11b/CD18 normally functions in
programmed cell death of neutrophils.

The novel leukocyte integrin CD11d/CD18 [42] was
found to be constitutively expressed, together with
CD11b/CD18, by synovial macrophages [43). In rheuma-
toid arthritis the expression of CD11d/CD18 strongly
increased as did expression of its ligand, ICAM-3 [42].
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Therefore, reagents targeting this integrin could be
potentially important in therapeutic applications.

A common complication of reduced blood flow to various
organs followed by necrotic tissue damage is the reper-
fusion syndrome. Here, leukocytes, especially neutrophils,
accumulate in the diseased tissue, leading to tissue
destruction. Because adhesion molecules are responsible
for the attachment of leukocytes and often also for
subsequent events, inhibition of accumulation of inflam-
matory cells should alleviate the complications. Some
examples of inhibition of accumulation using adhesion
molecule deficient mice have now been published. Thus,
ICAM-1-deficient mice were relatively protected against
complications of cerebral ischemia after occlusion of the
middle cerebral artery [44). Interestingly, the blood flow
to the cerebrum was increased 3.5-fold in the ICAM-
1-deficient animals. In a similar way, ICAM-1-deficient
mice were protected against injury after renal ischemia
[45]. An efficient inhibition of early myocardial reperfusion
injury was achieved with CD18 antibodies [46], further
emphasizing the potential use of anti-adhesive therapy in
the reperfusion syndrome.

Concluding remarks

Activation and downregulation of leukocyte adhesion are
still relatively poorly understood, and certainly detailed
information about these events is essential for the
development of useful drugs, which may, for example,
be used in the treatment of reperfusion syndrome,
rheumatoid arthritis, and various other inflammatory
conditions. On the other hand, much is already known
about the binding sites in integrins for ICAMs and other
molecules and, reciprocally, about the integrin-recognition
sites in the ICAMs. This information, combined with
increasing amounts of structural data, should result in
the development of new useful agents affecting the
binding events. The recent description of novel ICAMs
and the fourth CD11/CD18 integrin (CD11d/CD18) [42]
may indicate that we do not yet have a complete list of
leukocyte integrins and of ICAMs. A large amount of work
is needed to elucidate the possible functions and relevance
of these molecules in disease.

Clinical applications of results obtained from leukocyte
adhesion research have, however, been disappointingly
slow to emerge. This is not particularly unexpected
because drug development always takes time. However,
leukocyte adhesion is so complex that an enormous
amount of basic research remains to be done. I have not
dealt in this review with selectins and their carbohydrate
ligands, but a combination of reagents interfering with the
different steps in adhesion [47°] may be the most useful
approach to treating life-threatening acute situations. On
the other hand, in most clinical applications we only want
to affect highly specific functions and molecules, without
eliciting many side effects, and here we still have a long
way to go.
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Monoclonal antibody LB-2 to a surface antigen on human B cells, lymphoblast, monocytes and vascular
endothelial cells largely inhibited adhesion among Epstein Barr virus-immortalized normal B cells (EBV-B)
and concanavalin A-stimulated blood mononuclear cells (Con A-BMC) before and after phorbol ester treat-
ment. The antibody inhibited to a lesser extent phorbol ester-induced aggregation of monocytes, U937 cells
and fresh BMC and had virtually no inhibitory effect on the adhesion among enriched T cells and granulo-
cytes. A surface glycoprotein band of 84 kDa was obtained from EBV-B cells by immunoprecipitation and
gel electrophoresis. Immunological and biochemical studies clearly distinguished this molecule from gp90
and associated glycoproteins which also mediate leukocyte adhesion.

LB-2 antibody; Leukocyte antigen; Adhesion molecule

1. INTRODUCTION

Mononuclear leukocytes interact with each other
and with vascular endothelium to generate immune
and inflammatory responses. Some of these in-
teractions are known to require cell-cell adhesion
{1,2].

Phorbol esters, such as tetradecanoyl phorbol
acetate (TPA) and phorbol dibutyrate (P{Bu).), in-
duce and enhance leukocyte adhesion and aggrega-
tion [3]. The intercellular binding is an energy- and
temperature-dependent process that requires cell
surface structures. Some of these adhesion
molecules appear to constitute ligands forming
adhesive cell—cell bonds referred to as CAMs (cell-
adhesion molecules) [4].

Monoclonal antibody 60.3 to a leukocyte com-

Correspondence address: C.G. Gahmberg, Dept of
Biochemistry, University of Helsinki, 00170 Helsinki 17,
Finland

Published by Elsevier Science Publishers B.V. (Biomedical Division)

mon antigen [5] almost completely inhibits phor-
bol ester-induced adhesion among blood
mononuclear cells (BMC), granulocytes and EBV-
immortalized normal B cells (EBV-B) [6—8]. This
antibody binds to gp90, a leukocyte surface
glycoprotein which is non-covalently associated to
gpl60, gpl155 and gpl30 [4,9].

Another antigen weakly expressed on ‘resting’ B
ceils and monocytes but strongly displayed on ac-
tivated B cells and T cells is recognized by

monoclonal antibod 1.R2

v nrevioucly
mongdicna: anuolly Lo-4, P

ICYIOUS: Y

BB-2 [10,11]. Here, this antibody allowed the iden-
tification of a novel adhesion molecule in EBV-B
cells and concanavalin A (Con A)-stimulated
blood mononuclear cells and was also found to
react with vascular endothelial cells.

named
namea

2. MATERIALS AND METHODS

2.1. Cells
Unless otherwise stated the lymphoblastoid cell
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line PSB-1 was used as source of EBV-B celis.
Cther cell lines used in this study have been
described in [11]. The SKW-3 cell line, derived
from a T cell leukemia, was kindly provided by
Professor Hans Wigzell. Blood mononuclear cells,
a T cell-enriched population, and granulocytes
were separated as in [6,7]. Monocytes were ob-
tained from blood mononuclear cells by adherence
to plastic dishes and this cell preparation contained
99% OKMI1 positive cells and less than 2% T cells
(T3 positive). Activated blood mononuclear cells
were obtained by incubation with Con A (Sigma,
St. Louis, MO) at 5 xg/ml for 3 days. Before use,
these cells were extensively washed with 100 mM
a-methyl-D-mannoside (Sigma) to remove any
residual lectin. Vascular endothelial cells were
prepared from human umbilical veins and cultured
as in [12].

2.2. Monoclonal antibodies

Antibodies LB-2 (previously named BB-2) and
60.3 were produced as previously reported
[5,10,11]. Antibody W6/32 to class I transplanta-
tion antigen was purchased from Sera-Lab (Lon-
don, England). The three antibodies are murine
IgGs. and were used as ascites (LB-2 and W6/32,
Ig content > 2 mg/ml) or purified Ig (60.3). OKM1
and anti-T3 antibodies were obtained from Ortho
Diagnostic Systems (Raritan, NJ) and New
England Nuclear (Boston, MA), respectively. In-
direct immunofluorescence studies were performed
as in [8].

2.3. Measurement of cell aggregation

After extensive washing, cells were resuspended
at 5 x 10° (cell lines) or 10 x 10° (fresh blood cells)
ceiis/mi in RPMI 1640 medium {Grand isiand,
NY) with 0.5% human albumin (KabiVitrum,
Stockholm). Cell suspensions were spun at
100 rpm at 37°C and treated with 60 nM P(Bu):
(Sigma) for 20 min. Cell aggregation and the effect
of antibodies (at approx. 20 xg/ml, unless other-
wise stated) were measured microscopically as
reported [6—8].

2.4. Cell surface labelling, immunoprecipitation
and gel electrophoresis
EBV-B cells were surface-labelled with *H after
periodate oxidation and NaB’H, reduction [13].
Immunoprecipitation was performed using rabbit
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anti-mouse IgG (Dakopatts, Copenhagen) in the
second siep [i4]. Polyacrylamide siab gei elec-
trophoresis in the presence of SDS was done ac-
cording to Laemmli [15] using 8% acrylamide gels.
The *H-labelled gels were treated for fluorography
according to Bonner and Laskey [16]. "*C-labelled
standard proteins were obtained from the

Radiochemical Centre (Amersham, England).

3. RESULTS

Antibody LB-2 inhibited phorbol ester-
enhanced aggregation of EBV-B cell (72%) in a
concentration-dependent manner (fig.1). At
20 xg/ml, the antibody blocked the cell aggrega-
tion in more than 70%. Half inhibition was ob-
tained with approx. 50 ng/ml. The spontaneous
cell aggregation (22%) was also largely blocked by
both antibodies while the characteristic phorbol
ester-induced morphological changes [8] were not
affected (not shown). Antibody LB-2 inhibited in-
tercellular adhesion in EBV-B cells from four dif-
ferent lines which had been passaged in vitro for a
few months up to several years (not shown). In
contrast, antibody W6/32 as well as many other
antibodies to cell-surface antigens did not inhibit
cell-cell binding [4,8]. Antibody LB-2 also in-
hibited to a large extent phorbol ester-enhanced
adhesion among lectin-activated blood mono-
nuclear cells while a minor inhibitory effect was
obtained when monocytes, U937 cells or fresh

270
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Fig.1. Effect of monoclonal antibodies LB-2 (o), 60.3
(o) and W6/32 (O) on phorbol ester-enhanced
aggregation of EBV-B cells.
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Table 1

Effect of monoclonal antibodies LB-2, 60.3 and W6/32 on phorbol ester-
induced adhesion among different leukocytes

Leukocyte® Per cent  Per cent inhibition of cell
cell aggregation by monoclonal
aggregation® antibodies®

LB-2 60.3 W6/32

EBV-B cells 67 72¢ 92 -4
Con A-blood mononuclear

cells 60 73 90 -5
Monocytes 72 32 98 1
U937 cells 24 23 97 -15
Blood mononuclear cells 58 13 74 -3
Enriched T cells 31 3 89 -5
Granulocytes 90 0 82 0

2 All cells were resuspended in RPMI 1640 medium with 0.5% human
albumin at 5 x 10° (cell lines) or 10 x 10° (fresh blood cells) per mi

b ] eukocyte aggregation was measured by counting aggregated or single
cells after 20 min treatment with 60 nM P(Bu): and rotation at 100 rpm
at 37°C

¢ Approx. 20 xg/ml of antibodies was added to the cells before phorbol
ester treatment

9 Mean of at least two experiments

Table 2

T oA P

Reactivity of monoclonal antibodies 1.B-2 and 60.3 with different ceil
types

Cells {type) Immunofluorescence reactivity

LB-2 60.3
Blood mononuclear cells 2 +/+ 95 ++/+ ++
Enriched T cells 23 + 98 ++/+++
Monocytes 90 + 98 ++/+++
Con A-blood mononuclear cells 64 +/+ ++ 99 ++/+++
Granulocytes 13 + 99 ++/+++
Erythrocytes 0 0
Vascular endothelial cells 9 ++/+++ 0
PSB-1 (EBV-B) 80 +/+ + + 90 +/++ +
Raji (Burkitt’s lymphoma-B) 96 +/+ + + 4] +
Molt-4 (T leukemia) 97 £,3 +++ 96 +,3 +++

SKW-3 (T leukemia) 82 £, 18 + + 98 ++/+++
U937 (histiocytic lymphoma) 98 +/+ + 70 +/+ +
K562 (erythroleukemia) 85 + + 60 +

Percentage of positive cells and labelling intensity were measured in a
fluorescence microscope: () very weak, (+) weak, (+ +) intermediate
and (+ + +) strong
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blood mononuclear cells were used (table 1). In
contrast to antibody 60.3, no significant effect was
observed with the antibody on enriched T cells and
granulocytes.

As reported in [10,11], antibody LB-2 reacted
weakly with some blood cells, particularly
monocytes, while T cells, granulocytes and
erythrocytes were virtually negative (table 2). After
a 3 day stimulation of blood mononuclear cells
with Con A, labelling with the antibody was
stronger in a larger number of cells. The reactivity
of the antibody with cells from T, B,
myelomonocytic and erythroid lineages was con-
firmed and in addition, the antibody was found to
react strongly with cultured vascular endothelial
cells and to have a different specificity from an-
tibody 60.3 (table 2).

Under reducing conditions, a surface glycopro-
tein band of 84 kDa was obtained from EBV-B
cells by immunoprecipitation with antibody LB-2
and gel electrophoresis (fig.2C), while an apparent

A B C D E F
E

mcu»l -
pi;— aiblaeoo— aPog
l ~Gpes GP77—

Fig.2. Polyacrylamide slab gel electrophoresis patterns
of *H-labelled EBV-B cells. (A) '*C-labelled standard
proteins: M, myosin; PHs, phosphorylase b; BSA,
bovine serum albumin; OA, ovalbumin; CA, carbonic
anhydrase; (B) pattern of surface-labelled EBV-B cells:
CLA, common leukocyte antigen; GP100, major
sialoglycoprotein; HLA-A, class I transplantation
antigen heavy chain; HLA-D, class II transplantation
antigen; (C) pattern obtained by precipitation with
antibody LB-2 under reducing conditions: GP84,
glycoprotein with apparent molecular mass of 84 kDa;
(D) pattern obtained by precipitation with antibody 60.3
under reducing conditions; (E) pattern with no
monoclonal antibody; (F) pattern obtained by
precipitation with antibody LB-2 and run under
nonreducing conditions.
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molecular mass of 77 kDa was observed under
non-reducing conditions (fig.2F). Some labelled
material remained on the top of the gel indicating
aggregation. This may occur between the gp84
molecules or between these and other molecules
like the monoclonal antibody present in the im-
mune precipitate. Antibody 60.3 precipitated two
major surface glycoproteins with apparent
molecular masses of 90 and 160 kDa from the
same cells (fig.2D), as previously reported {8].

4. DISCUSSION

The inhibitory effect of antibody LB-2 on cell
aggregation induced or enhanced by phorbol esters
indicates the participation of gp84 in the in-
tercellular adhesion. We have previously tested
several hundred different monoclonal antibodies
directed against human leukocyte surface
glycoproteins, and with one exception (antibody
60.3), no antibody inhibited cell adhesion. Fab
fragments from 60.3 inhibited adhesion as well.
Since the LB-2 antibody does not affect induction

of morphological changes, this surface molecule is
apparently not involved in stimulation of the cells
by these compounds. Thus, it seems probable that
gp84 is directly involved in the intercellular binding
and it may constitute an adhesive ligand or CAM.
It is also likely that gp84 interacts with a previously
described adhesion moiecule {6—8]. Interestingly,
inhibition of cell aggregation by antibody LB-2
was less than that shown by antibody 60.3 and
never complete, suggesting the participation of ad-
ditional adhesion molecules. When tables 1 and 2
are compared, the inhibitory effect of antibody
LB-2 on cell aggregation correlates well with the
expression of its antigen on the cells. Since the an-
tigen expression increases after stimulation of the
cells with lectins or EBV, gp84 seems to mediate
adhesion mainly in ‘activated’ mononuclear
leukocytes. Moreover, the strong reactivity of the
antibody with vascular endothelial cells suggests
that the antigen constitutes an adhesion molecule
also in these cells.

In contrast to antibody LB-2, antibody 60.3 in-
hibits adhesion among all types of leukocytes
tested thus far. The latter antibody recognizes
gp90, which is separately and non-covalently
associated to gp160, gp155 and gp130 identified by
monoclonal antibodies anti TA-1/LFA-1, OKM1
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and anti-LeuMS5, respectively [4,17]. All members
of this protein complex are distinct from gp84 in
both structure and cell distribution. In addition,
the genes coding for gp90 and gp84 have been
assigned to chromosome 21 and 19, respectively
[9,18].

Slight changes in the electrophoretic mobility of
the sialoglycoprotein recognized by antibody LB-2
suggest the presence of intra-chain disulfide bonds.
The small difference in molecular mass from that
described in the original publications, p76 [10,11],
may be due to technical reasons.

Interestingly, cells which react with antibody
LB-2, namely monocytes, B lymphoblast, U937,
K562 and endothelial cells, are known to exert an
‘accessory function’ in T cell proliferation induced
by lectins [19-21]. gp84 may mediate adhesion in
this cell-cell interaction as well as in antigen
presentation by the former cells. Moreover, adhe-
sion of endothelial cells to lymphocytes may allow
recirculation and localization of the latter cells in
different lymphoid organs [2].

Recently, monoclonal antibody RR1/1 was
reported to define a novel cell surface molecule in-
volved in phorbol ester-induced aggregation of
EBV-B cells [22]. Although the structure and cell
distribution of this molecule are similar to those of
gp84, only an extensive and parallel comparison of
the two antigens will determine their relationship.

Adhesion of mononuclear leukocytes to each
other and to vascular endothelial cells may allow
proliferation and differentiation of the former
cells and control of EBV-B cells in vivo [6,8]. On
the other hand, abnormal adhesion may contribute
to the development of leukemia and lymphoma.
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Numerous leukoeyte functions depend on adhesive
intercellular interactions. The leukocyte-specific in-
tegrins CD11a/CD18 (lymphocyte function-associated
antigen-1 (LFA-1)) and CD11b/CD18 (complement
type 8 receptor (Mac-1)), which bind to the intercellu-
lar adhesion molecules ICAM-1 and ICAM-2, play a
key role in adhesion. Little is known about the binding
in molecular detail. We have now defined a peptide
region from the first immunoglobulin domain of ICAM-
2 that is specifically involved in binding to CD11a/
CD18. A synthetic peptide from this part of ICAM-2,
covering residues 21-42, bound to purified CD11a/
CD18 and inhibited the adhesion of endothelial cells to
this integrin. It also inhibited the binding of B lympho-
blastoid cells to endothelial cells. Leukocytes bound to
the peptide coated on plastic. Several shorter peptides
from the same region showed less or no activity.

The CD11/CD18! leukocyte integrins, which bind to ICAMs
present on leukocytes and various other cells, are of critical
importance in leukocyte adhesion (1-4). The ICAM polypep-
tides belong to the immunoglobulin superfamily of adhesion
ligands (5). ICAM-1 (CD54) contains five immunoglobulin
domains (6, 7), but ICAM-2 contains only two, which show
the highest homology to the two NH.-terminal domains of
ICAM-1 (8). ICAM-1 is widely distributed, and its expression
can be up-regulated by various cytokines. It acts as a receptor
for the malaria parasite Plasmodium falciparum (9) and for
rhinoviruses (10, 11), and soluble ICAM-1 may become useful
in the treatment of asthma and rhinovirus infections (12, 13).
ICAM-1 binds to both CD11a/CD18 and CD11b/CD18.

Much less is known about ICAM-2. In contrast to ICAM-
1, ICAM-2 binds only to CD11a/CD18 and not to CD11b/
CD18 nor to rhinovirus. It was originally cloned by a func-
tional adhesion assay using COS cells transfected with an
endothelial cell expression library (8). We synthesized the
ICAM-2 ¢DNA by the polymerase chain reaction, expressed

* This work was supported by the Academy of Finland, the Sigrid
Jusélius Stiftelse, the Finnish Cancer Society, and the Magnus Ehrn-
rooth Foundation. The costs of publication of this article were de-
frayed in part by the payment of page charges. This article must
therefore be hereby marked “advertisement” in accordance with 18
U.S.C. Section 1734 solely to indicate this fact.

4 To whom correspondence should be addressed: Dept. of Biochem-
istry, University of Helsinki, Unioninkatu 35, SF-00170 Helsinki,
Finland. Tel.: 358-0-1917773; Fax: 358-0-1917769.

! The abbreviations used are: CD, cluster of differentiation antigen;
CD11a/CD18, lymphocyte function-associated antigen-1 (LFA-1);
CD11b/CD18, complement type 3 receptor (Mac-1); ICAM-1, inter-

I dhesion molecule-1; ICAM-2, intercellular adhesion mole-
cule-2; BSA, bovine serum albumin; TNF-«, tumor necrosis factor-«;
P1-P8, peptides 1-8; CHO, Chinese hamster ovary.

the protein in Escherichia coli as a fusion protein, and first
made a polyclonal antiserum (14). Later, a monoclonal anti-
body, 6D5, that inhibited ICAM-2-dependent cell adhesion
was obtained (15). The ICAM-2 protein has an apparent
molecular weight of 55,000 and is evidently heavily N-glyco-
sylated. The 6D5 antibody was shown to react with the first
immunoglobulin domain in ICAM-2.

In contrast to ICAM-1, ICAM-2 seems to be constitutively
expressed in most cells and tissues examined (16, 17). We
recently showed, however, that in vivo the reactivity of mono-
clonal antibody 6D5 with endothelium in malignant lymph
nodes was higher than in nonmalignant ones (18). Damle et
al. {19) demonstrated that ICAM-2 has a costimulatery effect
during the activation of human T cells.

Obviously, it would be important to identify the binding
site(s) on ICAMs in order to be able to develop reagents that
could interfere with leukocyte adhesion. Several integrins
bind to the arginine/glycine/aspartic acid (RGD) sequence
(20) present in various proteins like fibronectin, fibrinogen,
and snake venom proteins, but other recognition sequences
have also been defined (21). These sequences are not found
in human ICAM-1 or ICAM-2 and are therefore excluded as
binding sites.

To get information on which amino acid residues in ICAMs
are important for binding to CD11a/CD18, Staunton et al.
(22) and Berendt et al. (23) made mutations in ICAM-1 and
assayed for the binding of transfected COS cells to CD11a/
CD18. The most obvious effects on CD11a/CD18 binding
were seen by introducing mutations in the first domain.

The human ICAM-2 and ICAM-1 NH,-terminal immuno-
globulin domains are 35% identical and are related to murine
ICAM-1 (24), which also binds to human CD11a/CD18. Sim-
ilar motifs in the CD11a/CD18 binding regions of all three
ICAMs are therefore expected. Fig. 1 shows an alignment of
the amino acid sequences from the first domains of human
ICAM-2, human ICAM-1, and mouse ICAM-1, which show
the highest homology. In the present study we have defined a
peptide from this part of the first domain of ICAM-2 (Fig. 1,
P1) that specifically binds to CD11a/CD18.

EXPERIMENTAL PROCEDURES

Cell Lines and Cell Culture—The cell line Eahy926 is a hybrid
between vascular endothelial and carcinoma cells and expresses endo-
thelial cell markers (25). It was cultured in Dulbecco’s hypoxanthine/
aminopterin/thymidine medium containing 10% fetal calf serum.
Eahy926 was induced to express ICAMs by incubating the cells with
10 ng/ml TNF-o (Boehringer Mannheim) overnight (16). The Ep-
stein-Barr virus-transformed B cell line NAD-20 was maintained in
RPMI 1640 medium containing 20% fetal calf serum.

Antibodies—The monoclonal antibodies 7E4 (anti-CD18) (26), LB-
2 (anti-ICAM-1) (27), 6D5 (anti-ICAM-2) (15), IC 2/2 (anti-ICAM-
2) (17), TS2/4 (anti-CD11a) (28), and the irrelevant antibody 84-
3C1 (anti-CD43) (29) have been described. Mouse IgG (Dakopatts A/
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ICAM-2 Peptide Binds to CD11a/CD18

ICAM-2
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FiG. 1. Alignment of homologous \ =~ -
sequences from the first immuno- =~
globulin domains in human and \ =~ -
mouse ICAMs. The sequences corre- \ S~ o
sponding to the JCAM-2 peptides P1-P6 \ ~ -

and the ICAM-! peptide P7 are indi-
cated. The boundary between the two
immunoglobulin domains (DI and D2)
is shown.

S, Denmark) was used as a negative control.

Synthetic Peptides—Synthetic peptides were prepared by solid
phase synthesis on an Applied Biosysterns model 430A peptide syn-
thesizer, using t-butoxycarbonyl chemistry. Peptides were reduced
with dithiothreitol for 2 h at room temperature and purified by high
pressure liquid chromatography to >98% purity, using a C18 uBond-
apak column with a linear gradient of 0-70% acetonitrile in 0.1%
trifluoroacetic acid. Their structures were confirmed by amino acid
analysis and plasma desorption mass spectrometry. A 22-amino acid
peptide (residues 21-42, P1) from the first domain of ICAM-2 (Fig.
1), its subpeptides, one amino acid less at a time from the NH,
terminus (P2-P4), and 2 or 3 residues shorter from the COOH
terminus (P5, P6), the corresponding peptide from human ICAM-1
(P7), and a control peptide (P8) containing the same amino acids as
P1 were synthesized. P8 contains the 2 conserved cysteine residues
in the right positions, but the rest of the amino acids are in random
order (EVGTGSCNLECVSTNPLSGTEQ). A COOH-terminal ty-
rosine was added to all peptides to enable '*I labeling. All peptides
were soluble at the concentrations tested.

Binding of *I-Labeled P1 Peptide to Purified CD11a/CD18—
CD11a/CD18 was purified from human buffy coat cell lysates by
immunoaffinity chromatography on TS2/4 monoclonal antibody-
Sepharose and eluted at pH 11.5 in the presence of 2 mM MgCl; and
1% octyl glucoside (30). Its purity was checked by polyacrylamide gel
electrophoresis in the presence of SDS (31). The detergent-solubilized
protein was diluted with 25 mM Tris, pH 8.0, 150 mM NaCl, and 2
mM MgCl,, and attached to enzyme-linked immunosorbent assay
plates (Nunc, Roskilde, Denmark) (5 ug in 50 ul/well) by overnight
incubation at 4 °C. The wells were blocked with 1% BSA for 1 h at
room temperature. Ten ng of *I-labeled P1, labeled by the chlora-
mine-T method (32), was added to each well in 50 ul of 0.15 M NaCl,
0.01 M sodium phosphate, pH 7.4 (phosphate-buffered saline), 2 mM
MgCl;, 0.5% BSA, and 0.02% NaNj with or without nonradioactive
peptides and incubated at 37 °C for 1 h. After washing, the attached
1%].labeled P1 was solubilized with 1% SDS and counted.

Binding of Endothelial Cells to Purified CD11a/CD18—Purified
CD11a/CD18 (50 pg in 1 ml/plate) was coated on 3.5-cm bacteriolog-
ical dishes (Greiner GmbH, Kremsminster, Austria), and the plates
were saturated with 1% BSA as described above. The control plates
were treated with BSA only. TNF-a-stimulated Eahy926 cells were
removed from the tissue culture flasks with 5 mM EDTA in phos-
phate-buffered saline, washed, and resuspended in hypoxanthine/
aminopterin/thymidine medium, 40 mM HEPES, pH 7.2, 2 mM
MgCl,, and 5% fetal calf serum. Cells (7 X 10°) in 1 ml were added to
each plate in the presence of peptides as indicated and incubated for
1 h at room temperature. Unbound cells were removed by washing
three times with the same medium. The binding was quantitated by
counting bound cells/2.5-mm? microscopic field. Fifteen fields at the
periphery of the plates were screened by using a X 100 magnification.

Binding of NAD-20 Celis to Peptide-coated Plates—Peptides P1,
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P7, and P8 were covalently attached to Costar’s amine surface plates
(Costar Europe Ltd., Badhoevedorp, The Netherlands) by incubating
10 ug of peptide with 0.4 mg of 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide hydrochloride (Pierce Europe BV, Oud-Beijerland, The
Netherlands) in 100 pl of dilute HC], pH 4.0, in each well for 2 h at
22 °C. The wells were then saturated with 1% nonfat dry milk solution
by incubating for 1 h at room temperature. The amount of peptide
attached was about 5 ng/well for each peptide as determined with
%] _labeled peptides. NAD-20 cells (8 X 10%) in 100 ul of RPMI 1640,
40 mM HEPES, pH 7.2, 2 mM MgCl,, and 5% fetal calf serum were
incubated for 1 h at 22 °C in the presence of 5 ug of LB-2 antibody
to avoid spontaneous intercellular aggregation. After being washed
three times, the bound cells in each microscopic field were counted.
Four fields were evaluated for each well as described above.

Inhibition of Binding of NAD-20 Cells to Endothelial Cells and
ICAM-2-transfected CHO Cells—Eahy926 cells were cultured in 3.5-
cm tissue culture plates (Costar, Cambridge, MA) in the absence or
presence of 10 ng/ml TNF-«. CHO cells were stably transfected with
ICAM-2 in the CDMB8 vector (14) by using co-transfection with a
pCDM8-neo vector (obtained from Dr. J. Ylanne). After G-418 selec-
tion, positive clones were isolated and confirmed by DNA sequencing.
The cells were grown on the same plates as above. After overnight
incubation, 6.5 X 10° NAD-20 cells labeled with 6-carboxyfluorescein
diacetate (Sigma) were added to the dishes in the absence or presence
of peptides or antibodies. After incubation for 1 h at room tempera-
ture, free cells were removed by washing three times, and the bound
cells were counted by using a fluorescence microscope, 8 fields for
each dish.

Computer Modeling of Domain 1 of ICAM-2—A model of the amino
acid residues 1-90 of ICAM-2 was built by homology modeling.
InsightIl molecular graphics and model building program (Biosym
Technologies, Inc., San Diego, CA), version 2.1.2, was used on a
Silicon Graphics Iris 4D/380 VGX work station. The 8 strands and
disulfide bonds in ICAM-2 were assigned based on conserved residues
in immunoglobulin C2-type domains (5). The model structures that
served as templates were crystal structures of several immunoglobu-
lins: CD4 (33, 34) and CD8-« (35), taken from the Brookhaven
Protein Data Bank (Ref. 36; entries 1cd4, 2cd4, and a preliminary
entry 1cd8); crystal structure of CD2 (37); and a previous model of
ICAM-1 (38), kindly sent by the respective authors.

After initial building, all loop structures were energy minimized,
based on molecular mechanics calculations, while holding the strands
fixed. Finally, the whole domain was relaxed. No molecular dynamics
has been performed on this model.

RESULTS

Binding of Peptides to CD11a/CD18—The purified CD11/
CD18 preparation was studied by polyacrylamide gel electro-
phoresis in the presence of SDS. It contained the expected
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CD11a and CD18 polypeptides, and no major impurities were
observed (Fig. 2). About 10% of the ICAM-2-derived peptide
P1 bound to purified CD11a/CD18 coated on plastic, and the
binding of '*I-labeled P1 was specifically and almost totally
inhibited by unlabeled P1 (Fig. 34). Using '*I-labeled P1, the
effects of other peptides on the binding to CD11a/CD18 were
determined. The peptide P2, lacking the NH,-terminal glycine
of P1, was much less efficient than P1, and P3, lacking the
next serine, was even less active. Peptide P5, lacking the two
COOH-terminal amino acids of P1, was only partially active,
and P6, lacking Glu-40, was even less active. The ICAM-1
peptide P7 blocked the binding to a similar extent as P6.
Peptides P4 and P8 were not inhibitory (Fig. 3B). The binding
of '*I-labeled P1 was inhibited in a concentration-dependent
manner by nonradioactive P1, less by P7, and not at all by
the control peptide P8 (Fig. 3C). A 50% inhibition was ob-
tained at about 5 uM P1 peptide. The results suggest that
both the NH, terminus and the COOH terminus of P1 are
essential for activity.

Inhibition of Endothelial Cell Binding to CD11a/CD18 by
Peptides—Peptide P1 efficiently inhibited the binding of
TNF-a-induced Eahy926 cells to purified CD11a/CD18 (Fig.
4 A). It blocked the binding of uninduced cells to 90% (not
shown). The ICAM-1-derived peptide P7 showed a smaller
inhibition. The binding was efficiently blocked by the CD18
antibody 7E4. The inhibition was concentration-dependent
as shown in Fig. 4B. A 50% inhibition was obtained at about
18 uM (43 pg/ml) of peptide P1. The control peptide P8 had
no effect. In order to elucidate the relative contribution of
ICAM-1 and ICAM-2, the binding was tested in the presence
of ICAM antibodies (Fig. 4C). The anti-ICAM-1 antibody
LB-2 efficiently blocked binding, whereas the anti-ICAM-2
antibody 6D5 had only a marginal effect. The background
binding in this experiment was higher than that shown in Fig.
4, A and B, due to another preparation of CD11a/CD18.

Binding of Leukocytes to Peptides Coated on Plastic—NAD-
20 B lymphocytes bound efficiently to peptide P1 but not to
the control peptide coated on plastic (Fig. 5). The binding
was not blocked by the monoclonal antibody 7E4.

Inhibition of Binding of NAD-20 Cells to Endothelial Cells
and ICAM-2-transfected CHO Cells—Uninduced endothelial
cells showed some binding of NAD-20 cells, but a much
stronger binding was observed after treatment of endothelial
cells with TNF-« (Fig. 6). P1 partially inhibited the binding,

CDMMa—3p =
CD”"'>~ .

F1G. 2. Polyacrylamide gel of purified CD11a/CD18. Puri-
fied CD11a/CD18 was run on an 8% polyacrylamide gel in the
presence of SDS and stained with Coomassie Blue.
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FiG. 3. Binding of '?°I-labeled P1 peptide to purified
CD11a/CD18 in the ab: or pr of ting pep-
tides. Ten ng of *I-labeled P1 was incubated in CD11a/CD18-
coated wells together with 100 uM different nonradioactive peptides
(A, B) and indicated concentrations of nonradioactive P1 (*), P7 (@),
and P8 (M) peptides (C). The differences in binding in the absence
of competing peptides and in their presence were significant. **, p <
0.01; *** p < 0.001. The standard deviations in panel C were less
than 12%.

but not the control peptide P8. The CD18 antibody 7E4 also
clearly blocked the binding as did the anti-ICAM-1 antibody
LB-2 (Fig. 6). NAD-20 cells bound strongly to ICAM-2-
transfected CHO cells grown on plastic. The binding was
partially inhibited by P1 but most strongly inhibited by 7E4
(Fig. 7).

Model of the First Immunoglobulin-like Domain of ICAM-
2—The molecular model of the first immunoglobulin-like
domain of ICAM-2 (Fig. 8) shows resemblance to those of
ICAM-1 (23, 38). The main difference to these models is the
stretch from strand C to strand E (residues 40-60), being
modeled closely after the second domain of rat CD2 (37). In
addition, another difference from the ICAM-1 model of Gir-
anda et al. (38) is a larger loop (residues 16-22) between the
B strands A and B.

The peptide P1, indicated in dark shading in Fig. 8, is
largely deeply embedded in the structure, which can be seen
more clearly in a space-filling model (not shown). The exposed
parts are in the amino- and carboxyl-terminal ends of the
peptide and in the loop between strands B and C (around
Asn-32). The residues most critical for peptide binding to
CD11a/CD18 (Gly-21 and residues 40-42) are shown in black.

DISCUSSION

The external part of ICAM-2 is relatively simple, containing
only two immunoglobulin domains. Therefore, this protein
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monoclonal antibodies 7E4 (CD18, A and C), and 84-3C1 (CD43, A),
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of P1 (*), P7 (@), and P8 (M, B) were used to block the adhesion of
Eahy926 cells to purified CD11a/CD18. In C a different preparation
of CD11a/CD18 was used. The cells bound as percentage of maximum
is given. The effects of peptides were significant. ***, = p < 0.001;
* = p < 0.05; MIgG, mouse immunoglobulin G.
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Fic. 5. Binding of NAD-20 cells to peptide-coated plates.
The binding of NAD-20 cells to P1 was significantly higher than to
the control peptide P8 (p < 0.01). The monoclonal antibody 7E4 had
no effect on the adhesion of cells to P1. The number of cells bound/
microscopic field is given.
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Fic. 6. Binding of NAD-20 cells to Eahy926 cells in the
absence or presence of peptides and antibodies. Peptides P1
and P8 or antibodies 7E4, LB2, and 6D5 (100 ug/ml) were used to
block the adhesion of NAD-20 cells to Eahy926 cells. The results are
given as percent of cells bound to TNF-a-induced Eahy926 cells in
the absence of peptides or antibodies. MIgG, mouse immunoglobulin
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F1c. 7. Binding of NAD-20 cells to ICAM-2-transfected and
non-transfected CHO cells. Peptides P! and P8 or antibodies 7E4
and IC 2/2 (100 pg/ml, except IC 2/2, which was used at 2.5 ug/ml)
were used to block adhesion. The results are given as percent of cells
bound in the presence of control peptide P8. MIgG, mouse immuno-
globulin G.

Fi1G. 8. Two views of the peptide backbone of the model of
the first domain of ICAM-2, rotated approximately 90° to the
right around the vertical axis. Letters indicate the approximate
starting positions of each §-strand. The position of P1 (21-42) is
shown in dark gray and black. The residues most critical for binding
are drawn in black.

offers some advantages as a model protein as compared with
ICAM-1. Earlier work indicated that domains 1 in ICAM-1
and ICAM-2 are most important in binding to CD11a/CD18
(15, 22, 23, 39). Since not only human ICAM-1 and ICAM-2
but also murine ICAM-1 (24) binds to human CD11a/CD18,
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we assumed that the binding regions in the first immunoglob-
ulin domains must be closely similar.

We have defined a peptide P1, which shows several inter-
esting characteristics. It spans the whole B and C strands in
the first domain of ICAM-2 (Fig. 8), but it is the NH,- and
COOH-terminal parts that are most exposed in the model.
Staunton et al. and Diamond et al. (22, 39) and Berendt et al.
(23) identified by mutational analysis a few critical regions,
located in predicted 8-turns in the ICAM-1 molecule. The
most dramatic reduction in binding to CD11a/CD18 occurred
when Glu-34 was mutated to alanine. This change, which
corresponds to Glu-40 in ICAM-2 near the COOH terminus
of P1 (Fig. 1), completely abolished binding activity (22). In
line with this finding, our ICAM-2 peptide P6, which ended
at Leu-39, had little activity and clearly less than P5, which
contains Glu-40. Peptide P2, lacking the NH,-terminal gly-
cine of P1, was much less active than P1 in binding to CD11a/
CD18, and deletion of the serine further lowered the activity.
Therefore, it is evident that both the NH,- and COOH-
terminal amino acids in P1 are important for its activity, even
though they are located on opposite faces of the domain in
our model.

The peptide P1 does not seem to form any intrapeptide
contacts in the complete domain, which is best seen in the
view of the model at the left in Fig. 8. Accordingly, we predict
that P1 has a flexible and poorly defined structure in solution.
Surprisingly, when the P1 peptide was elongated with a lysine
at its NH, terminus, which is found in the natural sequence
of ICAM-2, the peptide had no activity (data not shown). The
lysine may fix the conformation of the peptide by forming a
salt bridge to one of the three glutamic acids in the peptide.

P1 coated on plastic efficiently bound leukocytes, but the
CD18 antibody 7E4, which efficiently blocks CD11/CD18-
dependent adhesion (26}, had no effect. The 7E4 antibody
also could not prevent the binding of ***I-labeled P1 to purified
CD11a/CD18 (not shown). The results show that the peptide
is able to bind to the CD11a/CD18 well in the presence of
antibody, whereas the ICAMs cannot. This is probably due to
less steric hindrance for the smaller peptide as compared with
the natural ligands.

The binding of endothelial cells to CD11a/CD18 was effi-
ciently inhibited by the P1 peptide. Induced Eahy926 endo-
thelial cells contain more ICAM-1 than ICAM-2 (16), and
ICAM-1 is more important here than ICAM-2 (Fig. 4C), and
therefore the effect of P1 must partially be due to interference
with the binding of ICAM-1 to CD11a/CD18. We assume that
ICAM-2 and ICAM-1 bind to the same or closely spaced sites
in CD11a/CD18.

P1 partially blocked the binding of NAD-20 cells to endo-
thelial cells and to ICAM-2-transfected CHO cells, but it was
not able to block the spontaneous or induced homotypic
aggregation of NAD-20 cells (not shown). Antibodies to
CD11a block most of this aggregation as do anti-ICAM-1
antibodies (4). Evidently leukocyte-leukocyte adhesion is
more complex, and its elucidation needs further work.

The ICAM-1 peptide P7 showed less activity in all test
systems, and binding of **I-labeled P7 to CD11a/CD18 was
difficult to measure, amounting to <10% of P1 binding (data
not shown). Evidently P7 binds to the same or a closely
spaced region in CD11a/CD18 as P1, but the affinity is lower.
Possibly small adjustments in the peptide sequence could
greatly influence its activity as is the case for P1.

Seth et al. (40) recently described an ICAM-2 peptide from
the second Ig domain, which when coated on plastic was able
to bind B lymphoblastoid cells. Some inhibition of binding
was obtained both with CD18 and very late antigen-4 anti-
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bodies. Fecondo et al. (41) made a peptide from the fourth
domain of ICAM-1, which was claimed to inhibit T cell
cytotoxicity toward K562 cells and the spontaneous aggrega-
tion of Raji Burkitt’s lymphoma B cells. These findings are
difficult to reconcile with our work and that of Staunton et
al. (22), who showed that domains D3-D5 in ICAM-1 can be
deleted without loss of CD11a/CD18 binding activity. On the
other hand, Ross et al. (42) found that peptides from ICAM-
1, spanning residues 1-20, 26-50, and 132-146 partially inhib-
ited the binding of Molt-4 lymphoblastic cells to endothelial
cells. The first two peptides partially overlap with the peptide
P7. These results are somewhat difficult to judge because of
the complex situation when working with intact cells. The
most efficient peptide inhibited 29% of the binding, but the
contribution of ICAM-1 in the adhesion assay was estimated
to be only 35%. Evidently, several regions in ICAM-1 show
some binding activity.

It will be important to study which leukocyte functions can
be modified by the peptides and whether they can be used to
determine the binding site(s) on CD11a/CD18 as has recently
been done for the platelet 1Ib/IIIa integrin (43, 44).
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A Leukocyte Integrin Binding
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T Cell Adhesion and Natural
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From the Departments of {Biochemistry and §Pathology,
University of Helsinki, 00014 Helsinki, Finland

Adhesion is of pivotal importance for a number of leu-
kocyte functions. Little is known about the binding be-
tween leukocyte integrins and the intercellular adhe-
sion molecules (ICAMs). Normally integrins are
nonadhesive, and require a stimulus to become active.
We have now identified a peptide from ICAM-2, which
binds to leukocyte integrins and activates adhesion.
Furthermore, the peptide strongly increased the bind-
ing and cytotoxicity of natural killer cells. These find-
ings show that adhesion-dependent leukocyte functions
can be activated by ligand-derived peptides, and there-
fore provide evidence that the avidity of leukocyte inte-
grins is up-regulated by integrin-ligand interactions.

Many leukocyte functions depend on the ability of the cells to
specifically adhere to other leukocytes or to various target cells.
The binding involves several adhesion molecules, among the
most important of which are the heterodimeric leukocyte inte-
grins, consisting of three specific a-chains (CD11a,! CD11b, and
CD1l1c) and a common By-chain (CD18) (1-3). The biological
significance of the leukocyte integrins is exemplified by the
leukocyte adhesion deficiency syndrome, in which mutations in
CD18 give rise to diminished leukocyte binding, resulting in
immunological disorders and repeated infections (4, 5).

The predominant lymphocyte integrin CD11a/CD18 binds to
the intercellular adhesion molecules ICAM-1 (CD54) (6, 7),
ICAM-2 (8, 9) and ICAM-3 (10-12), all of which are members of
the immunoglobulin superfamily (13). ICAM-1 has been stud-
ied extensively, and mutational analysis indicates that the site
recognized by CD11a/CD18 is located in the first immunoglobu-
lin domain (14, 15).

* These studies were supported by the Academy of Finland, the Finn-
ish Cancer Society, the Sigrid Jusélius Foundation, and the Magnus
Ehrnrooth Foundation. The costs of publication of this article were
defrayed in part by the payment of page charges. This article must
therefore be hereby marked “advertisement” in accordance with 18
U.S.C. Section 1734 solely to indicate this fact.
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1 The abbreviations used are: CD, cluster of differentiation antigen;
CD11/CD18, leukocyte integrins; CD11a/CD18, LFA-1; CD11b/CD18,
Mac-1; CD11¢/CD18, p150/95; ICAM, intercellular adhesion molecule;
NK, natural killer; PDBu, 48-phorbol 12,13-dibutyrate.
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The leukocyte integrins need to be activated in order to be-
come adhesive. Despite of extensive studies, the mechanism(s)
of activation is not understood. Early work showed that phorbol
esters can induce the adhesive phenotype, without an increase
in the amount of surface located integrins (16, 17). This sug-
gested that signaling receptors, circumvented by phorbol esters
through direct activation of protein kinase C, may somehow
induce a change in the integrins. This interpretation was sub-
stantiated by the finding that ligation of the T cell receptor
induces an increased adhesion through CD11a/CD18 (18).

In addition to the cross-talk of a signaling receptor and in-
tegrins, the adhesive state of CD11a/CD18 has also been in-
duced by certain monoclonal anti-CD11a antibodies, suggesting
that integrin activation may also occur through direct ligand
binding from the outside of the cell (19, 20). However, there
exists no direct evidence in support of the activating role of
ligands in adhesion, although ICAM-1 and ICAM-2 have been
shown to be co-stimulatory in T cell proliferation (21, 22).

We have studied ICAM-2 extensively as a relatively simple
model ligand of CD11a/CD18, and we recently identified a 22-
residue peptide from the first immunoglobulin domain of
ICAM-2, which spans the B and C B-strands and specifically
binds to purified CD11a/CD18 (23). It also inhibits the binding
of endothelial cells to CD11a/CD18-coated plastic. We now re-
port that the same peptide, when added to leukocyte cultures,
is able to strongly activate leukocyte adhesion. The increased
adhesion was also reflected in a remarkably augmented natu-
ral killer activity against leukemic target cells.

EXPERIMENTAL PROCEDURES

Isolation of Cells—Human T cells were isolated from buffy coats
using the Ficoll-Paque (Pharmacia, Uppsala, Sweden) technique and
employing a nylon wool column. The purity was >90%. After overnight
culture in RPMI 1640 culture medium (Life Technologies, Inc.) contain-
ing 10% fetal calf serum (Flow Laboratories), the cells were washed and
resuspended in binding medium (RPMI 1640, 40 mm HEPES, 2 mm
MgCl,, 5% fetal calf serum). Natural killer cells were purified from
Ficoll-Isopaque-centrifuged and nylon wool-filtered peripheral blood
lymphocytes by centrifugation on discontinuous Percoll density gradi-
ents (24). T lymphocytes were depleted with paramagnetic beads (Dy-
nal, Oslo, Norway) from the low density fractions using OKT3 mono-
clonal antibodies (Ortho Pharmaceuticals, Raritan, NJ).

Peptide Synthesis—Peptides were prepared by solid phase synthesis
on an Applied Biosystems model 430A peptide synthesizer, using ¢-
butoxycarbonyl chemistry. The structures were confirmed by amino acid
analysis and plasma desorption mass spectrometry (23).

Antibodies—The monoclonal antibodies used were 7E4 (CD18) (25),
TS1/22 (CD1la) (26), 60.1 (CD11lb) (27), B-H19 (ICAM-1),> 6D5
(ICAM-2) (8), IOP49d (VLA-4a) (Immunotech S.A., France), and mouse
IgG (negative control) (Dakopatts A/S, Glostrup, Denmark).

Chemicals—4B-Phorbol 12,13-dibutyrate (PDBu), cytochalasin B,
staurosporine, and okadaic acid used were from Sigma; dibutyryl cAMP
was from Boehringer GmbH (Mannheim, Germany).

T Cell Aggregation Assay—T cells (2 x 10°) in 100 ul of binding
medium/well of microtiter plates (Dynatech Laboratories, Alexandria,
VA) were incubated with PDBu and peptides P1 and P8 at 37 °C. The
free cells of four randomly chosen areas/well were counted. Percent
aggregation was calculated by the following equation: percent aggrega-
tion = 100 x (1 - (no. of free cells)/(total no. of cells)). For inhibition of
Pl-induced T cell aggregation, T cells were preincubated with different
monoclonal antibodies or different kinds of inhibitors for 10 min at room
temperature before treated with peptide P1.
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Natural Killer Cell Binding and Cytotoxicity—NK cells were prein-
cubated with 100 pg/ml peptides in RPMI 1640 medium complemented
with 0.5% bovine serum albumin (Finnish Red Cross Blood Transfusion
Service) in standard cell culture conditions for various periods before
being tested for cytotoxicity against K562 target cells in a 4-h 5'Cr assay
at a 10:1 effector target cell ratio. The binding capacity to target cells
was tested at a 1:2 ratio after centrifugation for 8 min at 120 x g. The
binding is expressed as percentage of binding cells from the total
amount of lymphocytes. At least 300 cells were counted in each combi-
nation.

RESULTS AND DISCUSSION

Several ICAM-2 peptides were initially synthesized and
tested for the ability to bind to purified CD11a/CD18 (23). Only
the P1 peptide (see Table I for sequence) showed strong and
specific binding (23). When this peptide was added to a suspen-
sion of blood T cells, aggregation of lymphocytes occurred by 30
min and continued to increase, and the cells remained in clus-
ters (Fig. 1A). 8.4 pm P1 induced a substantial aggregation (Fig.
1B). The control peptide (P8), with the same composition as P1,
but with the rest of the amino acids in random order except for
the 2 cysteines, showed no activity (Fig. 1, A, B, and Dd; Table
I). The aggregation of T cells was largely CD11a/CD18-ICAM-
1-dependent, as shown by using antibodies to CD18, CD11a,
and ICAM-1 (Fig. 1C). We have also found that T cells after
activation with P1, followed by washing, showed an increased
binding to purified recombinant ICAM-1 coated on plastic, and
this binding was completely inhibited by CD18 antibody (re-
sults not shown). In fact, the inhibition by antibodies was more
efficient than is evident from Fig. 1C, because the remaining
aggregates were small and loose (Fig. 1Dc). The inability to
completely block aggregation by the antibodies could be due to
the fact that additional, presently unknown, adhesion mol-
ecules are also activated by P1. Shortening of P1 by removal of
the NH,-terminal glycine resulted in an inactive peptide, and
the removal of amino acids from the COOH-end diminished the
activity (Table I). The P7 peptide, made from the homologous
region of ICAM-1, showed no activity. In addition, it does not
efficiently bind to CD11a/CD18 (23).

An important issue is whether the adhesion of T cells in-
duced by P1 is due to integrin activation or merely a bridging
effect. It is known that CD11/CD18-dependent adhesion does
not take place at 4 °C and requires energy, an intact cytoskel-
eton, and divalent cations (1-3, 18). Fig. 2 shows indeed that no
Pl-induced aggregation took place at low temperature and that
it was blocked by sodium azide and deoxyglucose, partially by
EDTA, as well as by cytochalasin B. Interestingly, dibutyryl
cAMP also significantly inhibited the P1-induced aggregation.

Staurosporine, an inhibitor of protein kinase C, blocked the
phorbol ester-induced T cell aggregation (Fig. 3A4), but not that
induced by the P1 peptide. In contrast, the phosphatase inhibi-
tor okadaic acid blocked both P1- and phorbol ester-induced
aggregations (Fig. 3B), similar to that reported for B cells (28).

The binding of NK cells to K562 leukemic cells was remark-

TasLe 1
Aggregation of T cells induced by different ICAM peptides
T cells were incubated with 42 pm peptides. Aggregation was scored
after a 2-h incubation at 37 °C.
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