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Abstract

The very late activation antigens (VLA) are a subset of the
superfamily of cell surface glycoproteins that serve as recep-
tors from extracellular matrix proteins. One or more of the
VLA heterodimers are present on T lymphocytes and most
other cell types, including platelets. Wehave used VLA-spe-
cific monoclonal antibodies to isolate the reactive platelet
membrane molecules. Wehave identified them as previously
characterized platelet surface glycoproteins and have com-
pared them with VLA molecules isolated from lymphocytes
and other cells. Utilizing one-dimensional SDS-PAGE, two-
dimensional O'Farrell gel electrophoresis, and nonreduced-re-
duced two-dimensional gel electrophoresis, we show that re-
duced VLA molecules of platelets are composed of three
chains of molecular weights 165,000, 145,000, and 140,000
that possess the physicochemical properties of platelet glyco-
proteins GPIa, GPIca, and GPIIa. GPIa corresponds to the
VLA 165,000 a2-chain, GPIIa corresponds to a 145,000 Mr
VLA ,8-chain, and GPIca corresponds to a 140,000 Mr VLA
a-chain.

The polypeptide structure of VLA molecules on platelets
and lymphocytes are very similar or identical. Platelet proteins
GPIa and GPIIa exist as a mixed heterodimer in detergent
lysates and correspond with the VLA-2 heterodimer found on
activated T lymphocytes and other cell types. The platelet gly-
coproteins GPIIa and GPIc form a second mixed heterodimer.
The mAbA-1A5, which binds to the VLA /3 chain, binds to
platelet GPIIa and precipitates both the GPIIa-GPIa and
GPIIa-GPIc heterodimers, and binds to 4,926±740 sites per
platelet. A VLA-2-specific mAb, 12F1, which binds to the
VLA a2-chain reacts with GPIa and immunoprecipitates only
the GPIIa-GPIa heterodimer, and binds to 1,842±449 sites
per platelet. The similarity of VLA chains and platelet GPIIa,
GPIa, and GPIc molecules suggests that these molecules may
have similar functions on various cell types.

Introduction

The very late activation antigens (VLA)' are a set of human
cell surface glycoproteins (1-5) that have been implicated as
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1. Abbreviations used in this paper: ACD, acid citrate dextrose; GP,
platelet glycoproteins; NW, nylon wool; SAC, Staphylococcus aureus

receptors for extracellular matrix proteins (6, 7). They were
initially named "very late activation antigens" because after
long-term T cell activation, the ,8-chain increases in amount
and additional a-subunits appear. More specifically, T cells in
the resting state express a 1 30,000-Mr chain that is recognized
by the mAbA-lA5 and is termed the /3-chain (4). With long
term mitogen- or mixed lymphocyte reaction (MLR)-activa-
tion, VLA increases in amount and the ,3-chain forms nonco-
valently linked heterodimers with either a 200,000-Mr (a') or a
165,000-M, (a2) glycoprotein. The a'/3 complex is termed
VLA- 1 and the a 2# complex is termed VLA-2. Studies of the
cellular distribution of VLA molecules show that the common
1 30,000-Mr ,B chain is present upon many types of resting and
activated cells. Resting platelets also express VLA-like glyco-
proteins with 140,000- and 165,000-Mr chains that can be
immunoprecipitated by VLA-specific monoclonal antibodies
(2, 8). The VLA family includes at least three more heterodi-
mers, VLA-3, VLA-4, and VLA-5 (5). The VLA-3 and VLA-5
heterodimers have been recently found to be similar or identi-
cal to receptors for fibronectin and laminin (6).

Platelet surface proteins have been identified and analyzed
by a variety of physicochemical techniques, including O'Far-
rell isoelectric-focusing SDS-PAGEtwo-dimensional (2D) gel
analysis (9-11), and nonreduced-reduced 2D diagonal SDS-
PAGE(10, 12, 13). In this study we have isolated VLA from
platelets by immunoprecipitation with VLA-specific mAbs
and used these techniques to identify the immunoprecipitated
molecules. These experiments show that these platelet mole-
cules are composed of three proteins previously characterized
as platelet glycoproteins GPIa, GPIc, and GPIIa and provide
evidence that in detergent solution there exists mixed heterodi-
mers of GPIIa with GPIa, and GPIIa with GPIc. Those platelet
glycoproteins share physicochemical properties with lympho-
cyte VLA-2 and VLA-3. GPIIa is homologous to the VLA
3-chain, GPIa to the VLA ac2-chain and GPIc to a different
VLA a chain.

Methods

Cell preparation. Peripheral blood mononuclear cells (PBMs) were
obtained by Ficoll-Hypaque (Pharmacia Fine Chemicals, Piscataway,
NJ) density gradient centrifugation (14) and washed three times with
RPMI 1640. These were further processed by passage through a nylon
wool (NW) column (15) to yield NWT-enriched cells (T cells) before
iodination. The T cell leukemia Mo-l (16) was obtained from the
American Type Culture Collection (Rockville, MD; ATCC, CRL
8066) and passaged in Iscove's Modified Dulbecco's Media supple-
mented with 10% fetal calf serum (FCS). The neuroblastoma cell line
SK-N-SH was obtained and cultured as previously described ( 17, 18).

Platelet preparations. 30 ml of venous blood was obtained from
aspirin-free healthy individuals and mixed with 5 ml acid-citrate dex-

Cowan's strain I; 2D, two-dimensional; TBS, Tris-buffered saline;
2-ME, 2-mercaptoethanol; VLA, very late activation antigen.
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trose ( 13.5 g citric acid, 25 g Na citrate, 20 g dextrose per liter, pH 4.5,
ACD) and centrifuged at 180 g for 15 min at 22°C to yield platelet-rich
plasma (19). The platelets were then washed twice by suspension and
centrifugation in Tris-buffered saline (TBS), pH 6.5, at 1,000 g for 15
min and then iodinated.

Radiolabeling. Lymphocytes were surface iodinated by a modifica-
tion of the method of Baur et al. (20). To 5 X 107 cells in 500 JAl PBS
were added 1 mCi Na'25I (New England Nuclear, North Billerica, MA)
and 10 Ml lactoperoxidase (Calbiochem-Behring Corp., San Diego, CA;
B grade, 100 IU/ml) and 25 Al of 0.03% H202. After 5 min 5 Al of
lactoperoxidase and 10 Ml of 0.03% H202 was added and at 10 min 10
Al of 0.03% H202 was added. After 15 min the reaction was stopped by
the addition of cold RPMI and cells washed six times with media.
Viability was > 95% before and following iodination as judged by
trypan blue exclusion. Platelets (1 X 108) were suspended in 500 MA TBS
(pH 7.4) containing 1 mCi Na'25I to which lactoperoxidase and H202
were added as above. Platelets were washed four times after iodination
with TBS pH 6.5.

Antibodies. The anti-VLA monoclonals A-lA5 and TS2/7 (1, 2)
were the generous gift of Dr. Martin Hemler (The Dana-Farber Cancer
Institute, Harvard Medical School, Boston, MA). AN5 1 mAbto GPIb
(21) was purchased (Dako, Santa Barbara, CA). S12 mAbto GMP-140
(22) was the generous gift of Dr. McEver and Dr. Martin (University of
Texas Health Service Center, San Antonio, TX). The mAb 2G12,
which recognizes an epitope of platelet GPIIb/GPIIIa complex (19),
and mAb12F1 which recognizes VLA-2 (8) were produced by us. The
VLA-2 specificity of 12F1 appears to be due to its reaction with deter-
minants on the a2-chain.

Extraction and immunoprecipitation. Cells were lysed with non-
ionic detergent and immunoprecipitated as previously described (8,
23, 24). Platelets were suspended in 1.5 ml TBSpH 7.4 to which 1.5 ml
of TBS containing 2 X 10-5 M leupeptin (Sigma Chemical Co., St.
Louis, MO), 2 mMPMSF, 2%Triton-X 100 was added. Lymphocytes
and neuronal cells were lysed in 0.15 MNaCl, 0.01 MTris pH 7.4,
0.5% NP-40 (TBS-NP-40) containing 0.06 mMN-a-p-tosyl-L-lysine
choromethyl ketone (TLCK), 0.06 mML-l-methyl ketone (TPCK)
and 0.2 mMphenylmethylsulfonyl-fluoride (PMSF; all from Sigma
Chemical Co., St. Louis, MO) for 30 min at 4°C. After incubation for
30 min at 4°C cellular and platelet lysates were ultracentrifuged at
100,000 g for 30 min at 4°C and used immediately or frozen at -70°C
until used. Aliquots were precleared by incubation with 100 ,l of 10%
Sansorbin (Staphylococcus aureus lacking protein A; Calbiochem-
Behring Corp.) for 15 min followed by centrifugation (microfuge B;
Beckman Instrument Co., Inc., Palo Alto, CA) for 4 min.

Antibodies were added to the detergent-solubilized lysates after
preclearance and incubated for 30 min at 4°C. The specific immune
complexes were collected with 50 MI of 10% S. aureus Cowan's strain I
(SAC) (Calbiochem-Behring Corp.) or protein A conjugated to Sepha-
rose 4B or with 10 MI of affinity purified rabbit anti-mouse kappa chain
conjugated to Sepharose 4B (1 mg/ml) as per the manufacturer's in-
structions (Pharmacia Fine Chemicals), and washed six times with
TBS-NP-40. Washed pellets were eluted and denatured with 50 MAl 1%
SDSand 5% 2-mercaptoethanol (2-ME) by heating at 100°C for 1-2
min and analyzed by 8% Laemmli SDS-PAGE (25) along with '4C
molecular weight markers myosin (200,000 Mr), phosphorylase B
(92,000 Mr), BSA(68,000 Mr), ovalbumin (45,000 Mr), chymotrypsin
(25,000 Mr), beta-lactoglobulin (18,400 Mi), and cytochrome c(12,400
Mr) (Bethesda Research Laboratories, Gaithersburg, MD), then dried
and autoradiographed.

Platelet radioligand-binding studies. Platelet-rich plasma was pre-
pared from ACD-collected whole blood, and platelets were pelleted
and then gel filtered on Sepharose CL-2B at room temperature in
divalent cation-free Tyrode's buffer, pH 7.2, containing 2% bovine
serum albumin and 0.1% glucose (TBG) as previously described (26).
They were then reacted (1 X 107 platelets/ml I mMCaCI2, 1 AM
PGE,) for 60 min with dilutions of chloramine-T radioiodinated
DEAE-cellulose purified monoclonals A-1AS or 12F1 (3.33 x 10" -1
x 10-8 M). Cell-bound ligand was separated from free ligand by cen-

trifugation of platelets through 20% sucrose in TBGand measured as
previously described (26). Ligand binding was assessed, and results
were analyzed by the method of Scatchard (27). Nonspecific binding
was determined by performing binding studies in the presence of a
50-100-fold excess of unlabeled ligand and was found to be < 5% of
total binding. The line that best fits the data was generated by least
squares linear regression.

Sequential nonreduced-reduced SDS-PAGE. Immunoprecipitates
were prepared and processed as described above except they were not
reduced and one-dimensional electrophoresed using 6% or 8% SDS-
PAGEtube gels. After electrophoresis in the first dimension the tube
gels were equilibrated with SDS-PAGEloading buffer containing 5%
2-mercaptoethanol (2-ME) for 15 min at 22°C and then run in the
second dimension on a 8%slab SDS-PAGE, processed, and autoradio-
graphed as described above for one-dimensional SDS-PAGE.

O'Farrell 2D-PAGE. 2D-PAGEwas carried out after the method of
O'Farrell (28) as previously described (8, 23). Samples were eluted
from the SACor Sepharose immunoadsorbents by incubation with 8
Murea, 5% 2-ME for 60 min at 22°C and applied to prefocused 6%
acrylamide tube gels with 10 mMphosphoric acid and 50 mMTris
electrode solutions, and focused for 10 h at 1,000 V. The gels were then
equilibrated with SDS-PAGEdiluent buffer and run on 8% SDS-
PAGEin the second dimension and processed as described above for
ID SDS-PAGE.

Neuraminidase digestion. Neuraminidase (isolated from Clostridia
perfringens, Sigma Chemical Co.) was added to iodinated lysates at
0.08 U/ml and incubated at 37°C for 60 min and then immunoprecip-
itates prepared.

Results

One-dimensional SDS-PAGEofplatelet molecules precipitated
with VLA-specific MAbs reveals multiple chains. The VLA-
specific mAbA- lA5 was used to immunoprecipitate nonionic
detergent extracts of lactoperoxidase cell surface iodinated
platelets, SK-N-SH neuronal cells and the T cell leukemia line
Mo- 1 and immunoprecipitated molecules analyzed by SDS-
PAGE(Fig. 1). The SK-N-SH (lane 1) and leukemic T cell line
Mo- 1 (lane 2) preparations contained the three bands of
180,000 Mr (a'), 160,000 Mr (a 2) and 130,000 Mr (O3) chains,
which are characteristic of a mixture of VLA-l (a',@ heterodi-
mer) and VLA-2 (a2'# heterodimer) as previously described (4,
23). The platelet A-lA5 precipitate (lane 3) contained two
bands of 165,000 Mr and 145,000 Mr that were of nearly equal
radioactive intensity. Similar results have been obtained with
platelets from 20 different donors. These chains were of
slightly greater molecular weight than the VLAa2 and 13 chains
isolated from the T cell line. Previous small differences of VLA
have been observed that disappear on removal of the carbohy-
drate (4). Platelets lack the 180,000 Mr VLA al chain. Thus, it
appears that the platelet VLA-2 heterodimers comprise a large
fraction of the platelet VLA molecules.

The similar one-dimensional SDS-PAGE pattern of the
monoclonal antibody precipitated VLA from platelets and
other cell types led us to compare immunoprecipitated sam-
ples from lymphoid and platelet sources by O'Farrell 2D gel
electrophoresis (Fig. 2). Samples of VLA prepared with mAb
A-lA5 from platelets and CEMwere analyzed individually (A,
and C) and simultaneously (B). The platelet samples included
two dark spots of 165,000 Mr (pl 5.5) and 145,000 Mr (pI
5.0-5.5) and a third less intense spot of 140,000 Mr (pI 5.5).
The CEMsamples included spots focusing at positions indis-
tinguishable from the two prominent platelet proteins both
separately and when a mixture was analyzed (C). Since a small
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Figure 1. Immunopre-
cipitation of VLA mole-
cules from platelets, a T
cell line, and neuronal
cell line with the anti-
VLA specific mAb
A-1A5. NP-40 deter-
gent lysates of lactoper-
oxidase '25I radiolabeled
SK-N-SH neuronal cells
(lane 1), T leukemia cell
line Mo-l (lane 2) and
platelets (lane 3) were
incubated with the VLA
specific mAbA-1A5
and immune complexes
collected with 70 ,ul
10% SACas described
in Methods. Immuno-
precipitates were eluted
and reduced with 2%
SDS-5% 2-ME, run on
8%SDS-PAGEand au-
toradiographed. Molec-
ular weight markers are
shown at left. The
SK-N-SH VLA chains
labeled (a) corresponds
with the 180,000 mol
wt al chain, (b) to the
160,000 mol wt ac2
chain, and (c) to the
130,000 mol wt #-chain.

difference might not be detected due to the broadness of the
darkest band, a pattern often caused by various numbers of
sialic acid residues, samples were prepared and compared from
neuraminidase-treated lysates of platelets and CEMcells
(D-F). The patterns of both the most intense-platelet spot (D)
and CEMspot corresponding to the VLA chain (D) became
sharper and focused at pH 5.5 after removal of sialic acid.
Again their migration on 2D electrophoresis were indistin-
guishable from one another. Comparison of the platelet 2D
pattern with published patterns of VLA family members (5, 8,
23) identifies these VLA components as migrating with pat-
terns characteristic of the VLA ,3 chain, VLA a2 chain, and
VLA aY3 or VLA ct5 chain.

VLA molecules are distinct from GPIIb/IIIa, GMPJ40,
and GPIb. Wesought to determine which of the previously
physicochemically characterized platelet membrane glycopro-
teins comprise the anti-VLA immunoprecipitates. The electro-
phoretic mobilities of platelet VLA molecules were compared
with those of platelet GPIIb and GPIIIa, GP140, and GPIb in
nonreduced conditions (Fig. 3) and reduced conditions (not
shown). Aliquots of nonionic detergent lysates of radioiodin-
ated platelets were immunoprecipitated with A-lA5, 12F1,
GPIb-specific AN51, GP140-specific S 12, and GPIIb/IIIa-spe-
cific mAb2G12, and the precipitates were examined without
2-ME reduction on ID SDS-PAGE. GPIIb and GPIIIa dem-
onstrated their characteristic migration patterns (13). The
VLA chains from platelets (lanes 2 and 3) were clearly differ-
ent from those of GPIIb and GPIIIa (lane 5). The strong radio-
active intensities of the immunoprecipitated VLA molecules
suggested that the platelet VLA molecules are prominent ra-
dioiodinated species in platelet lysates. The GMP-140 specific
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Figure 2. Comparison of VLA from platelets and lymphoid cell line
CEMby O'Farrell 2D gel electrophoresis. Labeled extracts from
platelets and CEMcells were divided and immunoprecipitated di-
rectly (A-C) or following neuraminidase treatment (0.08 U/ml 60
min, 37°C) (D-F). A-1A5 immunoprecipitates from platelets (A, D),
CEM(C, F) and mixture of platelet and CEMimmunoprecipitates
(B, E) were reduced isoelectrically focused and then run on 8%PAGE.
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Figure 3. Comparison of the
nonreduced SDS-PAGEpat-
terns of VLA, GPIIb-IIIa,
GPIb, and GMP-140. NP-40
lysates from 25I radioiodinated
platelets were incubated with
VLA specific mAbs A-lA5
(lanes 2 and 3), GPIb-specific
mAbAN5 1 (lane 1) GMP-140
specific mAbS12 (lane 4) and
GPIIb-GPIIIa specific mAb
2G12 (lane 5) and immune
complexes collected. Samples
were denatured under nonre-
ducing conditions, run on 8%
SDS-PAGE, and autoradio-
graphed.
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mAb S12 immunoprecipitated a single chain with an esti-
mated 150,000 mol wt with this gel system (lane 4) that mi-
grated between the A-lA5 and 12F1 immunoprecipitated
bands. The nonreduced GPIb molecule precipitated by mAb
AN51 migrated with a higher apparent mol wt (180,000 Mr,
lane 1) than the unreduced VLA chains (lanes 2 and 3). Thus,
the platelet VLA-like molecules are distinct from GPIb,
GMP-140, and GPIIb/IIIa.

Isoelectricfocusing-SDS-PAGE (O'Farrell) 2D gel electro-
phoresis of VLA molecules from platelets identifies the three
component glycoproteins. The A- lA5 precipitate of detergent
lysates of lactoperoxidase-radioiodinated platelets were next
compared to the pattern of all nonionic detergent solubilized
platelet surface glycoproteins by 2D O'Farrell gel electrophore-
sis (Fig. 4). Lysates were immunoprecipitated with the VLA-
specific mAb A-lA5 or the GPIIb/IIIa-specific mAb 2G12.
Gels were then run of the A- lA5 precipitate alone (Fig. 4 A),
the 2G12 precipitate combined with the A-lA5 precipitate
(Fig. 4 B), the 2G12 precipitate alone (Fig. 4 D) and the deter-
gent lysate alone (Fig. 4 E). The identification of the spots
corresponding to GPIIba, GPIIIa, GPIa, GPIca and the comi-
grating GPIIa and GPIba was made by comparison with pub-
lished gels (8). Comparing the precipitate of A- lA5 against the
internal reference of GPIIb/IIIa precipitated by 2G12 in Fig. 4
B and against the pattern of platelet surface glycoproteins in
Fig. 4 E showed the comigration of the 165,000 M, protein

seen in the 1D SDS-PAGEwith GPIa. Further, the 145,000 M,
band seen in 1D SDS-PAGEis seen to resolve into two spots of
slightly differing sizes and pIs (145,000 Mr, pl = 4.7 versus
140,000 Mr, pI = 5.1) that comigrate with GPIIa or GPIba,
and GPIca, respectively. Repeated experiments resulted in
similar, though slightly different pI values (compare Fig. 4 A to
Figs. 2 A and 6 A) presumably as a result of the nonequilib-
rium nature of focusing of high molecular weight proteins and
minor differences in experimental conditions. Since the GPIb
was shown to be distinct from the VLA molecules (Fig. 2) the
data indicates it coincides with GPIIa. These 2D gel electro-
phoresis results strongly suggested that the VLA molecules
precipitated with A- l A5 from platelets are the platelet surface
glycoproteins GPIa, GPIc, and GPIIa.

Sequential 2D nonreduced-reduced SDS-PAGEconfirms
that platelet VLA molecules consist of GPIIa, GPIa, and GPIc.
The results of Fig. 4 appear to identify the VLAcomponents as
major platelet surface glycoproteins. To further support these
identifications, the platelet VLA molecules from platelets were
analyzed by the method of sequential nonreduced-reduced 2D
SDS-PAGE(10, 12, 13). Extracts of radioiodinated platelets
were precipitated with mAbs specific for GPIb or VLA, and
immunoprecipitates were electrophoresed on SDS-PAGE
unreduced in the first dimension. The gel was then reduced
and resubjected to SDS-PAGEin the second dimension (Fig.
5). Comparison of the platelet lysate glycoprotein pattern (Fig.
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Figure 4. Isoelectric focusing SDS-PAGE2D gel electrophoresis of
platelet VLA molecules. Lysates from 1251I labeled platelets were im-
munoprecipitated with GPIIb/GPIIIa specific mAb2G12 and VLA
specific mAbs A-lA5 and 12F1. Individual immunoprecipitates and
mixtures were reduced and subjected to isoelectric focusing in the

first dimension followed by 8%SDS-PAGEin the second dimension.
Samples were immunoprecipitated with (A) A-lA5 (B) A-lA5 and
2G12 (mixture), (C) 12F1, (D) 2G12. A sample of entire platelet ly-
sate provided reference positions (E).
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Figure 5. Nonreduced-reduced 2D gel electrophoretic comparison of
platelet VLA and GPIIa. Immunoprecipitates from '251I-labeled plate-
let lysates were prepared with VLA specific mAbA- 1 A5 and GPIb
specific mAbAN51. Immunoprecipitates were denatured in SDS
(without reduction) and subjected to SDS-PAGEin the first dimen-
sion followed by reduction with 5% 2 MEand SDS-PAGE(8%) in

5 A) with published patterns (12) allowed the identification of
the positions of GPIba, GPIIa, GPIIba, and GPIIIa. GPIca
and GPIa were not detected in the lysate in this experiment
possibly due to applying an insufficient amount of poor
transfer of the molecules into the second dimension. The
A- lA5 VLA precipitate consisted of three components (Fig. 5
B), a prominent 145,000 Mr component that comigrated with
GPIIa, and less intense 140,000- and 165,000-Mr molecules.
The 165,000-Mr VLA molecule migrated in a position charac-
teristic of GPIa. All three VLA components migrated to posi-
tions clearly distinct from the position of GPIb (Fig. 5 D). The
addition of the A- A5 VLA precipitate to the lysate (Fig. 5 C)
resulted in the appearance of a band just to the left of GPIIba
in a position characteristic of GPIca. These findings provide
further evidence the VLA-homologous molecules of platelets
are composed of the three glycoproteins GPIIa, GPIa, and
GPIc.

VLA-2 specific monoclonal Ab 12F1 precipitates platelet
GPIa and GPIIa but not GPIc. The VLA ,8-chain forms hetero-
dimers with several different a chains, including the a2-chain
of VLA-2 recognized by mAb 12F1 (4, 5, 8). Since one of the
VLA reactive molecules on platelets, GPIIa, has the physico-
chemical properties of VLA (l chain, we used ,B-chain specific
mAbA-lA5, and a2-chain reactive mAb 12F1 to analyze in-
terchain relationships among platelet VLA-like glycoproteins.
Detergent extracts of surface radioiodinated platelets were im-
munoprecipitated with mAb 12F1 and precipitates analyzed
by O'Farrell 2D gel electrophoresis (Fig. 4 C). Unlike the
A- lA5 immunoprecipitate, the 12F1 immunoprecipitate (Fig.
4 C) did not contain the GPIca molecules. Similar results were
obtained with A-lA5, 12F1, and GPIIb-GPIIIa immunopre-

the second dimension. Samples contained: (A) platelet lysate, (B)

A-1IA5 immunoprecipitated VLA, (C) A-lIA5 immunoprecipitated

VLA plus platelet lysate, (D) AN5 1 immunoprecipitated GPlb. Im-

munoprecipitated GPIIb, GPIIa, and GPlb, and the characteristic

electrophoretic positions of "'I5-labeled platelet glycoproteins (9, 10)

were used to identify the major platelet glycoproteins (labeled).

cipitates analyzed by sequential nonreduced-reduced gel elec-

trophoresis (data not shown). The most likely explanation for

the findings is that A- AS reacts with GPIIa and Ia and Ic are

coprecipitated because of a physical association with Ila, ex-

actly analogous to the observations that A-lIAS precipitates

various VLA a-chains linked to the VLA-f3 chain on other cell

types. Since 12F1 only immunoprecipitates Ia and hIa, the

most likely interpretation is that the three platelet molecules

precipitated by A-lIAS do not exist as a trimer. Wesuggest that

like VLA on activated T cells and other cells these platelet

molecules exist as two types of heterodimers. The first, a com-

plex of GPIIa with GPIa has been directly shown by immuno-

precipitation and corresponds to the lymphocyte VLA-2 het-

erodimer composed of the common VLA p3-chain with the

VLA a2_chain. The second platelet heterodimer is suggested to

be composed of GPIIa and GPIc. In order to obtain evidence

of the second heterodimer, sequential immunoprecipitations

were done (Fig. 6). Samples were first precleared with control

mAb(lanes, 1, 5), A-lIAS (lanes 2-4) or 12F1I (lanes 6-8) and

then aliquots immunoprecipitated with A-lA5, 12F1, or

2G12. As expected the preclearance with A- lA5 resulted in

removal of subsequent A- AS (lane 2) and 12F1I (lane 3) reac-

tivity. Preclearance with 12F1I was also complete (lane 7). The

A-lAS immunoprecipitate of the 1 2F1-precleared lysate con-

tained only the 140,000 Mr band(s) and no longer contained

the 165,000 Mr chain (lane 6). Two dimensional gel analysis of

the immunoprecipitates from platelet lysates by A- AS (A),

12F1I (B), and A-lIAS after preclearance by 12F1I (C) showed

the latter retained both the 1 40,000-Mr GPIca and the

145,000-Mr GPIIa. This result provides a direct demonstration

of a heterodimer composed of GPIIa and GPIc.
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Figure 6. Sequential immunoprecipitation of platelet GPIIa, GPIa
and GPIc molecules with mAbs 12F1 and A-1A5 and demonstration
of heterodimers by two-dimensional gel analysis. Lysates of 125 I-la-
beled platelets were precleared with control mAb(lanes I and 5),
A-1A5 (lanes 2-4), and 12F1 (lanes 6-8). Following preclearance ali-
quots were immunoprecipitated with A-lA5 (lanes 1, 2, 6), 12F1

Quantitation of GPIIa and GPIa molecules on resting
platelets. Radioligand binding studies using the mAbA- lA5
and 12F1 were performed to quantitate the number of anti-
body reactive molecules of GPIIa and GPIa, respectively, on
resting platelets. Gel-filtered platelets from four normal male
donors were incubated at room temperature for 60 min with
varying concentrations of radioiodinated A-lA5 or 12F1.
Platelets were then pelleted by centrifugation through 20% su-
crose-TBG and ligand binding assessed (see Methods). A rep-
resentative experiment is shown in Fig. 7. Platelets were found
to have 4,926±740 (mean±SD) binding sites for A-lA5 (Kd
= 4.5±0.6 X 10-'° l/M), and 1,842±449 binding sites for 12F1
(Kd = 1.5±0.2 X 10`0 liter/M).

Discussion

Wehave detected glycoproteins antigenically related to VLA
upon the surface of resting platelets confirming the observa-
tion of Hemler et al. (2) and proceeded to correlate these with
previously studied platelet proteins. When analyzed by ID
SDS-PAGE, the VLA-2 specific antibody precipitated platelet
molecules of two easily distinguishable sizes that, by size and
2D gel electrophoresis correspond with the component chains
of the a2# (VLA-2) heterodimer observed on activated T cells
and other cell lines. Analysis of the VLA fl-chain-specific mAb
A- lA5 precipitated platelet glycoproteins by 2D gels demon-
strated 3 glycoproteins. The upper band corresponds to VLA
a2 chain. The lower molecular weight band seen on ID SDS-
PAGEanalysis is actually composed of two molecules, a
heavily radioiodinated 145,000-Mr chain with a pI of 4.7

60 b1 4.5
"H

(lanes 3, 5, 7) and 2G12 (lanes 4 and 8). After 2-ME reduction the
samples were run on 8%SDS-PAGEand autoradiographed. 2D elec-
trophoresis was used to further analyse the content of the samples
immunoprecipitated with A-lA5 (lane I A), 12FI (lane 5 B) and
A- lA5 of the 12F1 depleted lysate (lane 6 C).

that coelectrophoresed with T cell VLA ,B chain and a weaker
140,000-Mr component with a pl of 5.1 that may be hidden by
the larger chain on DSDS-PAGE. This chain's pattern on 2D
O'Farrell gels is similar to the VLA a3 or aS chains. However it
has been reported that the VLA-3 specific mAbJ 143 does not
react with platelets (5), indicating it is unlikely GPIc is the
VLA a3 chain.

The correlation of immunoprecipitation patterns and the
apparent identity of the T cell VLA chains with the corre-
sponding platelet proteins suggests strongly that these mAb
retain their proven specificities (1, 5, 8) in reacting with the
platelet glycoproteins. Detailed study has shown that the
A-lA5 mAbreacts with the VLA ,B chain and not with isolated
a2 or a3 chains (5). Thus, we believe the mAbA-lA5 reacts
specifically with the 145,000-Mr chain and that the mAb12Fl
reacts specifically with the 1 60,000-Mr chain. Although exper-
iments with dissociated platelet proteins have not been per-
formed, their identical 2D electrophoresis patterns strongly
support this conclusion.

Comparison of the positions of the three platelet molecules
precipitated by VLA mAbA-lA5 by two techniques, O'Farrell
2D gel and nonreduced-reduced SDS-PAGEgels, with the po-
sitions of previously named platelet glycoproteins has enabled
us to identify them. The platelet protein corresponding to
VLA a2 is the same as platelet GPIa. Platelet glycoprotein
corresponding to VLA ,3 is the same as GPIIa. The platelet
GPIc corresponds to a different VLA a chain, most likely
VLA-5.

It is likely that these platelet molecules combine to form
two mixed heterodimers, although more complex models such
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Figure 7. Binding of '25I-AIA5 and '251I-12F1 to resting platelets. Gel
filtered platelets (1 107/ml) from four normal male donors were

suspended in modified Tyrode's buffer, pH 7.2, containing TBG, 1

mMCaC12, and 1 ,uM PGE,. The platelets were reacted with, (A) di-
lutions of radioiodinated DEAE-cellulose purified mAbA-1A5 (3.33
X 1011 - 1 X 10-8 M) or, (B) dilutions of radioiodinated DEAE-cel-
lulose purified mAb 12F1 (3.33 X 10-" - 1 X 10-8 M) for 60 min at
22°C. Cell bound ligand was separated from free ligand by centrifu-
gation of the platelet through 20% sucrose-TBG. Radioactivity was

quantitated and the amounts of bound and free ligand calculated by
reference to the specific activity of the radioiodinated antibodies. The
results were analyzed by the method of Scatchard (27). Data from a

representative study using platelets from a single donor are shown.
Points represent the mean of triplicate determinations. In all cases

the standard deviation from the mean were < 5% of the mean.

as a trimer that loses the Ic fragment upon 1 2F1 binding have

not been absolutely excluded. The VLA-2 specific mAb 12F1
that is believed to react with GPII, immunoprecipitated both

GPIa and GPIIa, indicating they form one type of heterodi-

mer. A second heterodimer composed of GPIIa and GPIc was

immunoprecipitated by the GPIIa reactive mAbA-lA5 after
12F1 preclearance. The complex consisting of GPlIa asso-

ciated with GPIa is believed to be analogous to the lymphocyte
VLA-2 dimer and the proposed dimer GPIIa with GPIc analo-

gous to VLA-3 or VLA-5 dimer. We think it unlikely that
A- lA5 immunoprecipitates the Ia and Ic chains as a result of
their being variant molecules of IIa because numerous physical
parameters including peptide mapping indicate that VLA a

chain molecules are quite distinct from the VLA (3-chain (4).
That has also been shown for Ia and IIa (29). Testing of the
VLA (3-specific A-lA5 and heteroantisera to VLA-(3 have

shown no associated antigenic epitopes on a chains (4, 6).
Evidence for each dimer has been found by immunoprecipita-
tion and corroborative physical isolation of dimers is under
investigation. The estimated number of surface GPIIa mole-
cules (4926/platelet) is higher than the number of GPIa mole-
cules (1842/platelet). This is consistent with - 40% of the
GPIIa forming a heterodimer with GPIa and the remainder of
GPlIa forming dimers with GPIc. The amount of GPIIa and
GPIa is at least an order of magnitude less than the amount of
the other known adhesion receptor superfamily member
present on platelets GPlIb/Illa.

The existence of GPIIa-GPIc heterodimers in detergent so-
lution has not been previously demonstrated, but a GPIIa-
GPIa association has been described by Kunicki et al. (30) who
observed that GPIIa and GPIa are associated under conditions
used for crossed immunoelectrophoresis. Whether the GPIIa-
Ia complex occurs physiologically on intact platelets or if it
exists only in detergent extracts of platelet membranes is not
clear (31). Gogstad et al. showed that GPIIa and GPIa could be
found in different crossed immunoelectrophoresis fractions
(32). Our results confirm the association of GPIa and GPIla in
nonionic detergent extracts and may explain why only a frac-
tion of GPIIa is associated with GPIa. Since those glycopro-
teins did not form complexes nonspecifically with other plate-
let membrane molecules, it is likely that the GPIa-IIa heterodi-
mers are due to physiologically relevant complex associations
present within the platelet membrane. That is supported by the
cross-linking experiments of Davies and Palek (33) that indi-
cate an association of GPIIa and GPIa on intact platelets.
Chemical cross-linking experiments of membrane labeled T
cell lysates have also shown that VLA-2 and VLA-3 are hetero-
dimers and not homodimers (4,5,8). Altogether these findings
strongly suggest that the platelet GPIIa-GPIa and GPlIa-GPIc
molecules exist as heterodimers prior to detergent lysis.

The identification of the platelet molecule analogous to the
T cell VLA , chain as GPIIa is based upon its location on 2D
SDS-PAGE(145,000 Mr and pl of 4.7) and shared reactivity
with mAbA-lA5. Similar to the 145,000 Mr VLA (3-chain.
GMP-140 has a 140,000 mol wt and a pl of 4.4 (22, 34) and is
probably identical with the platelet activation-dependent
granule-external membrane (PADGEM) protein (35, 36).
MAbS12 was originally thought to bind to GPIla (19) but now
has clearly been shown to bind to GMP-140. Other antibodies
to platelet membrane antigens have been identified that react
with molecules having similar electrophoretic properties, in-
cluding glycoproteins G4 and G8 (32), GP4-4.5 (29, 37), and
the molecules described by Spycher et al. (38). The platelet
granule protein GMP-140 recognized by mAb S12 (22, 34)
and by a mAbKC4 (35, 36) has similar electrophoretic prop-
erties as the VLA (3-chain but direct comparison clearly distin-
guishes each from the other (Fig. 3).

The recognition that platelet molecules structurally similar
or identical to VLA are composed of the platelet components
GPIla, GPIa, and GPIc is significant in that it relates two
previously separate fields of study. Previous and future find-
ings of each field may be applicable to the other. For example
the gene coding for the VLA (-chain has been mapped to
human chromosome 10 and the VLA a2 gene is located on a
different chromosome (39). If the indistinguishable chains are
in fact identical, the GPIIa and GPIa genes should have the
same locations and sequences as their counterparts. Other
predictions also follow, including the associated GPIa-GPIIa

Very Late Activation Antigens on Platelets 511

-4-

0 1 2
B x 10-3

3
Ln

4

0 2
4

x

U. I
I..

go0 1 i
0 1 2 4

B x 10-3



molecules should be dissociated by treatment with high pH as
has been observed with VLA-2 (4) and the amino acid se-
quences of the VLA a!2 (40) and the VLA p-chains should
apply to GPIa and GPIIa. Also, VLA a!2 should bind CA2' as
GPIa does (41).

GPIa, GPIIa, and GPIc constitute three of the six most
prominent iodinated surface glycoproteins on platelets; thus
they may serve a number of important functions. Little is
known of their physiological role, but given the relatedness of
VLA to receptors for adhesion molecules one likely possibility
is that they contribute to the triggering and adhesion events of
platelets. Two of the other three prominent platelet membrane
glycoproteins include the heterodimer, GPIIb-GPIIIa, which
recognizes an Arg-Gly-Asp (R-G-D) sequence of fibrinogen
(42, 43), fibronectin (44, 45), von Willebrand factor (46, 47),
and vitronectin (48). By analogy, the GPIIa-GPIa and GPIIa-
GPIc complexes may also serve receptor functions important
in platelet activation or adherence, and the VLA heterodimers
on other cell types may have similar roles. Possible ligands are
suggested by the recent reports that platelets from a patient
lacking GPIa was found to have defective adherence to human
collagen type III (49); and that a platelet glycoprotein with an
electrophoretic behavior similar to GPIa binds to collagen and
that binding is inhibited by wheat germ agglutinin, a lectin that
binds to GPIa (50). Thus, the GPIa-IIa dimer on platelets and
by analogy VLA-2 on other cell types may be collagen recep-
tors. Another recent study indicates that VLA-3 and VLA-5
proteins act like fibronectin/laminin receptors (6).

The recognition that platelet glycoproteins GPIIa, GPIa,
and GPIc are related or identical to VLA should enhance anal-
ysis of their structure and function. MAbs specific to individ-
ual platelet VLA glycoproteins will enable the isolation of indi-
vidual platelet proteins. A-lA5 reacts with the common 3-
chain of VLA (4), which is identical to platelet GPIIa, and
12Fl binds specifically to the a2-chain of VLA (GPIa) (40).
Other VLA-specific mAbalso should be useful, including the
mAbJ143 (51) recently shown to react with VLA-3, which
may react specifically with GPIc. These VLA specific mAbs to
cell surface receptors may prove to be useful probes of the
physiologic role of GPIIa and GPIa in platelet activation and
adherence.

Note added in proof M. E. Hemler (personal communication) has
recently found that platelets bear VLA-5 and a new form of VLA,
VLA-6, but do not bear VLA-3. This suggests that GPIc corresponds to
the VLA a5 or a6 chain.
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