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SUMMARY

The platelet-specific integrin allbB3 achieves a high affinity
binding state in response to extracellular agonists such as
thrombin, ADP, or collagen. During this activation, the receptor
undergoes a number of conformational changes. To character-
ize the different conformations of allbB3, we expressed recom-
binant «llbB3 in human embryonic kidney (HEK) 293 cells.
Antigenic and peptide recognition specificities of the full-length
recombinant receptor resembled those of the native receptor in
platelets. We used an array of peptidic and nonpeptidic argin-
ine-glycine-aspartic acid (RGD) mimics that specifically bind to
human platelet allbB3 to determine the affinity state of the
receptor. Some of these RGD mimics were previously shown to
clearly discriminate between resting and activated «allbB3. So-

lution-phase binding of these RGD mimics to the recombinant
cells suggested that in HEK 293 cells the full-length allbB3 is
expressed in a “transitional” activation state. This observation
was confirmed by the binding of the activation-specific, mono-
clonal anti-allbB3 antibody PAC1 to cells expressing the full-
length recombinant allbB3. Deletion of the entire cytoplasmic
domain of the B subunit was sufficient to convert the receptor
in HEK 293 cells to a fully active form, as found in activated
platelets. In addition, the full-length receptor was capable of
mediating agonist-independent aggregation of cells in the pres-
ence of fibrinogen. Thus, by using RGD mimics, we have iden-
tified a functional transitional activation state of allbp3 that is
capable of mediating fibrinogen-dependent cell aggregation.

The integrin family of receptors mediate many of the cell-
cell and cell-substratum interactions that are central to cell
adhesion, migration, growth, and differentiation. Integrins
are noncovalent «/B heterodimers. Each subunit contains a
large extracellular region, a transmembrane domain, and a
short cytoplasmic tail (1). Integrins bind to a wide variety of
ligands, including extracellular matrix proteins, counter-re-
ceptors on other cells, and circulating plasma proteins (2).
The affinity and specificity of an integrin binding site are
defined by the specific pairing of the a and B8 subunits (3). In
addition, previous studies support a model in which amino
acid sequences in both subunits coordinate ligand and cat-
ions in close proximity to form a “reactive” center for ligand
binding (4). The cytoplasmic tails of integrins interact with
intracellular proteins, including cytoskeletal proteins such as
talin and a-actinin (5) and a number of regulatory proteins
such as focal adhesion kinase (6), integrin-linked kinase (7),
endonexin (8), and cytohesin-1 (9). Upon ligand binding, in-
tegrin-mediated signaling events, which include rearrange-
ment of the cytoskeleton, gene regulation, and cellular dif-

ferentiation, are induced by a process called “outside-in”
signaling (10). Alternatively, intracellular signaling events
can modulate the affinities of integrins for extracellular li-
gands (11). These pathways involve phospholipids, protein
kinases (5, 6), intracellular calcium fluxes, and low-molecu-
lar weight G proteins (12, 13). The process whereby cytoplas-
mic signals result in changes in receptor conformation and
ligand binding affinity is termed “inside-out” signaling. The
modulation of outside-in and inside-out signals is important
for the regulation of integrin function (2).

Platelet adhesive interactions are of primary importance in
normal hemostasis as well as thrombotic disorders. «IIbg3 is
the major integrin involved in attachment, spreading, and
aggregation of platelets. On resting platelets, «IIbB3 is in a
“latent” or basal state that does not bind fibrinogen, one
ligand present in abundance in the circulation (14). A wide
variety of agonists, such as thrombin, ADP, or collagen, can
stimulate platelets, which results in the “activation” of
oaIIbB3 and the binding of soluble fibrinogen or other ligands
(including von Willebrand factor, vitronectin, and throm-

ABBREVIATIONS: RGD, arginine-glycine-aspartic acid; CHO, Chinese hamster ovary; DPBS, Dulbecco’s phosphate-buffered saline; FITC,
fluorescein isothiocyanate; BSA, bovine serum albumin; Al, activation index; mAb, monoclonal antibody; SDS, sodium dodecyl sulfate; HEK,
human embryonic kidney; DTT, dithiothreitol; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid.
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bospondin) that are important for thrombus formation (15).
This inside-out signaling is mediated by conformational
changes in aIIbB3 and is modulated by intracellular events
(2, 5). In addition to these agonists, synthetic peptides con-
taining the RGD sequence, which is present within the fi-
brinogen molecule and serves as a recognition site for binding
to allbB3, activate aIlbB3 (16). RGD peptides bind to resting
olIbpB3, leading to conformational changes in its extracellular
domain that enable it to bind soluble fibrinogen, after the
removal of the RGD peptide. «IIbB3 activated by RGD pep-
tides expresses novel sites on its extracellular domain
(termed ligand-induced binding sites), whereas alIbB3 acti-
vated by agonist does not express ligand-induced binding
sites unless it binds fibrinogen (17, 18). These findings indi-
cate that «IIbB3 has at least two distinct conformational
states that can bind soluble fibrinogen, i.e., agonist- and
RGD-activated states (19).

To analyze the conformational states of alIbB3, the ligand-
binding properties of recombinant human platelet «llbg3
expressed in HEK 293 cells were examined by using syn-
thetic peptidic and nonpeptidic RGD mimics. These mole-
cules have differential specificity for agonist-activated and
resting platelets and thus can be used as markers to identify
activation states of alIbB3. Here, we identify allbB3 in HEK
293 cells to be in a transitional activation state that is dis-
tinct from the fully activated receptor in platelets. This is
confirmed by using the activation-specific, anti-allbB3 mAb
PAC1. Furthermore, Glanzmann’s thrombasthenic muta-
tions, which disrupt either ligand binding [B3(D119Y)] or
receptor signaling [33(S752P)] (20), do not permit binding to
PAC1 and abrogate the physiological ligand-binding func-
tions of aIIbp3. However, deletion of the cytoplasmic domain
of the B subunit is sufficient to convert allbg3 in HEK 293
cells to a fully competent receptor, as in activated platelets.
The full-length receptor, which is in a transitional activation
state, is also shown to mediate agonist-independent aggre-
gation of cells in the presence of fibrinogen. This fibrinogen-
mediated aggregation requires an intact ligand binding
domain in «IIbB3 and is dependent on cytoskeletal rear-
rangement. These results suggest that oIIbB3 can exist in
multiple transitional conformational states, which may mod-
ulate specific physiological functions of the integrin in plate-
lets.

Experimental Procedures

Antibodies. Mouse mAbs to aIIbB3 (mAb CA3) and 581 (mAb
JBS5) were purchased from Chemicon (Temecula, CA). mAb PAC1
(21), against the activated form of allbB3, was purchased from the
Cell Center, University of Pennsylvania (Philadelphia, PA). Poly-
clonal antibodies against purified human platelet aIIbB3 were gen-
erated in rabbits and affinity-purified. These antibodies specifically
bind to oIIbB3 in platelets and human erythroleukemia cells.! FITC-
conjugated donkey anti-mouse IgM and FITC-conjugated goat anti-
mouse IgG were purchased from Jackson Immunoresearch Labora-
tories (West Grove, PA).

Synthetic ligands. The oIIbB3 antagonists MK-852, 1.-692,884,
and L-734,217 were synthesized by the Medicinal Chemistry Depart-
ment, Merck Research Laboratories (West Point, PA). 1.-692,884
[cyclo-4-iodo-benzoyl-(Cys-Asn-Pro-Arg-Gly-Asp-Cys)-OH], a syn-
thetic cyclic RGD peptide, binds preferentially to activated «IIbB3

1D. G. Abraham and B. Bednar, unpublished observations.

TABLE 1

Dissociation binding constants of RGD mimics with purified
human allbp3

The ratio of differentiation is defined as the ratio of the K, values for the unacti-

vated and activated forms. It is a qualitative measure of the ability of the com-
pounds to distinguish between the two forms of the receptor.

Ka
Compound Ratio of differentiation
Activated form Unactivated form

v
Echistatin 4.6 4.9 1.1
RO 44-9883 0.96 6.3 6.5
L-692,884 1.4 75 54
MK-852 42 2900 69
RO 43-5054 6 580 97
L-734,217 4.5 650 140

(22). MK-852 [cyclo-N-acetyl-[Cys-Asn-(5',5-dimethyl-4-thiazolidin-
ecarbonyl)-(4-aminomethyl-Phe)-Gly-Asp-Cys]-OH] and L-734,217
[N-[3(R)-(2-(piperidin-4-yl)ethyl)-2-piperidon-1-yl]acetyl-3(R)-meth-

yl-B-Ala] bind specifically to activated oIIbp3 in platelets (23, 24).
alIbB3-specific antagonists Ro 43-5054 and Ro 44-9883 were also
synthesized by the Medicinal Chemistry Department and character-
ized as previously described (25). The detailed characterization and
binding properties of these fibrinogen receptor antagonists with pu-
rified human platelet aIIbg3 are described elsewhere? and are sum-
marized in Table 1.

cDNA constructs. The full-length human ¢cDNA encoding aIIb in
the expression vector pM2ADA was a kind gift from Dr. Joel Bennett
(University of Pennsylvania, Philadelphia, PA) (26). The ¢cDNA in-
sert was subcloned into the eukaryotic expression vector pR135,
which was under the transcriptional control of the cytomegalovirus
promoter and contained the hygromycin-selectable marker. The iso-
lation and construction of cDNA encoding full-length human platelet
B3, B3(AT17), B3(D119Y), and B3(S752P) have been previously de-
scribed (27). The mutation B3(A693) was introduced by polymerase
chain reaction using a 5 primer (CAGCTCGAGCTATTAGT-
CAGGGCCCTTAGGGACACTCTGG) that contained a Pstl restric-
tion site and the 3’ oligonucleotide (TGCCATTGGGCCTCATA) that
contained an Xhol site. The resulting polymerase chain reaction
fragment was digested with PstI and Xhol. The full-length 83 cDNA
was digested with HindIII and Pstl. The expression vector pPCDNA3
(Invitrogen, CA) was digested with HindIII and Xhol. Ligation of the
three resulting fragments generated a stop codon before the trans-
membrane domain of the B3 cDNA. The B3 ¢cDNA constructs were
subcloned into the expression vector pCDNA3, containing the neo-
mycin-selectable marker. All constructs were characterized by re-
striction digestion, purified by CsCl centrifugation, and verified by
DNA sequence analysis before transfection.

Cell culture and transfection. HEK 293 cells were obtained
from the American Type Culture Collection (Rockville, MD). HEK
293 cells were grown in minimal essential medium with Earle’s salt
supplemented with 10% fetal calf serum, 1% kanamycin, and 2 mm
glutamine (GIBCO-BRL Life Technologies, Gaithersburg, MD).

Stable transfection of cells (1 X 10%) was by electroporation in the
presence of 10 pug of DNA, using a Gene Pulser ElectroCell manip-
ulator (Bio-Rad Laboratories, Richmond, CA) at 960 uF and 200 V.
Twenty-four hours after electroporation, cells were resuspended in
selection medium containing 800 ug/ml G418 (GIBCO-BRL) and 100
pg/ml hygromycin B (Calbiochem, La Jolla, CA), and resistant clones
were isolated after 2 weeks in culture. Positive clones were sorted
(exclusion mode) by flow cytometry in a FACSCalibur (Becton Dick-
inson, San Jose, CA), using anti-allb subunit-specific antibodies

2R. A. Bednar, S. L. Gaul, T. G. Hamill, M. S. Egbertson, J. A. Shafer, G. D.
Hartman, R. J. Gould, and B. Bednar, Identification of low molecular weight
GP11b/111a antagonists that bind preferentially to activated platelets, manu-
script in preparation.
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(mAb SZ0.22). After sorting, the cells were maintained in selection
medium containing 400 pug/ml G418 and 50 ug/ml hygromycin B.
Surface expression of alIbB3 was not significantly altered between
passage 5 and passage 25.

Flow cytometry. Surface expression levels of integrins were
analyzed by single-color flow cytometry. Cells (2 X 10°) were har-
vested with trypsin/EDTA (GIBCO-BRL), washed once with 5 vol-
umes of minimal essential medium with Earle’s salt containing 10%
fetal calf serum and twice with DPBS, and incubated with either 20
ng/ml mAb CA3 (anti-allbB3) or 15 pug/ml mAb JBS5 (anti-a581), in
DPBS containing 1 mm CaCl, and 1% BSA, for 45 min at 4°, in a total
volume of 100 ul. The cells were pelleted, washed once with DPBS,
and incubated with FITC-conjugated goat anti-mouse IgG. After a
45-min incubation at 4°, the cells were washed once with DPBS,
resuspended in 350 ul of flow cytometric buffer (100 mm HEPES, pH
7.5, 150 mM NaCl, 3 mm KCl, 1 mm CaCly), and analyzed by flow
cytometry. The light scatter and fluorescence intensity of 10,000 cells
were collected using logarithmic gain.

The affinity state of the receptor was assessed by PAC1 binding.
Cells (2 X 10°) were harvested, washed as described above, and
incubated with PAC1 (20 pg/ml) in the presence or absence of RGD
peptide or RGD mimics for 1 hr at 4°. The cells were then washed
once in DPBS and incubated with FITC-conjugated goat anti-mouse
IgM for 30 min at 4°. The cells were resuspended in 350 ul of flow
buffer immediately before analysis by flow cytometry. Because the
activating anti-alIbB3 antibodies were not available for this study,
the receptor was activated by preincubating the cells with 2 mm DTT
for 5 min at room temperature before the addition of PAC1. Although
receptor activation by DTT has not been thoroughly characterized,
treatment of platelets with DTT has been shown to promote oIIbp3-
dependent platelet aggregation (28).

To define activity state, histograms depicting PAC1 staining in the
absence or presence of the competitive inhibitor were compared. As
a quantitative measure of affinity state, an Al for the PAC1 binding
data was calculated for each construct. The Al was essentially that
described by O’Toole et al. (29), AI = 100 X (F, — F)/(F,DTT —
F.DTT), where F, is the median fluorescence intensity of PAC1
binding, F, is the median fluorescence intensity of PAC1 binding in
the presence of competitive inhibitor, # DTT is the median fluores-
cence intensity of PAC1 binding in the presence of 2 mm DTT, and
F DTT is the median fluorescence intensity of PAC1 binding in the
presence of 2 mM DTT and competitive inhibitor. For example, when
aIIbp3 is inactive, as in resting platelets, PAC1 cannot bind and F,
is low. After DTT treatment, PAC1 binds and F, is high. Thus, the Al
for PAC1 alone on unactivated platelets is low. If aIIbg3 is already
fully activated, DTT cannot further activate and Al approaches 100,
because F, = F . DTT.

Platelets were isolated from whole blood as previously described
(14). Platelets (1 X 107/ml) were treated with 10 nM thrombin for 5
min at ambient temperature before the addition of PAC1 (20 ug/ml)
and were incubated at room temperature for 30 min, in a total
volume of 100 ul. FITC-conjugated goat anti-mouse IgM was then
added in a total volume of 50 ul. After a 30-min incubation, 200 ul of
flow cytometric buffer were added and the samples were subjected to
flow cytometric analysis as described above. In some cases, specific
inhibitors of aIIbB3 were added at the time of PAC1 incubation.

Cell attachment. The cell attachment assay was performed as
previously described (27). Essentially, 96-well plates were coated
with fibrinogen (5 ug/ml), vitronectin (1.5 pg/ml), or fibronectin (4
pg/ml) in DPBS. Cells were harvested, washed three times with
serum-free minimal essential medium with Earle’s salt, and then
resuspended in attachment solution (calcium- and magnesium-free
Hanks’ balanced salt solution, 20 mm HEPES, 1 mg/ml heat-inacti-
vated BSA, 1 mM CaCl,, 1 mM MgCly,). Cells (1 X 10%) were added to
each well and allowed to attach for 1-2 hr at 37° in a humidified 5%
CO, incubator. Unattached cells were washed with Hanks’ balanced
salt solution. Attached cells were determined by colorimetric devel-
opment of glucosaminidase activity. The number of attached cells
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was quantitated spectrophotometrically at 405 nm in triplicate, ac-
cording to a standard curve.

Surface labeling and immunoprecipitation. Transfectants
(2 X 108 cells) were surface-labeled with 2 mM Immunopure Sulfo-
NHS-LC-Biotin (Pierce, Rockford, IL) and then solubilized in RIPA
buffer (50 mM Tris, pH 7.5, 150 mMm NaCl, 1 mm CaCl,, 1% Nonidet
P-40, 0.5% deoxycholate, 0.1% SDS) containing 1 mM phenylmethyl-
sulfonyl fluoride, 10 ug/ml aprotinin, and 100 ug/ml leupeptin. Cell
extracts were immunoprecipitated overnight with rabbit polyclonal
anti-aIIbB3 antibodies, followed by protein A-Sepharose for 2 hr at
4°, The protein A-Sepharose beads were pelleted, washed in RIPA
buffer, resuspended in sample buffer (50 mm Tris-HCI, pH 6.8, 2%
SDS, 0.002% bromphenol blue, 10% glycerol), and boiled for 5 min.
After centrifugation, immunoreactive proteins were resolved by re-
ducing 8% SDS-polyacrylamide gel electrophoresis (Novex, San Di-
ego, CA). The proteins were transferred to nitrocellulose, stained
with horseradish peroxidase-conjugated streptavidin (Amersham,
Arlington Heights, IL), and developed with the enhanced chemilu-
minescence system (NEN-DuPont, Boston, MA).

Ligand binding assays. Saturation binding studies were per-
formed using 1 X 10* cells/tube and increasing concentrations of
1251.1.-692,884 in the presence or absence of unlabeled 1.-692,884 (1
uM), in a total volume of 200 ul, as described below. Using the
LIGAND program, «IIbB3 cells were shown to express, on average,
4 X 10° receptors/cell (K4 = 12 X 10~° M), whereas alIbB3(A717) cells
express 7.5 X 10° receptors/cell (K; = 2 X 10~° M) (data not shown).

Ligand binding assays were performed using the recombinant
cells expressing the various constructs. Cells (2.5 X 10%/ml) were
incubated with 20 pm !251-1.-692,884 (2200 Ci/mmol) in binding
buffer (DPBS containing 1 mm CaCl, and 1%, w/v, BSA), in a total
volume of 200 pl. Competitor ligand (antagonist) or control buffer
was added as indicated. Binding reactions were incubated for 1 hr at
4°. Cells were collected using a Skatron cell harvester, with phos-
phate-buffered saline. The bound '?°I-ligand was determined with a
v counter (Packard, Downers Grove, IL). Each point represents the
average of triplicate determinations, and each experiment was re-
peated at least three times with similar results. The concentration of
the competitor ligand that inhibited binding by 50% (ICs,) was
determined by a four-parameter nonlinear analysis of bound radio-
activity versus the concentration of the ligand. The concentration of
the radiolabeled ligand (20 pm) used was much lower than its disso-
ciating binding constant (K3 = 12 nM). Thus, under these experimen-
tal conditions, the IC;, is equal to the dissociation binding constant.

Aggregation of recombinant cells. Agonist-independent aggre-
gation of cells was performed as previously described (18). Typically,
100 ul of cells (1 X 107/ml in DPBS containing 1 mm CaCl,) were
added to wells of a 24-well tissue culture plate in the presence or
absence of inhibitor (1 uM Ro 43-4054 or L-734,217), in a total
volume of 200 ul, and were allowed to remain at room temperature
for 30 min. Fibrinogen (1 uM; Sigma Chemical Co., St. Louis, MO)
was added, the contents of the wells were mixed by hand-swirling,
and the plates were then subjected to gyrorotation at 100 rpm for 30
min. Aggregation was stopped after 20 min by addition of 2% para-
formaldehyde (150 wl). The plate was allowed to remain at room
temperature for 15 min before analysis by light microscopy. Aggre-
gation was monitored as the formation of aggregates during the
rotary agitation. In some cases, cells were pretreated with 0.5 um
cytochalasin D (Sigma) or 0.1% dimethylsulfoxide for 30 min at 4°
before addition of fibrinogen. All experiments were performed in
triplicate.

Results

Surface expression of oIIbp3 and mutants in HEK
293 cells. Full-length «IIbB3 and its mutants were ex-
pressed in HEK 293 cells (Fig. 1). Parental HEK 293 cells do
not express allb or B3, as shown in Fig. 1A. To obtain high
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Fig. 1. Surface expression of recombinant allbB3 in HEK 293 cells. A,
The expression pattern of allb3 and o581 in the presence or absence
of 2 mm DTT was determined by flow cytometry. Cells (2 X 10%

levels of integrin expression, we first transfected allb cDNA
into HEK 293 cells and selected clones that expressed high
allb mRNA levels (data not shown). The full-length B3 sub-
unit and its mutants were then transfected into these cell
lines expressing allb. The B3 mutants included those with
deletion of the cytoplasmic domain [B3(A717)] or deletion of
the transmembrane and cytoplasmic domains [33(A693)] and
the two variants of Glanzmann’s mutants [B3(D119Y) and
B3(S752P)].

To determine whether the mutations in the B3 subunit
affected integrin surface expression of allbB3, transfectants
were analyzed by flow cytometry using an allbgB3-specific
mAb (CA3). Constructs encoding the wild-type subunit and
all B3 variants demonstrated comparable levels of surface
expression (Fig. 1A). Heterodimer formation and surface ex-
pression were also confirmed by surface labeling and immu-
noprecipitation (Fig. 1B); thus, the 8 subunit mutations do
not disrupt normal subunit association or cell surface expres-
sion. In addition, the exogenous expression of these con-
structs did not alter the level of the endogenous fibronectin
receptor o581 in HEK 293 cells (Fig. 1A).

The ability of these stably expressed alIbB3 receptors to
promote cell adhesion to fibrinogen or vitronectin was inves-
tigated using the attachment assay, as described in Experi-
mental Procedures. Parental HEK 293 cells attached readily
to fibronectin but poorly to vitronectin or fibrinogen (Fig. 2).
Expression of allbB3, allbB3(A717), or allbB3(A693) specif-
ically promoted cell attachment to both fibrinogen and vitro-
nectin; however, disruption of ligand binding [33(D119Y)] or
inside-out signaling [33(S752P)] abolished cell attachment to
fibrinogen but not that to fibronectin, which suggests that
the full-length oIIbB3 expressed in these cells is a functional
receptor.

Discrimination, by binding affinities, of the transi-
tional state of aIlbB3 in HEK 293 cells. The cyclic RGD
peptide L-692,884, cyclo-4-iodo-benzoyl-(Cys-Asn-Pro-Arg-
Gly-Asp-Cys)-OH, binds differentially to activated (K4 = 1.4
nM) and unactivated (K; = 75 nM) allbB3 in human platelets
(22).2 To evaluate the affinity state of the receptor, we used a
number of aIIbB3 antagonists (RGD mimics) (Table 1) to
displace the binding of radioiodinated 1.-692,884 from recom-
binant cells. These antagonists fall into two categories, i.e.,
ones that selectively bind to the activated allbB3 (MK-852,
L-734,217, 1.-692,884, and Ro 43-5054) and others that do
not discriminate between the activated and unactivated
allbB3 (echistatin and Ro 44-9883). Echistatin and

transfected with cDNAs coding for the a and B subunits noted were
stained with either anti-allbg3 (mAb CA3) or anti-a581 (mAb JBS5) and
then incubated with FITC-conjugated goat anti-mouse IgG. The cells
were then subjected to flow cytometry as described in Experimental
Procedures. Filled histograms, cells labeled with anti-allbB3; open his-
tograms, cells labeled with anti-a581. Note that all allb33 heterodimers
were expressed at similar levels. B, Cell extracts of the biotin-surface-
labeled HEK 293 cells were immunoprecipitated with polyclonal anti-
allbp3 antibody. The immunoprecipitated proteins were resolved by
8% SDS-polyacrylamide gel electrophoresis under reducing condi-
tions, transferred, and visualized as described in Experimental Proce-
dures. Deletion of the cytoplasmic domain of the 83 subunit leads to a
shift in the mobility of the B3 subunit bands on the gels. Compared with
the level of receptor expression determined by flow cytometry, the
decrease in the level of B3 subunit in the point mutants (D119Y and
S752P) may be the result of the decrease in the efficiency of biotiny-
lation, rather than the level of expression.
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with fibrinogen (A), vitronectin (B), or fibronectin (C), as described in Experimental Procedures. The numbers of adherent cells after a 2-hr
incubation at 37° are reported as the means of triplicate determinations.
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125].| -692,884, in HEK 293 cells expressing allbp3, by echistatin, L-692,884, MK-852, Ro 44-9883, Ro 43-5054, or L-734,217.

1-692,884 bind to both aIIbB3 and aVB3?'; all of the other
compounds listed in Table 1 are specific for aIIbg3.2

As shown in Fig. 3A, 12°1-1.-692,884 does not bind to non-
transfected HEK 293 cells but selectively binds to cells ex-
pressing olIbp3, allbB3(A717), or allbB3(A693). The binding
specificity of 12°1-1.-692,884 for these cells was further dem-
onstrated by displacement using an excess (1 um) of unla-
beled L-692,884 or echistatin (Fig. 3A). The radiolabeled
ligand did not bind to cells expressing the Glanzmann’s mu-
tant olIbp3(D119Y) or allbp3(S752P). This demonstrates
that these mutations effectively alter the binding of low-
molecular weight ligands to the receptor.

To further characterize the affinity state of allbB3, we
analyzed the L-692,884 displacement binding properties of
these various RGD mimics with cells expressing wild-type
allbB3. As shown in Fig. 3B, the RGD mimics inhibited
1251.1,-692,884 binding to HEK 293 cells expressing full-
length «aIIbB3. Furthermore, in detailed analysis, the antag-
onist 1.-734,217 displaced '2°I-L-692,884 binding to the re-
ceptor with an IC;, of 150 nm. This affinity is intermediate

between that for activated alIbB3 (4.5 nMm) and that for un-
activated alIbB3 (650 nM) in platelets. However, in the case
of aITbB3(A717) in HEK 293 cells, displacement of .-692,884
binding by L-734,217 was achieved with an IC;, of 5.1 nMm,
which is similar to the value for activated aIIbB3 in platelets.
In fact, all of the RGD mimics examined in this study dis-
placed the radiolabeled 1.-692,884 from HEK 293 cells ex-
pressing wild-type olIbB3 with an IC;, intermediate between
values for the activated and unactivated forms of oIIbg3
determined in platelets (Table 2). In contrast, the displace-
ment affinity for alIbB3(A717) in HEK 293 cells was similar
to that for the activated form of «IIbB3 in platelets. These
data suggest that the full-length allbB3 expressed in HEK
293 cells may be in a transitional activated state and deletion
of the cytoplasmic domain of the B subunit is sufficient to
convert it to a fully activated receptor.

PACI1 binding to «ITbB3 in HEK 293 cells. PAC1 is a
murine IgM«k antibody specific for the high affinity confor-
mation of allbB3 (21). PAC1 mimics the ligand binding char-
acteristics of the natural ligand fibrinogen (30) and fails to
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TABLE 2

Competitive binding of RGD mimics to HEK 293 cells expressing
allbB3 and allbB3(A717)

Inhibition of 2% L-692,884 binding to HEK 293 cells expressing allb83 or
allbB3(A717) was determined at various concentrations of the RGD mimics. Cells
(2.5 X 10% were incubated with 20 pm '2°| L-692,884 in the presence of increas-
ing concentrations of RGD mimics, as described in Experimental Procedures. The
concentrations of the compounds inhibiting binding of 21 L-692,884 by 50%
(IC50) were determined by a four-parameter nonlinear analysis and are repre-
sented as mean = standard error. Under the experimental conditions, ICgq is
equal to the dissociation binding constant (K,). The ratio of differentiation is
defined as the ratio of the IC5, (K,) values for allbB3 and allbp3(A717).

ICso
Compound Ratio of differentiation
allbp3(A717) allbs3

nm
Echistatin 3.3*+0.2 4.6 +0.3 1.4
RO 44-9883 0.26 + 0.02 2.3+ 0.2 8.9
L-692,884 04 +0.2 53*+04 13
MK-852 51*+04 118 = 16 23
RO 43-5054 0.5 = 0.02 10.3 = 21 21
L-734,217 51=*+03 150 = 20 30

bind to ligand binding-defective mutants of aIIbg3 (20). Con-
sequently, PAC1 binding to the receptor mimics the binding
of the physiological soluble ligand fibrinogen and serves as a
marker for the activated state of allbB3.

Binding of PAC1 to platelets was performed as described in
Experimental Procedures. As shown in Fig. 4A, PAC1 did not
bind to unactivated platelets but bound to activated platelets
upon stimulation with thrombin or pretreatment with 2 mm
DTT. In addition, PAC1 binding to platelets was specific and
blocked by inhibitors of platelet aggregation such as echista-
tin, L.-692,884, 1.-734,217, MK-852 (data not shown), or Ro
43-5054 (Fig. 4A).

To assess ligand binding affinity of transfected aIIbB3 in
HEK 293 cells, we examined PAC1 binding to aIIbB3 trans-
fectants (Fig. 4B). Cells transfected with the full-length
alIbB3 bound PAC1, albeit weakly. Enhancement of PAC1
binding was seen when the cells were pretreated with 2 mm
DTT (Fig. 4B) but not thrombin (data not shown). Pretreat-
ment of cells with 2 mm DTT did not alter the expression
levels of the integrins (aIIbB3 and «5B1), as shown in Fig. 1.
This binding of PAC1 to alIbB3 was abrogated in the pres-
ence of 2 mm EDTA (data not shown). Cells transfected with
B subunits with deletions [alIbB3(A717) and allbB3(A693)]
bound PAC1 with greater fluorescence intensities. Pretreat-
ment of these cells with 2 mm DTT did not further increase
PAC1 binding. The binding of PAC1 to the recombinant cells
was also inhibited by the presence of Ro 43-5054 (Fig. 4B). In
addition, 1.-692,884, 1.-734,217, and MK-852 were also able to
block PAC1 binding to cells (data not shown). Interestingly,
PAC1 did not bind to cells expressing either of the Glanz-
mann’s thrombasthenic B3 mutants [aIIbB3(D119Y) or
alIbB3(S752P)], which indicates that PAC1 is sensitive to an
activated conformation surrounding the ligand binding site.

In this study, the PAC1 binding and affinity state for the
various constructs are expressed numerically as the Al (29)
(Fig. 5). PAC1 bound to HEK 293 cells expressing the full-
length receptor with an Al (Al = 61.2 = 5.6) intermediate
between those of resting (AI = 8.3 = 1.1) and activated (Al =
96.3 * 4.5) platelets. However, upon deletion of the cytoplas-
mic domain of the 8 subunit, the Al of PAC1 binding to these
cells was similar to that in activated platelets (Fig. 5), which
suggests that, in HEK 293 cells, deletion of the cytoplasmic
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Fig. 4. PAC1 binding to activated platelets and HEK 293 cells express-
ing allbB3. A, PAC1 binding to platelets in the absence (filled histo-
grams) or presence (open histograms) of Ro 43-5054 (1 uM). Resting (7
and 2) or thrombin-activated (3 and 4) platelets were treated with 2 mm
DTT (2 and 4) or not treated (7 and 3) before incubation with PAC1.
PAC1 does not bind to resting platelets and binds specifically to acti-
vated platelets or DTT-treated resting platelets. B, Flow cytometric
histograms illustrating PAC1 binding to HEK 293 cells expressing wild-
type allbB3 and the mutants, in the presence (open histograms) or
absence (filled histograms) of the competitive inhibitor Ro 43-5054.

domain of the B subunit results in a fully activated aIIbB3
receptor. This finding agrees with the data from CHO cells,
where deletion of the entire cytoplasmic domain of the B
subunit was required for the activation of the allbB3 (5).
Aggregation of cells. Aggregation of platelets requires
the presence of ollbB3 in the activation state capable of
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Fig. 5. Al values of «allbB3. To obtain a numerical estimate of integrin
activation, an Al was calculated for each of the allbf3 mutants, as
described in Experimental Procedures. PAC1 binding was measured in
HEK 293 cells expressing wild-type «allbB3, «llbp3(A717), or
allbB3(A693). Depicted are the mean Al = standard error of three
independent experiments.

binding to fibrinogen or other adhesive macromolecules with
high affinity (14). In CHO cells, recombinant aIIbB3 exhibits
fibrinogen-dependent aggregation only after the addition of
activating antibodies. This fibrinogen-dependent aggrega-
tion has also been observed for recombinant cells transfected
with an oIIbB3 construct lacking the entire cytoplasmic do-
main of the a subunit (19). In the present study, HEK 293
cells expressing the full-length alIbB3 were capable of pro-
moting fibrinogen-dependent aggregation in the absence of
activating antibodies (Fig. 6A). This aIIbB3-mediated, fibrin-
ogen-dependent aggregation of HEK 293 cells was completely
blocked by 1.-734,217, an allbB3-specific inhibitor (Fig. 6B).
Furthermore, an intact ligand binding site was required for
this fibrinogen-dependent aggregation, because cells express-
ing the Glanzmann’s mutation «IIbg3(D119Y) failed to ag-
gregate (Fig. 6A). Aggregation of cells was completely inhib-
ited by the presence of cytochalasin D (0.5 um) (Fig. 6B),
which indicates that cytoskeletal reorganization is required
for aggregation. These results suggest that in HEK 293 cells
the full-length oITbB3 is capable of mediating agonist-inde-
pendent cell aggregation.

Discussion

Adhesion is controlled by the kinetics of integrin binding to
extracellular matrix. Cells can rapidly change integrin func-
tion by altering the binding affinity as well as the avidity of
integrins for ligands (3). This modulation of the binding
characteristics of integrins is cell type specific and depends
on the cytoplasmic domains of widely divergent struc-
tures (5).

In this study, we have examined the expression of recom-
binant allbB3 and its mutants in HEK 293 cells. Cells ex-
pressing allbB3, allbB3(A717), or allbB3(A693) preferen-
tially adhered to immobilized fibrinogen. In contrast,
parental HEK 293 cells and cells expressing the Glanz-
mann’s mutants, with mutations in either the ligand binding
site [allbB3(D119Y)] or the receptor signaling region
[aITbB3(S752P)], did not adhere to fibrinogen. As a control,
the adhesion to fibronectin, which is presumably mediated by
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the endogenous integrin o581, was similar in parental HEK
293 cells and all recombinant cell lines.

The activation state of the full-length aIIbB3 receptor in
HEK 293 cells was examined by the binding of an activation-
dependent antibody (PAC1), peptidic RGD mimics (echista-
tin, L-692,884, and MK-852), and nonpeptidic RGD mimics
(L-734,217, Ro 43-5054, and Ro 44-9883). These RGD mim-
ics include those that discriminate between resting and acti-
vated olIbB3, as well as those that do not. For example,
echistatin, an RGD-containing peptide initially isolated from
snake venom, shows no selectivity in binding to unactivated
or activated alIIbB3 (31). Similarly, Ro 44-9883 does not
discriminate in its binding to activated or unactivated
olIbB3. In contrast, 1.-692,884, MK-852, 1.-734,217, and Ro
43-5054 bind preferentially to activated «allbB3 (Table 1)
(22-25).2

The cyclic RGD mimic 1.-692,884 was shown to bind spe-
cifically to oIIbB3 expressed in HEK 293 cells. This binding
was sensitive to the presence of inhibitors of «allbp3. As
summarized in Table 2, the binding specificities of the com-
pounds for the full-length aIIbB3 in HEK 293 cells are inter-
mediate between those observed for unactivated and acti-
vated platelets. However, all of these compounds bind to cells
expressing the B-cytoplasmic deletion mutant oIIbB3(A717)
with affinities that resemble those in activated platelets.
These results indicate that the full-length alIbB3 expressed
in HEK 293 cells is indeed in a conformational state different
from those in resting and activated platelets. We suggest that
the receptor may exist in a transitional state.

To further explore the aforementioned hypothesis, the ac-
tivation state of the recombinant alIbB3 expressed in HEK
293 cells was evaluated using PAC1, an antibody specific for
activated «IIbB3. PAC1 bound to cells expressing allbB3,
allbB3(A717), and allbB3(A693). Binding of PAC1 to the
full-length aIlbB3 receptor, although weak, was sensitive to
DTT. Pretreatment of the cells with DTT before the addition
of the antibody PAC1 increased PAC1 binding to the full-
length receptor. In contrast, DTT treatment of cells express-
ing aIIbB3(A717) and allbpB3(A693) did not alter PAC1 bind-
ing. An Al was defined as a measure of the activation state of
the receptor. The full-length receptor, with an Al of 52, was
identified to be in an activation state intermediate between
that of resting platelets (Al = 8) and that of activated plate-
lets (AI = 93). The Als for the B3 subunit cytoplasmic and
transmembrane deletion mutants «IIbB3(A717) (AI = 88)
and oIIbB3(A693) (AI = 86) were indicative of fully activated
receptors. These results suggest that the full-length «ITbB3
expressed in HEK 293 cells is in a “transitional” activation
state, which is converted to a fully activated form by pre-
treatment with DTT. Recent studies® have shown that FITC-
labeled fibrinogen binds to HEK 293 cells expressing «IIbB3
and olIIbB3(A717) but does not bind to parental cells or the
cells expressing the Glanzmann’s mutants. The binding of
FITC-labeled fibrinogen to allbB3 was energy dependent and
could be abolished by the presence of sodium azide.!

The functional state of the full-length «IIbB3 receptor ex-
pressed in HEK 293 cells was assessed by its ability to
mediate cell aggregation in the presence of fibrinogen. This
aggregation required an intact ligand binding site on the
receptor; thus, the transitional activation state of allbB3 in
HEK 293 cells was sufficient to support aggregation.

Ginsberg et al. (5) examined «IIbp3 expression in CHO
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cells and found that in this cell system the receptor exists in
an unactivated state. Deletion of the membrane-proximal
region of either of the cytoplasmic domains of the integrin
subunit is sufficient to convert the receptor into an activated
form (5, 19). Recently, those authors showed that a charge-
reversal mutation in the membrane-proximal region can ac-
tivate the receptor, presumably through the disruption of a
potential salt bridge between the membrane-proximal por-
tions of the a and B subunit cytoplasmic domains (32). Our
results are consistent with those studies, in that deletion of
the cytoplasmic domain of the 8 subunit leads to the activa-
tion of the receptor. These cytoplasmic deletions render the
receptor competent to bind PAC1 and RGD mimics with
affinities that resemble those of activated aIIbB3 in platelets.
In contrast to alIbp3 expressed in CHO or K562 cells, alIbB3
expressed in HEK 293 cells appears to be in a transitional
activation state, as determined by the intermediate affinities
for RGD peptide and RGD mimics and the ability to bind to
PAC1 and mediate fibrinogen-dependent, cell-cell aggrega-
tion. We have not been able to isolate a form of allbB3 in
HEK 293 cells equivalent to that found in resting platelets.

It is conceivable that several conformations of alIbB3 can
exist in platelets. In fact, comparative binding studies of
soluble fibrinogen and fibronectin suggest that in platelets

- Fibrinogen

Fig. 6. Agonist-independent ag-
gregation of cells expressing
allbB3. A, Cells expressing allbB3
and parental HEK 293 cells were
subjected to aggregation in the
presence or absence of 1 mm fi-
brinogen. The cells were sub-
jected to gyrorotation for 30 min
at room temperature, and the ag-
gregation was stopped by the ad-
dition of (2%) paraformaldehyde.
B, Aggregation of recombinant
cells was also performed in the
absence (A) or presence (B) of 1
um L-734,217 or in the absence
(C) or presence (D) of cytochalasin
D (Cyt D), as described in Experi-
mental Procedures.

+ Fibrinogen

L-734,217

Cyt D

conformational changes in «IIbB3 are not “all or none.” In-
termediate states in the conformational range of the receptor
may further modulate the selectivity of soluble versus sur-
face-bound conformations of any one ligand (33). Nakatani et
al. (34) have established that, when platelets are stimulated
with different agonists (and RGD-containing peptides), they
bind to fibrinogen with different affinities. Thus, varied con-
formational states of activated aIIbB3 may exist in platelets.
Kunicki et al. (35) have suggested the existence of subpopu-
lations of allbB3 by direct binding of Fab fragments of the
antibodies AP7 and PAC1 to allbB3 purified from human
platelets, and it has been postulated that these subpopula-
tions of alIbB3 result in distinctive phenotypes of human
platelets (36). These observations support the notion that
recombinant oIIbB3 may exist in multiple conformational
states in HEK 293 cells, with the most predominant being
the “transitional” activation state, which we have identified
here.

Although the reason for recombinant aIIbB3 being in a
unique conformation in HEK 293 cells is unclear, previous
studies have demonstrated that other integrins have cell-
specific differences in ligand binding activity. For example,
a2B1 purified from platelets does not bind to laminin; how-
ever, that purified from endothelial cells binds readily to
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laminin, which suggests a role for cell-specific factors in the
modulation of integrin affinity (37). Cell-specific intracellular
factors that are unique to HEK 293 cells could also account
for this activation state of aIIbB3. Recently, a novel cytosolic
regulatory molecule, cytohesin-1, was shown to interact with
the cytoplasmic domain of B2 and to increase the strength of
aLLB2 interactions with its ligand, intercellular adhesion mol-
ecule-1 (9). Alternatively, proteins associated with the B3
integrin, such as integrin-associated protein (38), cell adhe-
sion regulator (39), and endonexin (8), do not appear to in-
fluence the affinity state of alIbB3 in CHO cells. The regu-
latory influence of these proteins in modulating «IIbg3
function in HEK 293 cells requires further investigation.

In conclusion, our results demonstrate that, with the use of
novel small peptidic and nonpeptidic RGD mimics, the acti-
vation state of alIbB3 can be precisely determined. We show
that, in HEK 293 cells, aIIbB3 exists in a transitional acti-
vation state that is functionally competent to mediate aggre-
gation of cells in the presence of fibrinogen. Cell-specific
conformations of allbB3 in vivo could indicate an alternative
ligand binding specificity for «IIbB3 in platelets or
megakaryocytes. Such subpopulations of transitionally ac-
tive alIbB3 may serve a physiological role in such events as
attachment to specific extracellular matrices or transporta-
tion of these proteins into the cell for storage. To understand
the conformation-specific integrin-matrix interactions that
may be found in different cells, the functional role of the
transitionally active alIbB3 receptor must be further ex-
plored.
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