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ABSTRACT Fibrinogen (Fbg) mediates platelet aggreg-
tion by its interaction with the platelet glycoprotein ilb-Mia
(integrin as 3). Peptides containing the amino acid sequence
RGD derived from the a chain (residues a95-97 and residues
aS72-574) and the sequence HILGGAKQAGDV derived
from the carboxyl terminus of the y chain of Fbg (residues
vy400-411) inhibit these interactions. To determine the role of
these sequences in intact Fbg, recombinant human Fbg (rFbg),
mutant rFbgs with an RGD -o RGE substitution at either
position a97 or a574, and a rFbg y'-conta variant that
has a carboxyl-terminal interruption In the HHLG-
GAKQAGDV sequence have been expressed in Ira e
BHK cells. Puried rFbg and the two RGE mutant Fbgs wevere
similar to plasma Fbg in platelet aggregtion ays. In con-
trast, the v' variant Fbg was markedly defective in platelet
aggregation. These data support the proposals that the car-
boxyl-terminal region of the y chain of Fbg Is essential for
optimal platelet aggregation and that the a-chain RGD se-
quences are neither necessary nor sufficient for platelet aggre-
gation.

Platelet aggregation is one ofthe initial hemostatic events that
stops bleeding resulting from a vascular injury. Aggregation
is mediated by the binding of the plasma protein fibrinogen
(Fbg) to a platelet cell surface receptor (1, 2), glycoprotein
Ilb-IIIa (GPIIb-IIIa). GPIIb-IIIa is a member of the integrin
family of receptors that mediate the cellular adhesion of a
number of different cell types to a wide Variety of ligands (3).
Common to many ofthese ligands is the recognition sequence
Arg-Gly-Asp (RGD) that mediates their binding to the inte-
grin (4). In addition, GPIIb-IIIa also recognizes the sequence
HHLGGAKQAGDV that is found at the carboxyl terminus
of the y chain of Fbg (5). GPIIb-IIIa is a "promiscuous"
receptor and will bind to a number of different RGD-
containing ligands, including Fbg (1, 2), fibronectin (6, 7),
vitronectin (8), and von Willebrand factor (9). The binding
domain for the RGD motif has been localized to GPIIIa on
residues 109-171 (10). A second site on GPIIIa including
residues 211-222 has also been shown to be important in Fbg
binding (11). The binding domain for the y chain dodecapep-
tide of Fbg, however, has been localized to residues 296-306
in GPIIb (12, 13). These multiple binding sites have compli-
cated the analysis of the critical domains of Fbg that are
involved in binding and aggregation.
Both RGD-containing peptides and the y dodecapeptide

will inhibit aggregation and Fbg binding to platelets, whereas
peptides containing the sequence RGE are inactive (3, 6, 14,
15). Yet the relative contribution to binding ofthe two a RGD
sites at positions a95-97 and a5,72-574 and the single y
dodecapeptide site at position y400-411 is still not clear. A
model has been proposed in which all three sites interact with
several GPIIb-IIIa molecules on adjacent platelets (16). How-
ever, some studies indicate that the RGD sequence at posi-

tion a572-574 plays only a minor role in platelet binding,
since Fbg plasmin fiagment X (which lacks this RGD se-
quence) can still bind to platelets and mediate aggregation
(17, 18). In contrast, other studies show that fragment X is
defective in platelet aggregation (19, 20), implying that a572-
574 does indeed play a role in aggregation. More recent
studies have gone further to suggest that neither RGD se-
quence is required for platelet binding to Fbg (21), since
monoclonal antibodies to either of the RGD sequences fail to
inhibit platelet adhesion completely. Platelet aggregation
experiments using purified a, f3, and y chains indicate that
both the a and ychains support platelet aggregation, although
a chains are only 20-25% as effective as y chains (22).
However, the contribution ofRGD sequences in the a chain
vs. the dodecapeptide sites in the y chains of the intact Fbg
molecule is still unclear.
About 10% of the normal Fbg circulating in blood contains

an altered 'y chain of unknown function, the y' variant
(23-25). The y' chain is a nonallelic variant of the y chain that
arises by alternative processing of the mRNA (26, 27). In this
variant, the carboxyl-terminal 4 amino acids have been
replaced by 20 amino acids that interrupt the dodecapeptide
sequence present in the y chain. A monoclonal antibody to
the ' carboxyl terminus does not inhibit platelet aggregation,
suggesting that the I' chain does not support aggregation (28).
Furthermore, a peptide corresponding to residues 408-416 in
the I chain is only slightly inhibitory toward platelet binding,
with an IC5o value of 780 aM. Plasmic fragment D of Fbg
containing the y chain also binds to platelets, whereas
fragment D containing the y' chain does not. In addition,
fragment D containing the y chain inhibits platelet aggrega-
tion, whereas fiagment D containing the v' chain does not
(29). Plasma-derived Fbg heterodimers containing one y
chain and one y' chain (a2y2y') show a 50%1 reduction in
platelet binding and aggregation activity (30). The interpre-
tation of these results regarding the role of the y chain
dodecapeptide in aggregation, however, is complicated by
the fact that one functional y chain still exists in the het-
erodimer.

In the present experiments, recombinant Fbg (rFbg), mu-
tant rFbgs with an RGD -) RGE substitution at either a97
(rFbg-D97E) or a574 (rFbg-D574E), and a recombinant vari-
ant containing I chains (a2#2Y'2 or rFbg-y') were purified
from transfected BHK cells. The rFbg-y' was markedly
deficient in its ability to mediate platelet aggregation, in
contrast to normal rFbg or Fbgs with mutations in the RGD
sites. These results directly demonstrate the importance of
the carboxyl terminus of the y chain in platelet aggregation
and suggest that the RGD sequences in the a chain are neither
necessary nor sufficient for aggregation.

Abbreviations: Fbg, fibrinogen; GPIIb-IIIa, platelet glycoprotein
IlIb-Ila; rFbg, recombinant Fbg; rFbg-y', recombinant Fbg contain-
ing v' chains; rFbg-D97E, recombinant Fbg containing the D97E
mutation in the a chain; rFbg-D574E, recombinant Fbg containing
the D574E mutation in the a chain.
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MATERIALS AND METHODS
Fbg Expression Vectors. pAG-1 encoding the a and y

chains, pAG-y' encoding the a and y' chains, and pBD-1
encoding the 1 chain and dihydrofolate reductase selectable
marker have been described (31). pAG-D97E encodes a
normal y chain and a modified a chain in which D97 is
mutated to E97. It was constructed after mutagenesis of
nucleotide 388 [numbered according to Rixon et al. (32)] from
T to G in pAM-2 (31) by using a single-strand mutagenesis
method (Amersham), employing the oligonucleotide 5'-GAG
AGG CGA GTT TTC CTC AGC C-3'. The mutated cDNA
was subcloned into the BamHI site of pMG-1 (31) to create
pAG-D97E. Similarly, pAG-D574E encodes a normal y chain
and a modified a chain in which D574 is mutated to E574. It
was constructed after mutagenesis of nucleotide 1819 from C
to G by using the oligonucleotide 5'-CAA CAG AGG AGA
GTC CAC ATT TGA AAG C-3' and subcloned into the
BamHI site of pMG-1 to create pAG-D574E. The sequences
of the modified cDNAs were confirmed using a dideoxynu-
cleotide chain-termination system (United States Biochemi-
cal).

Cell Culture. Growth conditions for transfected BHK cell
lines BHK-Fbg and BHK-Fbgy', which secrete rFbg and
rFbg-y', respectively, have been described (31). Cell line
BHK-D97E expresses rFbg-D97E, and cell line BHK-D574E
expresses rFbg-D574E. These cell lines were constructed by
cotransfection of 12.5 ,ug ofpBD-1 with 12.5 ,ug ofpAG-D97E
or pAG-D574E, respectively, into aBHK cell line expressing
a2-antiplasmin, by using the calcium phosphate method.
Transfected cells were selected in medium containing 20 ,uM
methotrexate (Sigma) and G418 (1 mg/ml; GIBCO) as de-
scribed (31).

Purification of rFbgs and Plasma Fbg. rFbgs were purified
from the serum-free conditioned medium of the transfected
BHK cells (D.H.F. and E.W.D., unpublished data). Partially
purified human plasma Fbg (Calbiochem) was further puri-
fied on a GPRPC-agarose column as described for the rFbgs
above. Purified samples of the Fbgs were electrophoresed on
10o polyacrylamide gels by the method of Laemmli (33) and
stained with 0.05% Coomassie brilliant blue R.

Isolation of Platelets. Blood (30-40 ml) from healthy vol-
unteers who had not taken any medications for 10 days was
drawn into polypropylene syringes containing one-ninth vol-
ume of citrate buffer [2.5% (wt/vol) sodium citrate/1.5%
(wt/vol) citric acid/2% (wt/vol) dextrose, pH 6.5]. Platelet-
rich plasma was obtained by centrifugation at 1000 x g for 4
min at room temperature. Apyrase (grade VIII; Sigma) was
added to a final concentration of 0.1 unit/ml. The platelet-
rich plasma was applied to a 50%o (wt/vol) bovine serum
albumin (Miles) cushion and centrifuged at 1000 x g for 12
min at room temperature as described (34). The plasma was
removed and the platelet fraction at the top of the bovine
serum albumin cushion was collected. The platelets were
applied to a Sepharose 2B column equilibrated in gel-
filtration buffer [137 mM NaCl/10 mM Hepes, pH 7.5/5.5

rFbg-D97E

mM glucose/4.3 mM NaH2PO4/2.7 mM KCl/1 mM MgCl2/
bovine serum albumin (1 mg/ml)]. The platelets were eluted
with the same buffer and the peak tubes containing 2 x 108
platelets per ml were used for aggregation studies.

Platelet Aggregation Assay. Platelet aggregation was mon-
itored with a four-channel aggregometer (Monitor IV Plus;
Helena Laboratories). The reaction mixture consisted of 100
,ul of gel-filtered platelet suspension, 1 ,ul of 250 mM CaC12,
and 125 ,ul of gel-filtration buffer containing 10 ,ug of rFbg or
plasma-derived Fbg. The reaction mixture was incubated for
1 min at 37°C in the aggregation cuvette with stirring at 1000
rpm. ADP was added in 25 ,ul to give a final concentration of
10 p.M. The aggregation curves were recorded for 5 min.

RESULTS
Expression of Site-Specific Fbg Mutants. rFbgs were ex-

pressed that contained mutations in the putative binding
domains for the platelet receptor GPIIb-IIIa (16). These sites
were the RGD sites on the a chain at positions 95 and 572 that
were changed to RGE, and the carboxyl-terminal dodecapep-
tide on the y chain that was interrupted by the substitution of
the y' chain (Fig. 1). The rFbgs were purified from serum-free
conditioned medium from transfected BHK cells. The puri-
fied Fbgs showed the proper complement of a, ,B and 'y (or
vy') chains on reduced polyacrylamide gel electrophoresis
(Fig. 2). Only a small degree of proteolysis of the carboxyl
end of the a chain was evident in these preparations, and the
extent ofproteolysis was similar for each preparation. A band
slightly above the a chain is also visible in the rFbg prepa-
rations and may contain the 15 amino acid carboxyl-terminal
extension encoded by the cDNA sequence (32, 35). This
extension is absent in plasma Fbg (36, 37). However, the
extension did not affect the platelet aggregation activity,
since the activity of the wild-type rFbg was essentially
identical to that of plasma Fbg, as shown below.

Effect ofrFbg-'y' on Platelet Aggregation. The purified Fbgs
were used in platelet aggregation assays to assess the con-
tribution of the three putative platelet binding sites to aggre-
gation. In aggregation assays, rFbg-'y' was much less effec-
tive than either rFbg or plasma Fbg in mediating platelet
aggregation (Fig. 3A). To ensure that the assay measured
only Fbg-dependent platelet aggregation, a control reaction
without Fbg was performed. In the absence ofFbg, very little
aggregation was detected, indicating that aggregation was not
due to contaminating plasma Fbg or Fbg released from the a
granules (Fig. 3A). rFbg and plasma Fbg showed virtually
identical initial rates ofaggregation and extent of aggregation.
In contrast, rFbg-y' was only slightly more active than the
negative control without Fbg. These findings were verified
using platelets from three donors. In all cases, rFbg-y' was
markedly deficient in its ability to mediate platelet aggrega-
tion, whereas rFbg was comparable to plasma Fbg. These
results suggest that specific sequences at the Y-chain car-
boxyl terminus of Fbg are required for optimal platelet
aggregation. However, it should be noted that rFbg-y' was

rFbg-D97E rFbB D674

a
13

rFbg-y' rFbg-y'

FIG. 1. Location of the mutations in Fbg. The RGE mutations in the a-chain RGD sites at positions 95-97 and 572-574 are indicated by
rFbg-D97E and rFbg-D574E, respectively. The replacement of the y chain with the 'y' variant chain is indicated by rFbg-y'.
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FIG. 2. Purified Fbgs. Purified human plasma Fbg, rFbg, rFbg--y',
rFbg-D97E, and rFbg-D574E were subjected to polyacrylamide gel
electrophoresis under reducing conditions and stained with
Coomassie brilliant blue R. Lanes: 1, plasma Fbg; 2, rFbg; 3,
rFbg-D97E; 4, rFbg-D574E; 5, rFbg-y'.

capable of mediating some platelet aggregation, albeit to a
lesser extent than Fbg or rFbg. This residual activity may
arise from the remaining 8 amino acids in the y chain
dodecapeptide sequence common to both the yand y' chains.
Alternatively, this activity may be due to another site(s), such
as the RGD sites in the a chain or some other site in Fbg.

Effect of RGE Mutants on Platelet Aggregation. To assess
the contribution of the a chain RGD sites to platelet aggre-
gation, rFbgs with point mutations of D97E or D574E were
compared to rFbg and rFbg-y' in aggregation assays (Fig.
3B). There was no appreciable difference between either of
the RGD mutants and rFbg. Both the initial rate and the
extent of aggregation supported by rFbg-D97E or rFbg-
D574E were indistinguishable from those of rFbg. In con-
trast, rFbg-y', as shown previously, was markedly deficient
in its ability to support platelet aggregation, despite the
presence of both RGD sites in its a chain. These results
indicate that the RGD sites in Fbg are not essential for platelet
aggregation and will not substitute for the absence of the y

chain site in rFbg-y'.

DISCUSSION

The interaction of RGD-containing ligands with GPIIb-IIIa
has been documented extensively. Such ligands as Fbg (4, 5),
fibronectin (6, 7), vitronectin (8), and von Willebrand factor
(9) contain RGD sequences and all bind to GPIIb-IIIa. The
paradigm for RGD-mediated binding of ligands to integrins
has been the interaction of fibronectin with the cell surface
receptor integrin a513 (for reviews, see refs. 38 and 39). In
fibronectin, the RGD site is exposed in a 3-turn ofthe protein,
which allows it access to its receptor (40). However, in Fbg,
the RGD site at position 95 of the a chain is part of a triple
helical region called the "coiled coils" domain (41). It is not
clear whether this conformation allows access to GPIIb-IIIa.

FIG. 3. Platelet aggregation. Platelets were incubated at 370C
with the indicated types of Fbg while stirring at 1000 rpm in a
four-channel aggregometer. Aggregation was induced by adding
ADP at 10 AuM to the reaction mixture, and the extent of aggregation
was measured as the increase in light transmission through the
cuvette. (A) No Fbg, plasma Fbg, rFbg, and rFbg-y'. (B) rFbg,
rFbg-D97E, rFbg-D574E, and rFbg-y'.

In contrast, the secondRGD site in the a chain at position 572
is believed to be exposed in a random coil region of Fbg (41,
42); however, this site is not conserved among other species,
making its functional significance the subject of controversy.
Therefore, the present experiments were undertaken to as-
sess the role of each of the RGD sites and the y-chain
carboxyl terminus in platelet aggregation.

Platelet aggregation assays using rFbgs with RGE muta-
tions in the RGD sites showed little difference in activity
compared to rFbg. In contrast, the rFbg-y' was markedly
defective in mediating platelet aggregation. Thus these data
suggest that the RGD sites on the a chain do not play a major
role in platelet aggregation, whereas the y-chain carboxyl
terminus is essential for aggregation. These results should be
compared to those obtained with fibronectin binding to its
receptor on BHK cells and von Willebrand factor binding to
GPIIb-IIIa on platelets. For fibronectin, an RGD -+ RGE

mutation in a recombinant fibronectin fragment reduced its
binding activity by ;97% (43). For von Willebrand factor, an
RGD -+ RGE mutation selectively abolished its binding to

GPIIb-IIIa without affecting its binding to an nonintegrin
platelet receptor, glycoprotein Ib/IX (44). These examples
suggest that the RGD -+ RGE mutations in Fbg should have

adversely affected platelet aggregation, if indeed these sites
were important for aggregation.
The present results suggest that platelet aggregation re-

quires only the bivalent bridging of Fbg between adjacent
platelets via the y-chain carboxyl termini. This model is in
accord with recent electron micrographic evidence that
shows GPIIb-IIIa binding to Fbg at the distal ends where the
v-chain dodecapeptide is located (45). Binding of GPIIb-IIIa
to other sites on Fbg that could correspond to the RGD sites
is seen in <15% of the images. This model contrasts with a
previous model based on peptide inhibition studies, which
suggested that Fbg bridging between platelets was mediated
by both RGD sites and the y carboxyl terminus (16).

rFbg rFbg-y'
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The question then remains: Why do RGD-containing pep-
tides inhibit Fbg-dependent platelet aggregation? The expla-
nation may lie in the fact that GPIIb-IIIa is a "promiscuous"
receptor and has binding sites for other RGD-containing
ligands such as fibronectin, vitronectin, and von Willebrand
factor. The fact that RGD peptides bind to GPIIb-IIIa and
block Fbg binding does not necessarily imply that Fbg itself
binds via its own RGD sites. The RGD peptides can compete
for the binding of the -/chain dodecapeptide to GPIIb-IIIa
(46). Therefore, in intact Fbg, the RGD peptides may simply
be blocking the -t-chain binding. This would explain their
inhibitory activity toward platelet aggregation.
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