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Abstract. Antiplatelet agents are clinically useful as antithrombotic entities. The impor- 
tance of antiplatelet agents led us to design, synthesize, and characterize a new 
antiplatelet peptide. This peptide is a presumptive mimic of a ligand binding site on the 
platelet fibrinogen receptor. Unlike peptides related to Arg-Gly-Asp-Ser and His-His- 
Leu-Gly-Gly-Ala-Lys-Gln-Ala-Gly-Asp-Val that bind to the fibrinogen receptor, this pep- 
tide binds to fibrinogen. The anticomplementarity hypothesis was used to design this 
presumptive peptide mimic of the vitronectin binding site on the fibrinogen receptor, 
glycoprotein Ilb/llla complexes. The resulting peptide (Glu-His-lle-Pro-Ala) has the 
characteristics of a fibrinogen binding site mimic: It binds fibrinogen and inhibits both 
the adhesion of platelets to fibrinogen and platelet aggregation. The peptide also inhibits 
the adhesion of platelets to vitronectin. The antiplatelet activity of this mimic peptide 
was dependent on its amino acid sequence, since closely related analogues were either 
inactive or less active inhibitors of platelet function than the original peptide. These 
results demonstrate that the peptide Glu-His-lle-Pro-Ala has the characteristics expected 
of a mimic of a glycoprotein Ilb/llla ligand binding site. [P.S.E.B.M. 1991, Vol 1981 

ntiplatelet agents are clinically important be- 
cause they increase the success rate of other A antithrombotic treatments such as angioplasty 

(1, 2 ) .  Therefore, peptides that inhibit the binding of 
fibrinogen (Fg) and other ligands to the platelet Fg 
receptor, the glycoprotein IIb/IIIa complex (GP IIb/ 
IIIa), may have the potential of being clinically useful 
antiplatelet agents. In this regard, we recently presented 
data which demonstrate that the amino acid sequence 
Gly-Ala-Pro-Leu (GAPL, residues 309-3 12 of glyco- 
protein IIb) appears to be a Fg binding domain of the 
Fg receptor (3). The anticomplementarity hypothesis 
(4) was used to identify the GAPL sequence as a pre- 
sumptive Fg binding domain (3). Here, these studies 
are extended to the ligand binding domain predicted 

I To whom correspondence and requests for repnnts should be addressed at 
Department of Biology, Memphis State Universit), Memphis, TN 38 152 

ReceivedMarch 15, 1991. [P.S.E.B.M. 1991. Vol 1981 
Accepted May 29, 199 1. 

~ ~~~ 

0037-9727/9 1/198 1-0649$3.00/0 
Copyright C 199 1 by the Society for Experimental Biology and Medicine 

by the Arg-Gly-Asp-Val (RGDV) sequence of vitronec- 
tin (Vn). 

According to the anticomplementarity hypothesis, 
if the nucleotide sequence of the messenger RNA for 
the receptor binding domain of a ligand is known, this 
information can be used to predict the amino acid 
sequence of the ligand binding domain of the receptor, 
and vice versa (4). Although the theoretical basis for 
the anticomplementarity hypothesis is not understood, 
the hypothesis has been applied successfully to identi- 
fying the amino acid sequences of the cystatin C binding 
site on the fourth component of complement ( 5 )  and a 
fibrinogen binding domain of GP IIb (3). Because of 
these successes and the potential importance of anti- 
platelet peptides, the hypothesis was used in this study 
to predict a putative binding site for the RGDV se- 
quence of Vn on GP IIb/IIIa (6 ) ,  the assumption being 
that a peptide mimic of the presumptive Vn receptor 
ligand binding site might be an antiplatelet agent. 

The rationale for this assumption is based on the 
fact that at least four ligands, Fg, fibronectin, Vn, and 
von Willebrand factor, bind to the Fg receptors on 
platelets (7). Synthetic peptides corresponding to the 
RGDX sequences of these ligands can inhibit platelet 
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aggregation by blocking the binding of Fg to its recep- 
tors (7). For example. a peptide corresponding to a 
presumed cell binding site of Vn (residues 45-48, 
RGDV) inhibits Fg binding to platelets (8). The sim- 
plest interpretation of the ability of RGDV to inhibit 
Fg binding to platelets is that it binds to the same site 
on GP IIb/IIIa as the a-chain of Fg. With this view in 
mind, the nucleotide sequence of the mRNA for the 
RGDVF (Phe) sequence of Vn was used as the basis for 
designing an antiplatelet peptide. According to the hy- 
pothesis. the resulting peptide should correspond func- 
tionally to a Vn binding site on GP IIb/IIIa. 

Materials and Methods 
Design of the Fibrinogen-Binding Peptide. The 

anticomplementarity hypothesis (4) was used to design 
a peptide that hypothetically corresponds to a Vn bind- 
ing site on its receptor. Presumably, residues 45-48 
(amino acid sequence RGDV) of Vn constitute at least 
part of the Vn binding site for G P  IIb/IIIa and the Vn 
receptor (6). The nucleotide sequence for RGDVF in 
the mRNA for Vn is shown in Figure 1.  The comple- 
ment of this nucleotide sequence is labeled cRNA in 
Figure 1. Translation of this cRNA in the 5'-3' direc- 
tion generates a peptide with the amino acid sequence 
Glu-His-Ile-Pro-Ala (EHIPA). The anticomplementar- 
ity hypothesis predicts that this peptide corresponds 
functionally to a Vn binding domain of a Vn receptor. 

Peptide Preparation. Peptides were synthesized in 
our laboratory using a PSS-80 automated peptide syn- 
thesizer (Applied Protein Technologies, Cambridge, 
MA), cleaved from the Merrifield resins with trifluoro- 
methane sulfonic acid, and purified, with amino acid 
compositions and sequences confirmed, as described 
previously (3, 9, 10). Prior to use, 10 maM stock solu- 
tions of individual peptides were made in 0.0 1 M acetic 
acid and stored at -20°C. 

Materials. Human a-thrombin was generously do- 
nated by Dr. J. W. Fenton 11. New York State Depart- 
ment of Health, Albany, NY. Purified human Peak I 
fibrinogen was a kind gift from Dr. D. L. Amrani, 
Department of Medicine, University of Wisconsin, Mil- 
waukee, WI. The Vn was a generous gift of Dr. Deane 
Mosher and Steve Bittorf, Department of Medicine. 
University of Wisconsin. Madison, WI. ADP. L-epi- 
nephrine, and (bovine serum albumin BSA) were from 
the Sigma Chemical Co. (St. Louis, MO). [I4C]-5-hy- 
droxytryptamine binoxalate ( 1.7 GBq/mmol) was from 
Dupont NEN (Wilmington. DE). Sodium chromate 
(5'Cr, 250-500 mCi/mg Cr) was from the Amersham 
Corp. (Arlington Heights, IL). t-Butyloxycarbonyl 
amino acids and Merrifield resins for synthetic solid 
phase peptide synthesis were from Bachem Inc. (Torr- 
ance, CA) and Peninsula Labs (Belmont, CA). All other 
reagents were of analytical or reagent grade. 

Antibodies. Rabbit anti-Fg sera were prepared as 

described (3). Sera were reconstituted in phosphate- 
buffered saline (8.77 g of NaC1. 1.15 g of Na2HP04, 
and 0.2 g of KH2P04/liter, pH 7.4) after (NH&S04 
precipitation (40%). Anti-Fg IgG fractions were made 
monospecific by affinity chromatography (3). Both im- 
mune and preimmune antibodies against purified hu- 
man Fg were titered as described (3). 

Platelet Isolation. Whole blood obtained from as- 
pirin-free human donors was drawn into acid citrate 
dextrose (39 m M  citric acid, 75 m,M sodium citrate, 
and 135 mM glucose, pH 4.5). Washed platelets were 
prepared and tested in aggregation studies as described 
(3. 11) .  Platelet-rich plasma (PRP) was obtained from 
blood collected in White's anticoagulant (0.249 g of 
sodium citrate and 0.245 g/liter of glucose, pH 6.4) 
( 12). For aggregation studies, 0.3 ml of PRP was mixed 
with 0.15 ml of phosphate-buffered saline or Tyrode's 
solution and the indicated amounts of peptides were 
added prior to initiation of aggregation by ADP. For 
the ristocetin studies. 0.3 ml of PRP was mixed with 
0.15 ml of phosphate-buffered saline or Tyrode's solu- 
tion and the required amounts of ristocetin and pep- 
tides. Release of serotonin was estimated as described 
( 13). Aggregation-driven release was determined by the 
method of Coller er a1 (14). 

Platelet Adhesion. The platelet adhesion assays 
were performed as described (3). Labeled platelets were 
stimulated, first with epinephrine (5 p.M)  for 5 min and 
then with ADP (30 p M )  for 5 min, prior to use (3). 
Assays of platelet adhesion to Vn were performed as 
described with the following modifications. For these 
assays, the divalent cation Mn" (10 pLM) was substi- 
tuted for Mg2+ and Ca2'. as suggested by Dr. T. J. 
Kunicki (personal communication). Also, adhesion was 
allowed to proceed for 90 min, not 30 min as with Fg, 
prior to termination of the assay. Two types of controls 
were used as indicators of nonspecific binding in these 
assays. Activated platelets were allowed to adhere to 
wells coated with BSA. As the second indicator of 
nonspecific binding, aliquots of platelets were incubated 
at 37°C at pH 7.8 in the presence of 5 mM EDTA for 
15 min to irreversibly inactivate G P  IIb/IIIa complexes, 
thereby minimizing adhesion to Fg mediated by its 
receptor ( 15). The value for this binding was subtracted 
from the total binding to give specific binding. Typi- 
cally, 5-8% of the platelets present in the initial suspen- 
sion adhered to the protein-coated wells. 

Binding of Fibrinogen to the Peptide. Fibrinogen 
binding to EHIPA was characterized with a modified 
enzyme-linked immunoabsorbent assay (ELISA), as de- 
scribed ( 3, 16). Peptides were incubated in 96-well, 
flatbottomed, Pro-Bind ELISA microtiter plates (Fal- 
con). After drying, washing, and blocking the wells with 
BSA, as described (3) each well was incubated with 10 
pg/0.2 ml Peak 1 Fg for 2 hr at 37°C. After washing as 
described (3), 0.2 ml of a 1/200 dilution of monospe- 
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VN: ARG-GLY-ASP-VAL-PHE (RGDVF) 

DNA: GCG-CCC-CTA-CAC-AAG (TEMPLATE STRAND) 
(3'-5') 

mRNA: CGC-GGG-GAU-GUG-UUC 
(5'-3') 

cRNA: GCG-CCC-CUA-CAC-AAQ 
(3-5') 

PEPTIDE: GLU-HIS-ILE-PRO-ALA (EHIPA) 

Figure 1. Design of the fibrinogen binding peptide. The method for 
translating the amino acid sequence of the receptor-binding domain 
of Vn (RGDVF) into a putative ligand binding site for the RGDVF 
sequence of Vn on GP llb/llla. See Materials and Methods for details. 

cific polyclonal anti-Peak 1 Fg IgG was added to each 
well and incubated for 1 hr at ambient temperature. 
After the described washing (3), goat anti-rabbit IgG 
horseradish peroxidase conjugate was used to measure 
Fg binding to the peptide. Specific binding was calcu- 
lated as the difference between the total binding and 
the amount of binding of Fg to wells that were coated 
with BSA rather than EHIPA. All values are reported 
as specific binding unless otherwise noted. Further spec- 
ificity of binding of EHIPA to Fg was determined by 
assaying the extent of BSA binding to the immobilized 
peptide using an ELISA. For these assays, casein, not 
BSA, was used to block the wells. An affinity purified 
anti-BSA rabbit IgG was used for these assays. All 
determinations were performed in triplicate. Statistical 
analyses were performed with the aid of the Statview 
5 12+ program and a Macintosh SE. 

Results 
A peptide with the sequence EHIPA was derived 

from the mRNA sequence for RGDV of Vn (see Ma- 

terials and Methods and Fig. 1 for details). According 
to the anticomplementarity hypothesis, this peptide 
corresponds to a Vn binding domain of GP IIb/IIIa. 
Assuming that this peptide also corresponds to a Fg 
binding domain of GP IIb/IIIa, it might be able to bind 
Fg. Furthermore, if the peptide can bind Fg with a 
sufficient affinity, it might be able to inhibit Fg-depend- 
ent platelet function under appropriate conditions. 
These hypothetical functions of EHIPA were tested 
using three systems: platelet adhesion to Vn and Fg, 
platelet aggregation, and an ELISA evaluation of Fg 
binding. 

The data presented in Figure 2 demonstrate that 
EHIPA specifically inhibits the adhesion of activated 
platelets to Vn. Notice that 1.2 m/W EHIPA inhibited 
54% of the specific adhesion of platelets to Vn. In 
contrast, the control peptides EHPIA, KHPIA, and 
EHGPA were without effect at this concentration. 
Thus, the ability of EHIPA to inhibit the adhesion of 
platelets to Vn is dependent upon the amino acid 
sequence of the peptide. 

The hypothetical ability of the peptide EHIPA to 
bind Fg was also evaluated using the platelet adhesion 
assay. Consistent with this hypothesis, EHIPA at 1 mM 
inhibited 58% of the adhesion of the activated platelets 
to Fg (Fig. 3).  This ability of EHIPA to inhibit the 
adhesion of platelets to Fg was concentration dependent 
(data not shown). In contrast, EHPIA, KHPIA, and 
APLSV. each at the same concentration as EHIPA, had 
little, if any. effect on adhesion. These results demon- 
strate that the ability of EHIPA to inhibit the adhesion 
of platelets to Fg is dependent upon the amino acid 
sequence of the peptide. 

Since EHIPA can block the adhesion of platelets 
to Fg. the peptide was tested for the ability to inhibit 
platelet aggregation using both platelets in PRP stimu- 

VN BSA EHIPA EHPIA KHPIA EHGPA 

Figure 2. Inhibition of platelet adhesion to vitronectin by EHIPA. The adhesion of 5'Cr-labeled platelets to immulon-1 microtiter plates coated 
with Vn (0.2 ml of a 5 wg/ml solution) was determined as described in Materials and Methods. Platelets (1 X 10') were sequentially activated 
with epinephrine and ADP and assayed in the absence and presence of different peptides (1.2 mM). The number of platelets specifically bound 
per well is indicated on the ordinate. The bar labeled "VN" represents the extent of adhesion to the substrate in the absence of peptide. The 
bar labeled "BSA" represents the extent of adhesion to a BSA substrate. Error bars indicate SE of the data. 
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Figure 3. Inhibition of platelet adhesion to Fg by synthetic peptides. The adhesion of 5'Cr-labeled platelets in the presence of four different 
peptides (1 mM) was determined as described in Materials and Methods. The number of platelets specifically bound per well is indicated on 
the ordinate. The bar labeled "Fa" reoresents the extent of adhesion to the substrate in the absence of peptide. The bar labeled "BSA" 
represents the extent of adhesionto a'BSA substrate. Error bars indicate SE of the data 
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Figure 4. Effect of EHIPA on ADP-treated PRP. Platelets were 
activated with ADP (2.4 pm) in the presence or absence of peptide. 
Traces a through d correspond to platelet aggregation in the presence 
of: no addition, KHPIA (500 pm) ,  EHPIA (630 pm), and EHIPA (400 
pm), respectively. 

lated with ADP and washed platelets stimulated with 
thrombin. The data in Figure 4 demonstrate that the 
ability of EHIPA to inhibit the aggregation of platelets 
in PRP was dependent upon the amino acid sequence 
of the peptide. These results reveal a similar dependence 
on amino acid sequence (EHIPA > EHPIA > KHPIA) 
as that required to inhibit the adhesion of platelets to 
Fg. The aggregation of washed platelets stimulated with 
thrombin was inhibited as a function of the concentra- 
tion of the peptide present in the assay (Fig. 5 ) .  About 
50% of the aggregation in response to 0.05 units/ml of 
thrombin was inhibited by 250 pLIM EHIPA. 

Inhibition of platelet aggregation by EHIPA ap- 
pears to result from a direct prevention of Fg binding 
to the platelets. This conclusion is supported by the 
data presented in Figure 6, which demonstrate that Fg 

i 2 3  
TIME (min.) 

Figure 5. Inhibition of platelet aggregation by the peptide EHIPA. 
Washed platelets (2 x lO*/ml) were stimulated with low-dose a- 
thrombin (0.054 units) in the presence and absence of increasing 
concentrations of peptide. Traces a through f correspond to: no 
addition, equal volume 0.01 N HoAc, EHIPA (100 pm), EHIPA (250 
pm), EHIPA (400 pm), and EHIPA (500 pm), respectively). 

binds to EHIPA in an ELISA. The binding of Fg 
approached saturation in wells coated with a solution 
containing 10 pg/ml of EHIPA (Fig. 6). Using this 
concentration of peptide to coat the well, Fg binding to 
EHIPA approached saturation when used at approxi- 
mately 5 pg/ml in the fluid phase (data not shown). It 
is evident from the characterization of the ELISA that 
EHIPA and Fg bind to each other. The controls dem- 
onstrate that the binding of Fg to EHIPA is specific in 
the sense that BSA did not bind to EHIPA. Also, the 
first and second antibodies did not bind to EHIPA. 
These data demonstrate that the ability of EHIPA to 
inhibit the adhesion of platelets to Fg and platelet 
aggregation probably results from the ability of EHIPA 
to bind Fg. 
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Figure 6. Binding of Fg by EHIPA. Microtiter wells were coated with the complementary peptide, EHIPA, in the indicated amounts. The bound 
Fg was determined by a modified ELISA, as described in Materials and Methods. The data points are average values of specifically bound Fg. 
Error bars indicate SE of the data. 

Table 1. Effect of EHIPA and EDTA on 
[14C]-5-hydroxytryptamine Release from Platelets 

Treated with Low-Dose a-Thrombina 

Release Percentage of 
(CPm) aggregation 

Additions EDTA 
- -  - 

Tyrode's - 675 60 
Tyrode's + 376 18 
APLSV - 632 56 
EHIPA - 246 18 
APLSV + 348 11 
EHIPA + 289 8 

a Washed platelets (2.0 x 1 O*/ml) in Ca2+-free Tyrode's soh- 
tion were stimulated at 37OC and secretion was measured as 
described in Materials and Methods. The average level of 
release and aggregation in response to 0.05 units of thrombin 
is indicated as Tyrode's solution without EDTA (e.g., Line 1) 
in the table. In some experiments, EDTA (5 mM final concen- 
tration) was included to assess whether inhibition of release 
by EHIPA occurs as a consequence of inhibition of aggrega- 
tion-driven release at low levels of agonist. All peptides were 
tested at a final concentration of 400 km. Results are the 
means of four experiments. 

Discussion 
The results described here demonstrate that the 

peptide EHIPA can bind Fg. This was demonstrated 
directly using ELISA and indirectly in platelet adhesion 
and aggregation studies. The ELISA using wells coated 
with the peptide EHIPA revealed the ability of this 
peptide to bind Fg. The binding of Fg to the wells was 
not dependent upon divalent cations (data not shown), 
but was dependent upon the concentration of the pep- 
tide present in the solution used to coat the wells, time, 
and temperature of incubation (data not shown). The 
ability to bind Fg is a characteristic expected of a 
presumptive peptide mimic of the Fg binding site of 
the Fg receptor. 

The physiological relevance of the ability of EHIPA 

to bind Fg was tested by using the peptide in assays of 
platelet function. With this objective in mind, the pep- 
tide was tested as an inhibitor of the adhesion of plate- 
lets to Fg. Platelets were stimulated sequentially with 
epinephrine and ADP to activate them while minimiz- 
ing fibrin formation. Under these conditions, EHIPA 
( I  mM) inhibited adhesion of the platelets to Fg by 
58%. In contrast, the control peptides EHPIA, KHPIA, 
and APLSV were without effect at the same concentra- 
tion (Fig. 5) .  Presumably, EHIPA inhibited the adhe- 
sion of platelets to Fg and Vn by blocking the binding 
of the ligands to the platelets. 

Platelet aggregation was the second physiological 
assay used to test the peptides for function. The peptides 
described above were tested in this assay (Figs. 4 and 
5). Once again, EHIPA was the most potent inhibitor 
of function. In this assay, it is assumed that the ability 
of EHIPA to inhibit platelet aggregation results from 
its ability to bind to Fg. The assumption is that Fg 
complexed with EHIPA is unable to support platelet 
aggregation. This assumption is supported by the ob- 
servation that EHIPA inhibits the adhesion of platelets 
to Fg and binds to Fg (Figs. 5 and 6). 

The data in Table I do not exclude the possibility 
that the peptide EHIPA inhibits platelet activation. 
However, inhibition of activation may not be the sole 
explanation for the ability of EHIPA to inhibit platelet 
aggregation, since the peptide does bind Fg and can 
directly inhibit the binding of Fg to platelets. This is 
evident from the ELISA data (Fig. 6) and the fact that 
EHIPA inhibited the adhesion of platelets to Fg (Fig. 
3) and Vn (Fig. 2), even though those platelets were 
activated by two agonists for 10 min prior to exposure 
to the peptide. Thus, inhibition of adhesion of platelets 
to Fg and Vn was a postactivation event. 

Finally. the specificity of the ability of EHIPA to 
inhibit platelet aggregation is revealed by the inability 
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of EHIPA to inhibit ristocetin- ( 1  7) generated aggluti- 
nation of platelets in PRP (data not shown). This result 
means that EHIPA is not a general nonspecific inhibitor 
of direct platelet to platelet interaction. Thus, the be- 
havior of EHIPA in the platelet aggregation assays is 
consistent with that of a peptide mimic of a ligand 
binding site of the Fg receptor. 

Brentani et al. ( 18) and Pasqualini et al. ( 1  9) have 
reported that a peptide with the amino acid sequence 
GAVSTA is predicted using the anticomplementarity 
hypothesis and the nucleotide sequence of the mRNA 
for the GRGDSP sequence in human fibronectin. This 
peptide, but not a similar peptide (GATSTA). inhibited 
the binding of purified GP IIb/IIIa complexes to fibro- 
nectin. A comparison of the hydropathy plots of EHIPA 
and GAVSTA reveals that the plots are not congruent 
(data not shown). Thus, it may be that these two 
peptides correspond to different regions of the GP IIb/ 
IIIa complex. Pasqualini et al. ( 19) noted that the amino 
acid sequence GVSS is predicted by the RGDS se- 
quence in the a-chain of Fg. The hydropathy plots for 
GVSS and AVST (from GAVSTA) are nearly con- 
gruent ( 19). Interestingly, the sequence GVSS is near 
the amino terminus of GP IIIa as residues 9-12; this 
sequence is not proximal to the region of G P  IIIa 
(residues 109-171) that was cross-linked by an RGDS- 
containing peptide (20). 

The data presented here demonstrate the successful 
application of the anticomplementarity hypothesis in 
designing a peptide which has the potential of being an 
antithrombotic agent. The peptide behaves as a func- 
tional mimic of a Fg binding domain of the Fg receptor, 
despite the fact that the sequence EHIPA is not present 
in GP IIb/IIIa (2 1, 22). However, the hydropathy plots 
for the sequences GAPL. a sequence which appears to 
be a Fg binding domain of G P  IIb (3),and IPAS (of 
EHIPAS, S being the next residue predicted for this 
sequence) are congruent (data not shown). Thus, GAPL 
and IPAS are hydropathically equivalent. Interestingly, 
the peptide characterized here works by a mechanism 
distinct from that of RGDS ( 13) and HHLG- 
GAKQAGDV (23): It binds to Fg. Unlike RGDS- and 
HHLGGAKQAGDV-related peptides. this class of 
antithrombotic agent has the potential of being used as 
a local, as well as a systemic, antiplatelet agent. The 
antithrombotic potential of EHIPA has been demon- 
strated by Johnson et al. (24). They have demonstrated 
that EHIPA treatment of Fg-coated polyethylene con- 
duits decreased the extent of platelet adhesion to these 
surfaces by approximately 50% (24). 
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