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Abstract: In a computer modeling of transmembrane domains of human thrombin receptor, Lys-158 was
found near the ligand binding site. To capture this basic residue, analogs of peptide ligand containing a series
of acidic amino acids were synthesized and assayed for human platelet aggregation, and Ser-(p-F)Phe-Aad(= a-
aminoadipic acid)-Leu-Arg-Asn-Pro-NH was found to be a potent antagonist. © 1999 Elsevier Science Ltd. All rights
reserved.

The receptor of serine protease thrombin has a novel mechanism in activation. The receptor, a member
of seven-transmembrane domain receptors, is cleaved by thrombin at the peptide bond between Arg-41 and Ser-
42 in the N-terminal extension at the outer membrane, and a newly exposed N-terminal segment acts as a
tethered ligand to activate the receptor itself.] A synthetic heptapeptide Ser-Phe-Leu-Leu-Arg-Asn-Pro-NH
(SFLLRNP in one letter amino acid codes) corresponding to this tethered ligand can activate the receptor
without thrombin. 23 For better understanding of the molecular mechanism of receptor activation, antagonists
are useful molecular tools to clarify the mode of the ligand-receptor interaction.

The antagonist for thrombin receptor would be also a remedy in the thrombosis therapeutics.* Several
structural analogs of SFLLRNP have been announced as antagonist of the thrombin receptor, and in these cases
modifications were focused mainly on the position 1; ie., substitution of Ser-1 by Tyr, deletion of Ser-1, and
replacement of Ser-1 by B-mercaptopropionic acid. 38 However, none of these modifications elicited sufficient
antagonist activities, and even contradictory results have been reported for the same compound in evaluation in
the different bioassays. 5% In the molecular design of antagonist, it is often valid to introduce an additional
structural element which interacts with a functional group in the receptor molecule. 1011 If the interaction is
very strong, a subsequent conformational change required for receptor activation would be disturbed and then
the molecule would be an antagonist.

In the present study, in order to find such a functional group in the thrombin receptor, we carried out the
computer modeling of protein molecule of thrombin receptor. When the lysine residues were searched, Lys-
158 in the second transmembrane domain was found near the putative ligand binding site. Thus, we intended to
capture this Lys by acidic amino acid loaded into SFLLRNP via the electrostatic interaction, and a series of
SFLLRNP analogs were synthesized by substituting each amino acid residue with acidic amino acid Asp one

after another.
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Experimentals

Modeling of thrombin receptor. The three-dimensional structure of thrombin receptor was constructed on the
basis of a multiple amino acid sequences alignment of seven-transmembrane domain receptors, after building a
structure of P2 adrenergic receptor using the bacteriorhodopsin structure as template. 12 The modeling was
performed using the software SYBYL 6.0.3 on an UNIX workstation model Indigo2 (Silicon Graphics Inc., Mt.
View, CA, USA).

Peptide synthesis.  Peptide syntheses were performed by the manual ~Boc or Fmoc strategy, using p-
methylbenzhydrylamine resin or Fmoc-NH-SAL resin as reported previously.13 Peptides liberated by HF or
Reagent K (82.5% trifluoroacetic acid, 5% phenol, 5% water, 2.5% ethanedithiol, and 5% thioanisole)
treatment were purified by gel filtration followed by preparative RP-HPLC (Hiber Pre-Packed column of 25 x
250 mm; average yield = 36%).

Platelet aggregation. Blood was obtained from healthy donors who denied taking any medications for the
previous two weeks, and the assay was carried out using platelet-rich plasma as described. 14

1. Search of receptor-functional groups near the ligand binding sites

Our previous results have suggested the existence of a highly specific aromatic n—x interaction between
the Phe-2-phenyl group of SFLLRNP and the aromatic group of thrombin receptor.13-15 Based on this n/x
interaction, a binding site of SFLLRNP, the structure of which was optimized to an energy-minimized
conformation, was searched on the computed molecular modeling of thrombin receptor.!2 When aromatic
amino acid residues were highlighted, a cluster of several aromatic amino acids was found at the upper side of
the fifth transmembrane domain. This cluster (—YYAYYFSAFSAVFFF—) (Phe (F) and Tyr (Y) in the italic
letters) was assumed to be a binding site of Phe-2-phenyl. Taking this as a key interaction, a putative binding
site of SFLLRNP was traced in the receptor molecule to find the best fitted structure that both the peptide and
receptor join together in the outer space. The amino acid residues with functional side chain, for instance,
acidic amino acids (Asp and Glu) or basic amino acids (Arg and Lys), were examined one after another, and
then Lys-158 was found to be proximity to the ligand peptide. Lys-158 is present in the second transmembrane
domain, which is in an a-helix structure (Fig. 1). As shown in Fig. 1, this basic amino acid residue situates its

w-aminobutyl side chain towards the inside of receptor molecule.

2. Design and syntheses of peptide ligands containing aspartic acid to capture receptor lysine-158

In order to capture Lys-158, Asp was incorporated into SFLLRNP at all the positions. Since a binding
assay system for thrombin receptor has not been yet available because of the lack of a specific radio-ligand,
synthetic peptides were directly assayed for their ability to aggregate the human platelet. The results are shown
in Table 1. It should be noted that the analogs containing Asp at positions 1 ~ 5 exhibited no agonist activity.
They were completely inactive. It is clear that Ser-1, Phe-2, Leu-3, Leu-4, and Arg-5 is crucially important in
receptor activation and cannot compensate for the substitution with aspartic acid. Residual importance at these
positions have been reported also by other studies.16-18 contrast, analogs Asp-6 and Asp-7 were totally
active, eliciting a full platelet aggregation.

Since inactive peptides (Asp-1 ~ 5) were expected to have an antagonist activity, they were assayed for
inhibition of platelet aggregation induced by the agonist. When peptides Asp-1, Asp-2, Asp-4, and Asp-5 (100
uM each) were added to the platelet rich plasma and incubated for 3 min, respectively, it was found that the
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Fig. 1. The seven-transmembrane structure of thrombin receptor, in which Lys-158 is highlighted with balls
and sticks (carbons in white, hydrogens in blue, and nitrogen in purple) in the second transmembrane domain.
The Arabic numbers indicate the numerical order of transmembrane a-helix domains (yellow ribbons with

amino acid side chains shown in red wireframes).

activity of SFLLRNP (1 uM) added afterwards has no influence at all. These analogs were completely devoid
of both agonist and antagonist activities. However, when platelet-rich plasma was treated with SF/Asp/LRNP,

the aggregation induced by SFLLRNP was clearly suppressed, not reaching to a full activation.

This

suppression by SF/Asp/LRNP was distinct (about 20 %) and reproducible. It was strongly suggested that the
residue Asp-3 of SF/Asp/LRNP interacts with the receptor Lys-158 residue by the electrostatic interaction

between Asp-B-COOH and Lys- e-NHp.

Table 1. Platelet aggregation activity of thrombin receptor tethered ligand peptide and its

analogs.
Peptides ECsp Antagonist
(uM) activity
SFLLRNP 4.27 £0.98 none
Asp/FLLRNP  Asp-1 inactive none
S/Asp/LLRNP  Asp-2 inactive none
SF/Asp/LRNP  Asp-3 inactive 19%
SFL/Asp/RNP  Asp-4 inactive none
SFLL/Asp/NP  Asp-5 inactive none
SFLLR/Asp/P  Asp-6 4.36 +0.88 none
SFLLRN/Asp  Asp-7 4.27+0.88 none
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Fig. 2. The structure of side chain of acidic amino acids incorporated into a thrombin receptor-tethered ligand
peptide SFLLRNP at the position 3.

3. Structure-activity relationships of peptide ligand containing a series of acidic amino acids

Since SF/Asp/LRNP exhibited only a limited antagonist activity, the interaction between Asp-f-COOH
and Lys- e-NH7 appeared to be insufficient presumably owing to a shortage of the interacting distance. The side
chain of Asp is the carboxymethyl group with a single methylene (Fig. 2). We further replaced this Asp-3 with
L-glutamic acid and L-a-aminoadipic acid (Aad) ! with two and three methylenes, respectively. Although both
Glu-3 and Aad-3 derivatives were inactive to elicit a platelet aggregation, they showed a distinct antagonist
activity. When the inhibitory activity of SFLLRNP derivatives with the acidic amino acids at position 3 were
compared, it immediately became clear that the activity is dependent upon the number of methylenes. As
shown in Fig. 3, SF/Glu/LRNP was more potent than SF/Asp/LRNP as an antagonist, exhibiting about 32%
inhibition of platelet aggregation. SF/Aad/LRNP was more potent than these Asp and Glu derivatives with
about 50% suppression. These results clearly indicate that the carboxyl group of Asp, Glu, and Aad is
responsible for the antagonist activity of ligand peptide SF/Xaa (=acidic amino acids)/LRNP against the
thrombin receptor, and thus the electrostatic interaction between these acidic residues and receptor amino
group, presumably the one of Lys-158, appears to interfere the receptor activation.

y-Carboxyglutamic acid (Gla) possesses two carboxyl groups on the y-carbon of glutamic acid. When
this Gla was placed at the position 3 instead of Glu of SF/Glu/LRNP, it was found that these Gla-3 and Glu-3
analogs exhibit almost the same inhibitory activity (32-34% suppression of human platelet aggregation at their
100 uM). This implies that the antagonist activity is contingent upon the distance of the carboxyl group from
the peptide backbone, but not upon the number of carboxyl groups.

When Phe-2 of SFLLRNP was replaced by para-fluorophenylalanine ((p-F)Phe), the resulting S/(p-
F)Phe/LLRNP exhibited considerably increased agonist activity (2-5-fold). 1315 Thus, (p-F)Phe was introduced
into a series of SF/Xaa/LRNP to examine whether or not (p-F)Phe is able to reinforce also the antagonist
activity. It was found that the incorporation of (p-F)Phe increase approximately 20% the antagonist activity of
parent SF/Xaa/LRNP (Fig. 3). In any pair of SF/Xaa/LRNP and S/(p-F)Phe/Xaa/LRNP, (p-F)Phe-2 derivatives
were 20% more potent than Phe-2 derivatives. The most potent analog S/(p-F)Phe/Aad/LRNP exhibited a
dose-dependent inhibition of platelet aggregation with the ICsg value of 115 uM. On the other hand, when the
N-terminal Ser was removed from these antagonist peptides, the resulting hexapeptides (p-F)Phe/Xaa/LRNP
showed considerably diminished (20%) antagonist activities, which were almost comparable to those of
heptapeptide antagonists SF/Xaa/LRNP. Collectively, it is unequivocal that the peptide backbone of antagonist
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Fig. 3. The structure-activity relationship of heptapeptides SF/Xaa/LRNP in human platelet aggregation:
Influence of side chain methylene length (n) of acidic amino acid residues Xaa, -NHCH((CH 2)sCOOH)CO-, at
the position 3 on the suppression of aggregation. Xaa denotes the acidic amino acids Asp (n=1), Glu (n=2), and
Aad (n=3). SF/X/LLRNP (Q); S/(p-F)Phe/X/LRNP (@); and (p-F)Phe/X/LRNP (A ).

peptides is in an ordinary ligand-receptor interaction, while only the carboxyl group in the side chain at position
3 is sole structural element to bring about the antagonist activity.

It should be noted that SF/Asp/LRNP and its related peptides were inactive at their high concentrations,
and inhibited a platelet aggregation induced by agonist SFLLRNP. This antagonist activity is certainly induced
by the acidic amino acid at position 3 of antagonist SF/Xaa/LRNP. In this concern, the present results convince
the idea that, for the molecular design of receptor antagonist, the peptide ligand should load an additional
structural element which interacts with a functional group of the receptor molecule. The molecular design
based on the receptor modeling is thus very favorable to obtain a pure antagonist. Since the potency of the
present peptides to suppress the platelet aggregation was still very low, further receptor modeling would be
helpful to find additional or alternative structural elements 1o improve the antagonist activity.
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