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Abstract: The thrombin receptor PAR-1 is activated by a-thrombin to stimulate cells, including platelets,
through the tethered-ligand sequence SFLLRN. We have discovered a novel series of heterocycle-peptide
hybrids comprised of a tripeptide segment, such as Cha-Arg-Phe, and an N-terminal heterocyclic group,
many of which behave as full PAR-1 agonists. Certain compounds with an aminotriazole group, such as 4
and 16, are nearly as potent as SFLLRN-NH, in inducing platelet aggregation. Also, some arylethenoyl “N-
capped” compounds, such as 52 and 57, exhibit mixed PAR-1 agonist-antagonist activity. © 1999 Elsevier Science
Ltd. All rights reserved.

The thrombin receptor, first identified in 1991 from human platelet progenitor cells,! is a new type of
transmembrane G-protein coupled receptor (GPCR) that is activated by a protease and thus referred to as a
protease-activated receptor (PAR).2 Subsequently, three additional members of this unusual class of GPCRs,
PAR-2, PAR-3, and PAR-4, have been discovered.3 The original thrombin receptor (PAR-1) mediates the
cellular actions of the serine protease a-thrombin by undergoing proteolytic cleavage of its extracellular N-
terminus, between Arg-41 and Ser-42, to expose a new N-terminus bearing the sequence SFLLRN, which has
been referred to as a “tethered ligand™.1-2 Since synthetic peptides containing this motif, such as SFLLRN-
NH,, exhibit full agonist properties for thrombin receptor activation (independent of proteolysis), it is clear
that the receptor-linked SFLLRN sequence serves as an activating ligand.!4 In a similar vein, PAR-2 can be
activated by the serine protease trypsin or its N-terminal recognition peptide SLIGKV-NH, (human)32 and
PAR-4 can be activated by thrombin or its N-terminal recognition peptide GYPGQV-NH, (human).3¢

Structure-activity studies have revealed several critical components of PAR-1 peptide agonists.2¢:4-7
The minimum sequence length is five amino acids, with SFLLR-NH, being a good agonist but SFLL-NH,
not.45 The phenylalanine at position 2 is crucial for activity, while an N-terminal amino group, a basic or
aromatic residue at position 5, and a bulky aliphatic residue at position 4 are moderately important.4.5b-d,6
Positions 3 and 6 are highly tolerant of diverse substitution and positions 1 and 3 tolerate substitution with
proline,45b-d,6,7 and a p-fluorophenylalanine at position 2 enhances agonist potency by ca. 5 fold.6a.7.8
Among the large body of structure-activity results for thrombin receptor-activating peptides (TRAPS), no one
has yet described agonist molecules that are significantly truncated or that contain a heterocycle within the
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peptide backbone as a peptidomimetic unit.? We now report novel heterocycle-peptide hybrid structures that
exhibit agonist activity and reasonable potency relative to SFLLRN-NH, (TRAP-6).

Synthesis. During our studies of heterocycle-based peptide antagonists of PAR-1,% we examined some
intermediate compounds and found that aminotriazole-peptide 4 possesses significant PAR-1 agonist activity
in a platelet aggregation assay. This intriguing observation led us to prepare a mini-library of substituted
tripeptides by parallel solid-phase chemistry. Except for ca. 12 changes in the peptide portion, most of our
changes involved replacement of the aminotriazole carboxylic acid unit with commercially available aromatic
and cyclic carboxylic acids. The compounds in this study were prepared via solid-phase chemistry according
to the protocol exemplified in the scheme below. Rink-amide resin (Advanced ChemTech; Novabiochem)
was loaded by using a classical Fmoc solid-phase protocol!® (hour-glass bubbler apparatus from Peptides
International). After initial Fmoc deprotection with 20% piperidine in DMF (20 min, 23 °C), Fmoc-Phe-OH
was coupled to the resin by using N,N’-diisopropylcarbodiimide (DIC) and hydroxybenzotriazole (HOBT) in
DMF. Elaboration of the peptide was accomplished in the same manner via piperidine deprotection and DIC-
coupling to afford a resin bearing the Fmoc-Cha-Arg(PMC)-Phe peptide, 1.7 Deprotection was followed by
DIC/HOBT coupling of the triazolecarboxylic acid 2 to give 3, which was Fmoc-deprotected. Cleavage of
the final product, such as 4, from the resin was accomplished with trifluoroacetic acid:anisole (99:1; 1 h).11
Alternatively, following deprotection of 3, the N-terminus was acylated with an £-cinnamic acid by using
BOP-CI/DMAP, 2 and cleaved as above to give 44. The compounds in the Table were similarly prepared.
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Biological Evaluation. The heterocycle-peptide hybrids were screened for agonist activity by using
human gel-filtered platelet aggregation!3 and for binding to the thrombin receptor (PAR-1) on membranes
from CHRF cells? (see Table). We were impressed by the fact that our initial lead compound, 4, exhibits
agonist activity comparable to the reference hexapeptide SFLLRN-NH, (TRAP-6), which contains the native
tethered-ligand sequence. In an alanine scan of the four positions in the molecule (4), there was a nearly
complete loss of activity (5-8). Replacement of the Cha at A; with a Phe (16), and Arg at A, by Lys (15),
retained potency. At A;, the Phe could be replaced with Cha (9) and Phg (14) with maintenance of potency;
however, there was a modest loss of potency with 2-thienylalanine (10) and Tyr (12), while homoPhe (11)
and His (13) led to nearly complete loss of agonist activity. In changing the aminotriazole moiety, we found
that activity could be retained with a variety of heterocycles. 3-Pyridyl, 23, and substituted 3-pyridyl (29-31)
were nearly equipotent with 4, yet the isomeric 2- and 4-pyridyl compounds (20 and 24) and other simple
heterocycles, such as pyrrole (21) and furan (22), were much less potent. Size did not seem to impair agonist
potency much as noted with benzimidazole (36), 4-oxobenzopyran (38), and quinoxaline (40). Extending the
pyridyl group away from the tripeptide, as in 43, did not diminish activity (cf. 23), yet the E-styryl derivative
(42), or various aryl-substituted £-styryl derivatives (not shown), possessed little activity.

Bernatowicz et al. reported that introduction of cinnamoyl (E-arylethenoyl) groups onto the N-terminus
of certain peptide agonists could afford antagonist properties.!4 Cinnamoylation of 4 gave 44, which was less
potent as an agonist, but showed antagonist activity (ICs5, = 9.8 pM).15 Some substituted analogues of 44
showed improved agonist potency, and some retained antagonist attributes. The para-substituted cinnamoyl
compounds were about 10-fold less potent as agonists, while the ortho- and meta-substituted analogues, 50-
53, were nearly equipotent to 4. Of 50-53, only 52 possessed antagonist activity, with an 1Cs, value of 3.6
HM. Vinyl substitution with a fluoro or methyl group, as in compounds 54 and 56, gave agonist potency
similar to 4, as well as moderate antagonist activity (ICs, values of 28 and 14 uM, respectively). Replace-
ment of the phenyl in these cinnamoyl analogues with a thienyl or naphthyl group served to enhance agonist
potency (57, 59), with 57, but not 59, showing antagonist activity (ICs = 5.4 uM).

Table. Biological Data®

(I?
c Ay _NH
Y A7 Ay

# Y® AL A, A ECs(uM)*  Bndg (uM)?
4  5-H,N-1,2 4-triazol-3-yI° Cha Arg Phe 0.76+0.1(13) 1.9
5 (S)-1-H,N-ethyl Cha Arg Phe 30% + 2% (2) 9.0
6  5-H,N-1,2 4-triazol-3-yl Ala  Arg Phe <20% (2) 46
7 5-H,N-1,2,4-triazol-3-yl Cha Ala Phe <20% (1) 18
8 5-H,;N-1,2,4-triazol-3-yl Cha Arg Ala 24% £ 3% (2) 10
9  5-H,N-1,2,4-triazol-3-yl Cha Arg Cha 21+£09(4) 20

10 5-H,N-1,2 4-triazol-3-yl Cha Arg 2-Thi 105+ 7.8 (3) 4.0
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Table. Contd.

# Y A Ay Ay ECg(uM)°  Bndg (1M)"
11 5-H,N-1,2,4-triazol-3-yl Cha Arg hPhe <20% (2) 10
12 5-H,N-1,2,4-triazol-3-yl Cha Arg Tyr 9.7+73(2) 6.0
13 5-H,N-1,2,4-triazol-3-yl Cha Arg His <20% (2) 27
14  5-H,N-1,2.4-triazol-3-yl Cha Arg Phg 3.1+ 1.8(2) 7.0
15 5-H,N-1,2,4-triazol-3-yl Cha Lys Phe 39+1.3(2) 54
16  5-H,N-1,2 4-triazol-3-yl Phe Arg Phe 1.0£0.1(3) 2.0
17  3-H,N-pyrazin-2-yl Cha Arg Phe 42+3.7(Q) 8.5
18 3-H,N-phenyl Cha Arg Phe 29+02(3) 2.0
19  4-H,N-phenyl Cha Arg Phe 40% = 1% (2) 2.9
20 2-pyridyl Cha Arg Phe 14+£2.6(2) 44
21 2-pyrrolyl Cha Arg Phe 55%+27%(2) 10
22 3-furyl Cha Arg Phe 38% + 1% (2) 25
23 3-pyridyl Cha Arg Phe 2.0+0.9(3) 1.3
24 4-pyridyl Cha Arg Phe 26% + 6% (2) 7.0
25  1,2,3-thiadiazol-4-yl Cha Arg Phe 1.3 (1) 94
26 2-oxopyridin-3-yl Cha Arg Phe 26% + 7% (4) 16
27  2-aminopyridin-3-yl Cha Arg Phe 8.0+1.5(2) 23
28 2-chloropyridin-3-yl Cha Arg Phe <20% (2) 7.6
29  6-chloropyridin-3-yl Cha Arg Phe 4.6 (1) 2.4
30 6-aminopyridin-3-yl° Cha Arg Phe 1.2+0.3(5) 2.0
31 5-bromopyridin-3-yl°® Cha Arg Phe 046+0.1(7) 1.7
32 5,6-dichloropyridin-3-yl Cha Arg Phe 32%+7%(2) 2.6
33 benzofuran-2-yl Cha Arg Phe 125+ 0.6 (2) 3.0
34 benzothien-2-yl Cha Arg Phe 83+28(2) 2.3
35 1-biphenyl Cha Arg Phe 56%+1%(2) 13
36 benzimidazol-5-yl Cha Arg Phe 49+£0.5(Q2) 4.0
37 1,4-benzodioxan-2-yl Cha Arg Phe <20% (2) 16
38 4-oxobenzopyran-2-yl° Cha Arg Phe 051+01(7) 16
39 2-biphenylenyl® Cha Arg Phe 1.2+ 0(5) 2.4
40 quinoxalin-2-yl° Cha Arg Phe 1.0£02(5 3.1
41 indolin-2-yl Cha Arg Phe 21%+4% (2) 56
42  E-styryl Cha Arg Phe 20%+16% (2) 5.0
43  E-2-(3-pyridyl)ethenyl Cha Arg Phe 26+09(@3) 55
44  5-(PhCH=CHCONH)-1,2,4-triazol-3-yl Cha Arg Phe 21+£7(2) 6.4
45  5-(p-F-PhCH=CHCONH)-1,2,4-triazol-3-yl Cha Arg Phe 79£19Q2) 1.2
46  5-(p-MeO-PhCH=CHCONH)-1,2,4-triazol-3-yl Cha Arg Phe 56+£06(2) 4.0

47  5-(p-CI-PhCH=CHCONH)-1,2,4-triazol-3-yl Cha Arg Phe 55+ (1) 1.4
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Table. Contd.

# Y® A, A, A, EC,,(1M)°  Bndg (uM)?
48  5-(p-CN-PhCH=CHCONH)-124-triazol-3-yl Cha Arg Phe 58+04(2) 31
49  5-(p-CF,-PhCH=CHCONH)-1,2,4-triazol-3-yl Cha Arg Phe 5.0(1) 30
50 5-(m-Cl-PhCH=CHCONH)-1,2,4-triazol-3-yl Cha Arg Phe 2.4 (1) 15
51 5-(m-NO,-PhCH=CHCONH)-1,2,4-triazol-3-yl Cha Arg Phe 1.9(1) 8.5
52 5-(0-Cl-PhCH=CHCONH)-1,2,4-triazol-3-yl ~ Cha Arg Phe 1.1(1) 1.4
53  5-(0-NO,-PhCH=CHCONH)-1,2,4-triazol-3-yl Cha Arg Phe 1.9 (1) 1.6
54  5-(PhCH=CFCONH)-1,2,4-triazol-3-yI° Cha Arg Phe 1.7(1) 2.2
55  5-(PhCH=CPhCONH)-1,2,4-triazol-3-yl Cha Arg Phe 28 (1) 3.1
56  5-(PhCH=CMeCONH)-1,2,4-triazol-3-yI® Cha Arg Phe 0.76 (1) 42
57  5-(2-thienyl)acrylamido-1,2,4-triazol-3-yl Cha Arg Phe 29() 44
58 5-(3-indolyDacrylamido-1,2,4-triazol-3-yl Cha Arg Phe 14 (1) 100
59  5-(1-naphthyl)acrylamido-1,2,4-triazol-3-yl Cha Arg Phe 1.0 (1) 16
std” 0.28+0.02(10)  0.55

a. Abbreviations: Cha = cyclohexylalanine; 2-Thi = 2-thienylalanine; hPhe = homophenylalanine. b. All cinnamoyl and
analogous groups have the E geometry. c. Activation of human platelet aggregation (gel-filtered platelets), expressed as an
ECs, value in pM or as percent aggregation induced at 50 uM (performed as described in ref 13); the number of
experiments, n, is given in parentheses. d. Inhibition of [3H] S-(p-F-Phe)-Har-L-Har-KY-NH, binding to a thrombin
receptor CHRF membrane preparation (ICs, value).® e. Purified to homogeneity (>98% purity) by reverse-phase HPLC. f.
Reference standard, SFLLRN-NH, (TRAP-6).

In summary, we identified aminotriazole tripeptide 4 as a PAR-1 agonist with comparable potency to
SFLLRN-NH, (human platelet aggregation). The Cha-Arg-Phe motif of 4, or a modest variant thereof, was
important for potency. The aminotriazole portion could be replaced with other substituted heterocycles,
while maintaining agonist potency (e.g., 31 and 38). An arylethenoy! unit on the N-terminus led to analogues
with mixed agonist-antagonist activity. Overall, eight heterocycle-peptide hybrid compounds, 4, 16, 30, 31,
38, 52, 56, and 59, were found to exhibit agonist potency (ECsp) in the range of ca. 0.5-1 uM, which is
comparable to TRAP-6 (ECs = 0.28 pM).16
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