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In the ligand/receptor interaction, the side chain phenyl group of phenylalanine (Phe) is
involved in a so-called hydrophobic interaction, in which the Phe-phenyl group func-
tions as a  element or merely as a hydrophobic element. The thrombin receptor-teth-
ered ligand SFLLRNP consists of the Phe-2 residue essential for receptor activation. In
order to explore the molecular characteristics of this Phe-2-phenyl group, a complete set
of S/Phe/LLRNP peptides comprising six different difluorophenylalanine isomers
[(F;)Phe] was newly synthesized and assayed to evaluate their ability to induce the
aggregation of human platelets. The assay results clarified several important structural
elements to conclude that Phe-2-phenyl of S/Phe/LLRNP is in the edge-to-face CH/x
interaction with the receptor aromatic group, utilizing the Phe-phenyl edge along with
adjacent benzene hydrogens at positions (2-3) or (5-6). It was also found that the fluo-
rine atom at position 4 increases the acidity of the hydrogen mainly at its ortho position,
resulting in a reinforcement of the CH/w interaction and thus in an enhancement of bio-
logical activity. The H—F replacement in the benzene ring was found to provide an
effective structural examination to the Phe residue; i.e., to identify the hydrogens in the
CH/z interaction, and to strengthen the CH/x interaction.
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Phenylalanine (Phe), an aromatic amino acid, has a phenyl
group at the side chain, and its phenyl-benzene ring is
counted upon to play a structural role in the intermolecular
interactions of peptides and proteins, or in intramolecular
interactions for the structural stabilization of peptides and
proteins. In the ligand-receptor interaction, amino acid res-
idues in the ligand peptide are involved in each specific
interaction with the receptor counterparts. Specific interac-
tions usually comprise the interaction such as the electro-
static bonding, hydrogen bonding, and the hydrophobic
bondings. Among these interactions, the nature of so-called
hydrophobic bonding is not definitive. The Phe residue in
the biologically active peptides is often crucially important
for eliciting intrinsic activity (I, 2). However, the molecular
mechanism of the interaction of Phe has never been eluci-
dated in detail, particularly for the side chain benzene ring,
namely, the phenyl group. One of reasons for this is that
the Phe residues are inevitably involved in the hydrophobic
interaction.
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Abbreviations: Boc, tert-butoxycarbony!; Cha, cyclohexylalanine;
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1,1,3,3-tetramethylurocnium hexafluorophosphate; HOBt, 1-hydrox-
ybenzotriazole; HPTLC, high-performance thin layer chromatogra-
phy; MBHA, p-methylbenzhydrylamine; (2,3,4,5,6-F,)Phe, pentaflu-
orophenylalanine: PPP, platelet-poor plasma: PRP, platelet-rich pla-
sma; RP-HPLC, reversed-phase high performance liquid chromatog-
raphy; SFLLRNP or S/Phe/LLRNP, Ser-Phe-Leu-Leu-Arg-Asn-Pro-
NH,; and TFA, trifluoroacetic acid.
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Thrombin, a serine proteinase, binds to its receptor and
cleaves the specific peptide bond between Arg*! and Ser*?. A
newly exposed N-terminal fragment of the thrombin recep-
tor, Ser-Phe-Leu-Leu-Arg-Asn-Pro (SFLLRNP), functions
as a ligand to activate the receptor by itself (3). Although
the structure and activation mechanism of the thrombin
receptor are extraordinary, the receptor is activated by
exogenously administered synthetic peptide SFLLRNP
without thrombin. This has allowed the extensive struc-
ture-activity studies for exploration of the structural essen-
tials of receptor-tethered SFLLRNP (4-10), and the Phe-2-
phenyl group has been recognized as one of the most impor-
tant structural elements. We reported that para-fluorophe-
nylalanine [(4-F,)Phe] at position 2 of SFLLRNP enhances
the activity several fold in assays of phosphoinositide-turn-
over in human epithelial-like SH-EP cells (11) and of hu-
man platelet aggregation (SFLLRNP is denoted hereafter
as S/Phe/LLRNP). para-Fluorophenylalanine is now uti-
lized for almost all synthetic peptide analogs of thrombin
receptor-tethered ligands to substantiate this high level of
potency (12-15). We suggested that the ligand Phe-2 ben-
zene ring is involved in the m—m interaction with thrombin
receptor (11).

Phenylalanine can be involved in two different types of
the m—m interactions; i.e., the face-to-face m—mn stacking
interaction and the edge-to-face CH/w interaction (Fig. 1).
We have postulated that these interaction can be differenti-
ated by incorporating fluorophenylalanines into the peptide
(16). Fluorine can replace the benzene hydrogens (CHs)
without changing the atomic size, because the van der
Waals radii of fluorine and hydrogen atoms are similar to
each other (1.35 A for fluorine and 1.20 A for hydrogen). It
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is highly likely that multiple fluorine replacements of the
benzene hydrogens will clarify whether essential hydrogens
exist on Phe-phenyl or whether the 7 system is required for
the interaction with the receptor. Our previous results for
S/Phe/LLRNP analogs containing monofluorophenylala-
nines suggested that the Phe-2-phenyl group is in the edge-
to-face CH/m interaction with the receptor aromatic group
(16).

In the present study, a complete series of difluorinated
phenylalanines, difluorophenylalanines [(F,)Phe), were pre-

pared and incorporated into the peptide S/Phe/LLLRNP (Fig.

e

e by

Fig. 1. The mode of n—r interaction between Phe-phenyls. (A)
the face-to-face m—m stacking interaction, and (B) the edge-to-face
CH/m interaction.
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2). Peptides were evaluated in the assay for human platelet
aggregation, and the Phe-phenyl CHs in the edge-to-face
CH/w interaction were identified as structural essentials
for eliciting biological activity.

MATERIALS AND METHODS

Materials—A series of difluorophenylalanines (F,)Phe
was prepared from the starting materials of difluorobenzyl
bromides and diethyl acetamidomalonate. All difluorophe-
nylalanines were obtained in the L-configuration after en-
zymatic optical resolution of acetyl-DL-difluoropheninylala-
nines. Boc-derivatives were prepared using di<-butyl dicar-
bonate according to the method reported (17). The details
were reported elsewhere (18). Boc-1+(2,3,4,5,6-F,Phe-OH,
Boc-L3,4,5-F,)Phe-OH, and Boc-L<cyclohexylalanine (Cha)-
OH were obtained from Watanabe (Hiroshima). Boc-L-
(3,4,5-F,)Phe-OH is the only isomer commercially available
among trifluorophenylalanines. Boc-derivatives of other
ordinary amino acids and p-methylbenzhydrylamine
(MBHA) resin were obtained from Watanabe. The configu-
ration of L-amino acids will not be shown hereafter.

Pre-coated silica gel plates for high-performance thin
layer chromatography (HPTLC) were purchased from
Merck (Darmstadt, Germany). All other chemicals were of
the best grade available.

Peptide Synthesis—Analogs of SFLLRNP were synthe-
sized by the manual method for solid phase peptide synthe-
sis (10). The side chain protecting groups of the Boc-amino
acids were benzyl for Ser and p-tolylsulfonyl (Tos) for Arg.
All six isomers of Boc-L<(F,)Phe-OH prepared were utilized
without any trouble in peptide syntheses just as ordinary
amino-protected amino acids. To obtain C-terminal peptide
amides, Boc-Pro-MBHA resin was utilized. Coupling reac-

2% %

H;NCHCOOH H,NCHCOOH
(2,6-F,)Phe

(3,4-Fy)Phe (3,5-F2)Phe

Fig. 2. Chemical structure of the six structural isomers of diftuorophenylalanines (F,;)Phe. Only the side chain benzyl moieties are

shown for comparison.

TABLE 1. The analytical data of synthetic peptides S/(F,)Phe/LLRNP from mass spectrometry, reversed-phase high perfor-
mance liquid chromatography, and amino acid analysis, together with synthetic yield.

Peptidest Yield® MALDI-TOF-MS RP-HPLC® Amino acid analysis®

P ) Found RT (min) Ser Leu Arg Am Pro
(2,3-F,)Phe 44 881.90 27.8 0.82 2.00 0.95 0.97 0.96
(2,4-F,)Phe 39 881.93 26.8 0.81 2.00 0.94 0.96 0.97
(2,5-F,)Phe 41 882.01 25.7 0.86 2.00 0.91 0.93 0.94
(2,6-F,)Phe 32 882.05 25.1 0.88 2.00 0.90 0.94 0.92
(3,4-F,)Phe 44 881.95 315 0.81 2.00 0.94 0.96 0.97
(3,5-F))Phe 58 881.93 25.6 0.81 2.00 0.95 0.97 0.97

*Peptides S/(F,)Phe/LLRNP are shown by the amino acid residue of (F,)Phe. "Total yield from the Boc-Pro-MBHA resin. “Values express the
mass number {m/z) of (M+H)*. Calculated value is 881.96. *Retention time (RT) was measured on an analytical column [Cica-Merdk,
LiChrospher 100 RP-18(e) (5 pm): 4.0 X 250 mm)] with a linear gradient of 0.1% TFA and 80% acetonitrile. *Amino acid analysis was car-
ried out by the ion-exchange method with ninhydrin eolorimetric determination, and the values were normalized for leucine as an internal
standard. Difluorophenylalanines [(F,;)Phe] were not determined.
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tions (0.1 mol scale) were carried out with 2(1H-benzotria-
zole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
(HBTU) in the presence of 1-hydroxy-benzotriazole (HOBt)
in a mixed solvent of N-methylpyrrolidone and N,N-dime-
thylforrnamide (1:2, v/v) for 30 min. Peptides were liberated
from the resin by treatment with anhydrous liquid hydro-
gen fluoride containing 10% p-cresol at 0°C for 1 h, and
purified by Sephadex G-15 followed by preparative re-
versed-phase high performance liquid chromatography
(RP-HPLC) [Cica-Merck, LiChrospher 100 RP-18 (e) (5
pm): 25 X 250 mm]. The elution conditions employed were
as follows: solvent system, 0.1% aqueous trifluoroacetic acid
(TFA)~A solution) and acetonitrile containing 20% A solu-
tion—~B solution); flow rate, 5 ml min~!; temperature, 25°C;
UV detection, 225 nm. Elution was performed with a linear
concentration gradient of B solution (20-60%) over 40 min.

The purity of peptides was verified by analytical RP-
HPLC [LiChrospher 100 RP-18 (e) (56 pm]: 4.0 X 250 mm,
under the same conditions except for a flow rate of 0.75 ml
min~!. For amino acid analyses, the hydrolysis of peptide
samples was carried out in constant-boiling hydrochloric
acid (110°C, 24 h). The amino acids analyses were carried
out on a Hitachi 1-8800 amino acid analyzer. Mass spectra
of the peptides were measured on a mass spectrometer
Voyager™ DE-PRO (PerSeptive Biosystems, Framingham,
MA) by the method of matrix assisted laser desorption ion-
ization time-of-flight (MALDI-TOF). The analytical data
are shown in Table L.

Platelet Aggregation Assay—The assay was carried out
essentially as previously described (16). Briefly, blood was
obtained from healthy donors who denied taking any medi-
cation for the previous one week. The collected blood was
anticoagulated with citrate (1 part 3.8% sodium citrate to 9
parts blood), and platelet-rich plasma (PRP) was obtained
by centrifugation at 80 Xg for 10 min. Platelet-poor plasma
(PPP) was also prepared by centrifugation at 2,000 Xg for
10 min. The prepared PRP was used within 4 h, and the
aggregation test was carried out at 37°C by the standard
turbidimetric procedure using NKK hema tracer PAT-4M
(MC Medical, Tokyo), PPP being used as a reference. The
peptide concentration required for half-maximal platelet
aggregation was obtained by three determinations.

GAUSSIAN Calculation—The molecular orbital calcula-

TABLE II. The biological activity of synthetic peptides S/
(F,)Phe/LLRNP in human platelet aggregation.

Peptides* ECy Relative potency
(M) (%)
Phe 27+x11 100
Ala Inactive 0
Cha 86 =171 3
(Fy)Phe Inactive 0
(3,4,5-F,)Phe 15 *21 18
(2-F )Phe 9.4+ 46 29
(3-F,)Phe 4.6 £ 2.7 59
(4-F,)Phe 1.1 + 0.47 250
(2,3-F,)Phe 49 =*16 6
(2,4-F,)Phe 1.8 £ 0.12 150
(2.5-F)Phe 76% 13 35
(2,6-F,)Phe 25 *035 11
(3,4-F,)Phe 2.0 +0.35 140
(3,5-F,)Phe 18 *+21 15

Biological activities of S/AF,)Phe or (F)Phe/LLRNP peptides have
been previously reported (Ref 16). *Peptides S/Xaa/LLRNP are
shown by the amino acid residue of Xaa.
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tion was carried out using the GAUSSIAN-94 series pro-
gram with the basis function named 6-31G” on the work-
station of the Silicon Graphiecs Octane (19). The total
atomic charge values were obtained for each atom of the
phenylalanines, and the effects of H—F replacements on
the atom electron density were calculated for the fluorophe-
nyl groups by subtracting each value of Phe-phenyl.

RESULTS

Structural Requirement of Phe-2 in Thrombin Receptor
Activation—The assay results of a series of S/Xaa/LLLRNP
analogs are shown in Table II. For easy understanding of
the structure—activity relationships, the structures of pep-
tides are depicted as the amino acid residue Xaa at position
2 together with their relative potencies (Set 1-Set 5). The
values in parentheses shown for Set 3-Set 5 are the poten-
cies relative to the parent SFLLRNP containing monofluo-
rophenylalanines (F,)Phe. The first set (Set 1) exhibits the
activity comparison of five different S/Xaa/LLLRNP peptides
to demonstrate the importance of Phe-2-phenyl benzene
hydrogens.

For thrombin receptor—tethered ligand peptide S/Phe/
LLRNP, the importance of Phe-2 immediately became
apparent by its replacement with alanine. When S/Phe/
LLRNP was fully active with an ECg, value of 2.7 uM, the
peptide concentration to elicit half maximal platelet aggre-
gation, S/Ala/LLRNP was completely inactive (Table II, Set
1). Also, the importance of the w character of B-phenyl,
namely, the aromacity, became apparent from the fact that
the cyclohexylalanine(Cha)-containing analog, S/Cha/
LLRNP, exhibited an essential loss of activity (Set 1). Cha
possesses the cyclohexyl group, a saturated form of the phe-
nyl group, and is nearly isosteric with Phe. Since Cha lacks
the quadrupole moment associated with an aromatic ring,
and is thus devoid of aromaticity. Another important struc-
tural element is ring conformation, since the cyclohexyl
ring adopts a chair conformation in energy minimization
(20). This structure may not be fully complementary with
the receptor binding site. It is thus clear that S/Phe/LLRNP
requires the benzene ring in planarity, namely, the Phe-
phenyl group, at the position 2.

In this study, it was confirmed that $/(2,3,4,5,6-F,)Fhe/
LLRNP does not elicit platelet aggregation at all. &/
(2,3,4,5,6-F,)Phe/LLRNP was completely inactive as previ-
ously reported (16). Clearly, the replacement of all five
hydrogen atoms of the Phe-2-phenyl benzene ring by fluo-
rine totally eliminates the ability of S/Phe/LLRNP to bind
to the receptor. In contrast, when the hydrogens were put
back on the (2,3,4,5,6-F,)Phe residue at positions 2 and 6,
the resulting peptide $/(3,4,5-F,)Phe/LLRNP was found to
be fully active and to have about 15% of the activity of

F

R
L

i
CH: CH: , CH:
Phe Al Cha (23,4,56-Fs)Phe  (3,4,5-F3)Phe
100 0 3 0 18
Set 1
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SFLLRNP (Table II, Set 1). It is obvious that none of the
fluorine atoms of (2,3,4,5,6-F,)Phe are involved in receptor
interaction. The activity recovery by S/3,4,5-F,)Phe/
LLRNP implies that the hydrogen atom at position 2 or/
and 6 is essential for receptor interaction.

Similarly, it was found that SA2,6-F,)Phe/LLRNP fully
activates the thrombin receptor (Table II), suggesting that
hydrogen atom 3, 4, or/and 5 is also essential. In this con-
cern, however, the hydrogen at position 4 (para position) is
judged not to be required in the interaction with the recep-
tor, since SA4-F,)Phe/LLRNP lacking para-hydrogen was
rather more potent than parent S/Phe/LLRNP. Although
the benzene ring of Phe-phenyl possesses six edges, the
edges in which both of ortho- and meta-hydrogens exist are
the edge along with the position (2-3) and the edge along
with the position (5-6) (see Phe in Set 1). Collectively, all
these results strongly suggest that two adjacent hydrogens
at the (2-3)-edge or (5-6)-edge are necessary for full recep-

tor recognition.
F ;

CH3 CH, CH;: H2
A 1 L 1
Phe (2-F1)Phe (3-F1)Phe (4F1)Phe
100 29 59 250
Set 2
® ® ®
) J F
F J
CH; CH2
1 L 1
250 150
(100) (1)
Set 3

%
I—geb 55l

CHa CH: ﬁ; CH2
29 ] 150 3s 1
(100) (19 (520) 129) 38
Set 4

0 O F
F F
CH2 CH; CH; CH3 CH,
59 [ 140 15 35
(100) ®) (230) (26) (61)
Set 5
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Effect of Placement of the Second Fluorine in the Mono-
fluorinated Benzene Ring—As mentioned above, S/(4-F,)
Phe/LLRNP enhanced the activity in human platelet ag-
gregation several fold. However, when the fluorine atom
was placed at the ortho or meta position, the resulting ana-
logs S/(2-F,)Phe/LLRNP and S/(3-F,)Phe/LLRNP exhibited
a diminished activity (about 30 and 60% of SFLLRNP, re-
spectively) (Set 2), indicating that H—F replacements at
the ortho or meta positions are unfavorable (16).

In the present study, we further examined the effect of
placement of the second fluorine atom on these monofluori-
nated Phe-2-benzene rings. We prepared a series of SFLL-
RNP analogs containing all of structural isomers of difluo-
rophenylalanines (F,)Phe; i.e., (2,3-F,)Phe, (2,4-F,)Phe, (2,5-
F,)Phe, (2,6-F,)Phe, (3,4-F,)Phe, and (3,5-F,)Phe (Fig. 2).
The biological activities of these six different SAF,)Phe/
LLRNP analogs were compared to those of three deriva-
tives of SAF,)Phe/LLRNP to examine the effect of substitu-
tion.

When another fluorine was placed on the benzene ring of
(4-F )Phe to replace the ortho or meta hydrogen, the result-
ing difluorinated analogs reduced the activity S/A2,4-F,)>
Phe/LLRNP and S/3,4-F,)Phe/LLRNP exhibited 61 and
55% activity of S/(4-F,)Phe/LILRNP (Set 3), and again it is
clear that H—F replacements at the meta and ortho posi-
tions are unfavorable. Apparently, the presence of fluorine
at these positions is disadvantageous for the interaction of
S/Phe/LLRNP with the thrombin receptor, suggesting that
the particular hydrogens at the edge (2-3) or (5-6) are
involved in receptor interaction. It should be noted, how-
ever, that both analogs are still more potent (140-150%)
than the parent peptide S/Phe/LLRNP (Table II, Set 3).
This activity enhancement is obviously due to the H—-F
replacement at the para position. When the activity of &/
(2,4-F,)Phe/LLRNP is compared with that of S/(2-F,)Phe/
LLRNP, the activity increment is 5.2-fold. The increment
between S/(3,4-F;)Phe/LLRNP and S/(3-F,)Phe/LLRNP is
2.3-fold. Clearly, the fluorine atom at the para-position of
Phe-2-phenyl is a direct cause of reinforcement in the re-
ceptor interaction.

When a second fluorine atom was placed on the benzene
ring of ortho-fluorinated (2-F,)Phe at four different posi-
tions, the resulting derivatives, S$/(2X-F;)Phe/LLRNP,
showed mixed activity profiles involving enhancement and
suppression (Set 4). As mentioned above, when H—F re-
placement occurs at the para position, the resulting S/A(2,4-
F,)Phe/LLRNP increases agonist activity 5.2-fold, eliciting
a platelet aggregation at a lower concentration range. In
contrast, when H—F replacement occurred at the ortho or
meta position, the resulting $/(2,3-F,)Phe/LLRNP and &/
(2,6-F,)Phe/LLRNP reduced the activity considerably
[about 20 and 40% activity of S/(2-F,)Phe/LLRNP, respec-
tively]. S$/2,5-F,)Phe/LLRNP sustained the activity, al-
though it is still much less potent (35% activity) than the
parent S/Phe/LLRNP. These results indicate that Phe-phe-
nyl benzene-hydrogens at the ortho and meta positions are
intrinsically necessary for eliciting a full receptor activa-
tion.

When the assay results of a series of analogs SA3X-
F,)Phe/LLRNP were compared with those of S/(3-F,)Phe/
LLRNP, an activity profile similar to that of SA2X-F,)Phe/
LLRNP was obtained (Set 5). The benzene ring of meta-flu-
orinated (3-F)Phe possesses four benzene-hydrogens at
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positions 2, 4, 5, and 6. When one of these was replaced
with fluorine, only S/3,4-F,)Phe/LLRNP showed enhanced
activity in platelet aggregation. All other derivatives, &/
(2,3-F,)Phe/LLRNP, S/(3,5-F,)Phe/LLRNP, and $/3,6-F,)
Phe/LLRNP, showed reduced activity (about 10-60%). Col-
lectively, it is clear that H—F replacement at the ortho or
meta position is unfavorable, again indicating that ben-
zene-hydrogens at the ortho and meta positions are them-
selves indispensable in eliciting receptor activation.

DISCUSSION

A characteristic feature of the thrombin receptor is that the
receptor protein molecule itself contains a ligand, S/Phe/
LLRNP, in the N-terminal extracellular portion (3). Since
the synthetic heptapeptide having this sequence activates
the receptor without thrombin reaction, studies on the
structure-activity relationships of tethered ligands have
evolved with a number of peptide analogs to find the struc-
tural essentials for receptor recognition and activation. In
the present study, it became evident that benzene-hydro-
gens of Phe-phenyl are essential at the ortho and meta
positions for receptor recognition and activation.

The fact that Phe-2 in S/Phe/LLRNP requires the ben-
zene hydrogen(s) for its receptor interaction indicates that
the benzene hydrogen per se is involved in the interaction.
This interaction should involve hydrogen-bonding with the
aromatic group. For instance, as shown in Fig. 1B, two phe-
nylalanines can form an edge-to-face CH/w interaction, in
which CH of Phe-phenyl binds to the m-gystem of another
Phe-phenyl (21-24). The CH/m interaction is a kind of hy-
drogen-bonding, and Phe is also able to make this with the
other n systems of aromatic amino acids such as histidine,
tryptophan, and tyrosine (25). Thus, it is likely that the

(A)
/(2,4-F3)Phe/

Ligand F H

}CHZ 7« F

s

Receptor

i

SS
Receptor

Fig. 3. Schematic illustration showing putative edge-to-face
CH/w interactions between ligand (F,)Phe-phenyl and recep-
tor aromatic group. (A) upper: double edge-to-face CH/n interac-
tions by (2,4-F,)Phe; lower: single edge-to-face CH/m interaction by
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benzene hydrogens at the edge (2-3) or (5-6) participate
into hydrogen-bondings with the receptor aromatic group.
The H—F replacement would disconnect a CH/w hydrogen-
bonding, resulting in a drop in biological activity.

If the Phe-phenyl group rotates freely about the axis
passing through 8-CH, and para-H or F, both edges of (2-3)
and (5-6) would be accessible to the receptor aromatic
group for CH/w interaction. The edge availability seems to
be an important structural factor in determining the stabil-
ity of the ligand-receptor interaction. For instance, this
makes S$/(2,4-F,)Phe/LLRNP and S/(3,4-F,)Phe/LLRNP
interact with the receptor in the two different ways as
shown in Fig. 3. It should be noted that ortho and meta
hydrogens are adjacent in the edge along with the position
(5-6). In the edge along with the position (2-3), one hydro-
gen exists at the ortho or meta position, which would pro-
vide a single CH/w interaction in the receptor interaction
(Fig. 3). The availability of two kinds of edges would pro-
vide an interaction strong enough to sustain full receptor
activity However, enhanced activities of S/(2,4-F;)Phe/
LIRNP (150%) and S/(3,4-F,)Phe/LLRNP (140%) appear
not to be substantiated merely by such edge availability.
For a rational explanation, the effect of fluorine on the hy-
drogen acidity should be taken into consideration and this
is discussed later by calculation of the electron density.

In the case of (2,5-F,)Phe, each edge contains one hydro-
gen at the ortho or meta position as shown in Fig. 4, and
both of these edges might participate in the CH/w interac-
tion equally well. In one of these interactions, (2,5-F,)Phe
should be designated as (3,6-F,)Phe, the structure of which
comes out by 180" rotation of (2,5-F,)Phe. Since these pro-
vide a single CH/w interaction, the interaction of S/(2,5-
F,)Phe/LLRNP must be much weaker than parent S/Phe/
LLRNP [indeed, S/A2,5-F,)Phe/LLRNP did show 35% activ-

(B)
/(3 4-F;)Phe/
Ligand f
‘TCH: + F
gy 4
< onf
Receptor
Ligand

Reeeptor
180" rotation. (B) upper: double edge-to-face CH/n interactions by
(3,4-F,)Phe; lower: a single edge-to-face CH/n interaction by 180° ro-
tation. The receptor aromatic group is shown in a symbolic form with
the letter 7 in the benzene ring.
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ity of /Phe/LLRNP].

S/(2,6-F,)Phe/LLRNP, 5/(3,5-F,)Phe/LLRNP, and 5/(3,4,5-
F3)Phe/LLRNP exhibit nearly the same activity (11-18%;
Table I). It should be noted that, in contrast to (2,4-F,)Phe,
(3,4-F,)Phe, and (2,5-F,)Phe, the phenyl groups of (2,6-F,)-
Phe, (3,5-F,)Phe, and (3,4,5-F,)Phe are absolutely symmet-
ric about the axis (Fig. 4), and thus only one kind of the
edge with one hydrogen is available at the ortho or meta
position for the CH/w interaction. These structural similari-
ties may afford a similar ability to activate the receptor.

One of striking findings is that the fluorine atom at the
para-position of Phe-2-phenyl enhances the activity of S/
Phe/LLRNP in platelet aggregation. There is a possibility
that the activity enhancement is based on the ability of the
fluorine atom per se to make hydrogen-bond as a hydrogen
acceptor. For instance, this has recently been demonstrated
for a potent chymotrypsin inhibitor, H-D-Leu-Phe-NH-CH,-
C.H,(p-F) (26). When the dipeptide/y-chymotrypsin com-
plex was analyzed crystallographically, the C-terminal
para-fluorobenzyl amide group of this dipeptide was found
in the S, hydrophobic pocket of the enzyme, and at the bot-
tom of this pocket, the para-fluorine atom was hydrogen-
bonded to chymotrypsin Ser189 via a water molecule (27).
This hydrogen-bonding resulted in a several-fold enhance-
ment of inhibitory activity. In contrast, no such activity en-
hancement was observed for derivatives having a fluorine
at the ortho and meta positions (28). The pentafluorinated
derivative H-D-Leu-Phe-NH-CH,-C/F, possessing fluorine
atoms at all ortho, meta, and para positions retains full
inhibitory activity against the enzyme. It should be noted,
however, this is not the case of the thrombin receptor—teth-
ered ligand S/Phe/LLRNP in the present study, because the
pentafluorinated derivative of S/Phe/LLRNP, namely, &/
(2,3,4,5,6-F,)Phe/LLRNP, was completely inactive in the

/(2,5-F2)Phe/ or

/(3,6-F2)Phe/ /(2,6-F3)Phe/

/(3,5-F3)Phe/
5% 11% 15%
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assay for human platelet aggregation. These results clearly
indicate that the fluorine atoms at the para positions of the
highly potent S/4-F,)Phe/LLRNP, $/24-F,)Phe/LLRNP,
and $/3,4-F,)Phe/LLRNP do not function as hydrogen ac-
ceptor.

Another effect of a fluorine atom introduced in the ben-
zene ring is to activate hydrogen atoms as described above.
When the atom charges of phenyl groups of fluorophenyla-
lanines and ordinary Phe were calculated by the computer-
assisted molecular orbital calculation GAUSSIAN method,
several characteristics were noted. First, when the electron
densities of the benzene carbons were computed, carbons at
the ortho and para positions of a particular fluorine atom
increased to nearly the same extent as the net charge or
electron density, +0.0870 * 0.0085 for ortho carbons and
+0.137 + 0.0018 for para carbons (Table III). The electron
density of the carbon at the root of the fluorine atom is
much reduced (—0.6775 * 0.0025), and that of meta car-
bons also reduced (—0.0137 = 0.0020). All these results re-
flect the fact that fluorine is an ortho-para director.

For benzene hydrogens, however, it was found that all
hydrogens in the monofluorophenyl groups reduce the net
electron density, although the extents in reduction vary
depending upon where the hydrogen exist in relation to the
specific fluorine: —0.0219 * 0.0005 for the ortho hydrogen,
—0.0106 *= 0.0003 for the meta hydrogen, and —0.0053 =
0.0002 for the para hydrogen. It was also found that, in the
case of multifluorinated phenyl groups, the net changes in
electron density are additive depending upon the positions
where the hydrogen exist relative to each fluorine (data not
shown). This calculation estimates the change in the net
electron density of benzene hydrogens of (2,4-F,)Phe: i.e.,
—0.0438 for the hydrogen at position 3, —0.0272 for the
hydrogen at position 5, and —~0.0212 for the hydrogen at

Fig. 4. Structural comparison of (F,)Phe in
S/(F,)Phe/LLRNP: Availability of edges
loading hydrogen and fluorine atoms. The
structures of the side chain of (F;)Phe in S/
(F,;)Phe/LLRNP are shown. Fluorine atoms are
marked by circles. % activity reflects the po-
tency of each peptide ligand relative to S/Phe/
LLRNP. The arrow indicates the direction of ro-
tation about the axis along with the B-carbon
and para-hydrogen.

/(3,4,5-F3)Phe/
18%

TABLE ITI. Changes in the electron density of monofluorinated phenylalanine benzene carbons and hydrogens.

Posit be Benzene-C Benzene-H
on on nzene rnn
e nne (2-F,)Phe (3-F,)Phe (4-F)Phe (2-F)Phe (3-F)Phe (4-F,)Phe
ortho +0.0796 +0.0820 +0.0828 ~0.0220 ~0.0210 Z0.0222
+0.1052 +0.0873 +0.0848 — -0.0220 -0.0224
meta ~0.0125 -0.0118 -0.0144 -0.0105 -0.0109 ~0.0107
-0.0173 -0.0116 ~0.0144 ~0.0100 — -0.0109
para +0.0129 +0.0119 +0.0162 ~0.0055 -0.0051 i
root? —0.6805 —0.6778 ~0.6743 —e — —

*No benzene-H because of the presence of BCH,. "The position to which the fluorine atom attaches. ‘No benzene-H because of the fluorine

atom substitution.
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position 6. Those of (3,4-F,)Phe were-0.0325 for the hydro-
gen at position 2, —0.0325 for the hydrogen at position 5,
and —0.0159 for the hydrogen at position 6. These reduc-
tions in electron density can be interpreted as an increase
in the acidity of the benzene CHs. Apparently, the differ-
ence in such electron density or acidity may affect the
strength of the CH/w interactions and further the activity.
The CH/w interactions formed by hydrogens on the edge
(5-6) of S/(2,4-F,)Phe/LLRNP and S/3,4-F,Phe/LLRNP
would be almost the same due to the similar electron den-
sity, but stronger than those by S/Phe/LLRNP. If the slight
activity difference between S/(2,4-F,)-Phe/LLRNP and &
(3,4-F,)Phe/LLRNP is significant, the difference in electron
density on the other edge might be a cause: i.e., —0.0438 for
the hydrogen at position 3 of (2,4-F,)Phe, and —0.0325 for
the hydrogen at position 2 of (3,4-F,)Phe.

Thus, the activity of SAF,)Phe/LLRNP seems to be
explained by at least two structural conditions, namely, the
edge availability and CH acidity. The activity difference
between S/(2,5-F,)Phe/LLRNP (35%) and S/(3,5-F,)Phe/
LLRNP (15%) is a good example, for instance, to explain
these structural factors. As to the edge availability, SA2,5-
F,)Phe/LLRNP provides two kinds of edges, each of which
containg one hydrogen at the ortho or meta position. Both
of these edges might be involved in the CH/w interaction
equally well. In contrast, S/A3,5-F,)Phe/LLRNP provides
only one kind of edge with one hydrogen at the ortho posi-
tion. This difference in edge availability between (2,5-F,)-
Phe and (3,5-F,)Phe might be one of reasons why $/(2,5-
F,)Phe/LLRNP is more active than S/(3,5-F,)Phe/LLRNP. If
the (2,5-F,)Phe-phenyl group utilizes both edges for simul-
taneous CH/n interaction with the receptor aromatic
groups, benzene-hydrogens at positions (3, 6) or (2, 4) may
be involved. Our recent results with a series of substi-
tutents revealed the importance of such an interaction at
position 3 (unpublished data). As for the electron density,
the change (—0.0325) calculated for meta- or ortho-hydro-
gens of (2,5-F,)Phe is larger, indicating greater acidity, than
that (-0.0257) for ortho-hydrogens of (3,5-F,)Phe. This
might also affect their intrinsic ability to activate the recep-
tor. On the other hand, the low activity of SA2,3-F,)Phe/
LLRNP appears to be due to the availability of only one
edge (5-6) with a slight increase in acidity (—0.0159,
—-0.0159).

It is now highly likely that the double CH/n interaction
exists between the ligand and receptor, in which CHs at the
edge (2-3) or (5-6) participate in hydrogen-bondings with
the receptor aromatic group. Although the enthalpy for a
single unit CH/m interaction is small (about 1 kcal/mol)
(25), the total enthalpy of such CH/w interaction would
become sizable. It is stressed that this kind of interaction is
advantageous, especially entropically, in that the chance for
interaction is increased by organizing the CHs and/or =
groups into a discrete chemical structure (25). It thus
appears that the CH/n interaction would bring about a
very high specificity or selectivity in molecular interactions.
The Phe-2-pheny] of SFLLRNP might be in such a specific
CH/n interaction. In our attempt to carry out molecular
modeling of the thrombin receptor, a seven transmembrane
domain receptor exhibited a dense disposition of aromatic
amino acid residues in the portion proximal to the extracel-
lular side of the fifth transmembrane domain, the amino
acid sequence of which is YYAYYFSAFSAVFFFVPLIIS-
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TVCYVSII. The first 15 amino acid residues include 9 aro-
matic amino acids (four tyrosines and five phenylalanines
in bold letters in the sequence). The = part of CH/w interac-
tion might be constructed by these aromatic residues.

Collectively, the present study shows the importance of
the edge-to-face CH/mr interaction between the ligand pep-
tide SFLLRNP and the thrombin receptor. Also, the useful-
ness of fluorophenylalanines incorporated into the ligand
peptides has become apparent, especially for evaluating
such CH/w interactions. For the CH/m interaction involving
the Phe-phenyl benzene ring, the replacement of benzene-
hydrogens with fluorine elicits two different structural
effects. One is the reinforcement of the CH/w interaction
due to the increase in acidity of the benzene CH, which is
adjacent to the fluorine atom. The other is the interference
in the CH/w interaction when a fluorine atom is placed at
the position where the specific CH participates in the CH/w
interaction. These novel structural examinations are useful
for evaluating the structural elements in biologically active
peptides essential for their receptor recognition and activa-
tion, and contribute greatly to the understanding of the
construction principal of biomolecules.
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