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Introduction

Uncontrolled platelet aggregation and platelet adhe-
sion to the subendothelium of damaged blood vessels
causes life-threatening diseases such as myocardial
infarction (1), transient ischemic attack (1) and unstable
angina (2). Pharmacological and medicinal chemistry
studies have elucidated both physiological mediators and
synthetic inhibitors of the platelet aggregation cascade.
One novel approach to thrombosis treatment and preven-
tion arose from the remarkable finding that a small amino
acid sequence, Arg-Gly-Asp-Ser (RGDS), mediates the
von Willbrand factor-platelet interaction (3). Subsequent
studies found that numerous adhesion reactions are
RGD-dependent as well (4). During platelet aggregation,
the RGD sequence of fibrinogen binds activated het-
erodimer glycoprotein receptor GPIIb/llla on the surface
of platelets (5). This is thought to be the most critical step
in platelet aggregation, and as a result, a number of dif-
ferent types of fibrinogen inhibitors have been reported in
the past several years. Among them, GPIIb/llla antibody
(c7E3) effectively enhances the rate of thrombolysis with
tissue plasminogen activator (t-PA) and prevents reocclu-
sion (6). It also reduces clinical restenosis after coronary
angioplasty whereas nonfibrinogen inhibitors have failed

(7, 8). The general use of this antibody, however, appears
to be limited by its immunogenecity (9) and slow
reversibility (6). Hence, various chemical approaches
have been studied in order to develop small molecule fib-
rinogen inhibitors (10-13).

The purpose of this article is to describe the design,
synthesis and evaluation of two kinds of fibrinogen
inhibitors. The first, which includes our clinical candidate,
4-(4-amidinophenoxy)butanoylaspartylvaline (FK633,
39), an agent for intravenous administration, was origi-
nally designed from a putative active structure of the RGD
peptide generated using computer simulations (14). The
second, including 4-(4-amidinophenoxy)butanoylaspartyl-
valylthiomorpholine 1,1-dioxide, the successor compound
(FR158999, 6f) to FK633, is orally active and was ratio-
nally designed based on results of metabolic studies of
FK633 and related derivatives (15).

A QSAR study on FK633 and its derivatives is also
described. Our QSAR studies using several different
parameters, including a novel descriptor, the logarithm of
the partition coefficient micelle/water (logPmw) (16), indi-
cated that an important factor for inhibitory activity is not
only molecular shape and hydrophobicity but also mem-
brane affinity (17).

Design and synthesis of FK633 derivatives

At the beginning of this study, we designed an ideal
lead compound (2) (10) from the structures of the RGD
peptide and reported fibrinogen inhibitors (10-13).
Compound 2 consists of three moieties: 1) two functional
groups vital for activity (benzamidine and Asp), 2) a spac-
er moiety which correctly positions the end groups, and 3)
an amino acid derivative (AA) at its carboxy terminal (C-
terminal).

We carried out computer simulations to select the
length of the spacer moiety of compound 2 (m in Fig. 1)
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Fig. 1. Design of fibrinogen inhibitors (FK633, FR158999).

before starting the synthesis of derivatives. In computer
simulations (18), each derivative of 2 (m=2, 3, 4 or 5) was
superimposed on the RGD peptide to overlap the position
of the two key functional groups (amidino and carboxylic
acid) of both compounds (broken lines, Fig. 2a). It is very
important when performing computer simulation to select
the active conformation of the reference compound, the
RGD peptide in this case, from the large number of pos-
sible conformations existing at the energy level of body
temperature. In our study, we postulated a type II’ B-turn
(19a) with the Gly positions at (i+1)th (19b) as the active
conformation of the RGD peptide due to the following rea-
sons: 1) NMR study of the RGD protein, decorsin,
showed that the solution structure of the RGD moiety is a
distorted type II’ B-turn (20); 2) assuming a type II’ B-turn
as the active conformation of the RGD sequence, the
evolutionary significance of conservation of the Gly
residue in the RGD sequence becomes clear. Thus, Gly
is conserved in a wide range of adhesion proteins, inde-
pendent of species (4), in spite of a lack of functional
groups, whereas the other two conserved amino acids
(Arg and Asp) have functional groups that are able to
interact with the receptor (GPIIb/llla) through strong
hydrogen bonds. From this it can be supposed that Gly
plays a critical role in maintaining the active conformation.

Rational drug design of FK633 and FR158999

While many possible conformations are possible, the type
I B-turn is thought to be the most suitable as the active
conformation since it is well-known that Gly often appears
in the (i+1)th position of type II' B-turns (21). Hence, we
decided to set the active conformation of the RGD
sequence to be a type II' B-turn in which Gly is positioned
at (i+1)th in our computer simulations.

Our computer simulation studies provided two ener-
getically indistinguishable moieties (Fig. 2b): m=3 and
m=4, in which the two vital binding groups occupy similar
positions with reasonable conformations (energy loss of
these conformations was less than 5 kcal/mol compared
with the global minimum conformations). As a result, we
decided to synthesize 4-(4-amidinophenoxy)butanoylas-
partic acid (3, m=3) and 3-(4-amidinophenoxy)pentanoy-
laspartic acid derivatives (4, m=4) as lead compounds in
this study, and modified only the C-terminal moiety of
these compounds (AA moiety of compounds 3 and 4) in
the optimization process, since modification of the C-ter-
minal moiety is known to be effective for increasing
inhibitory activity (22).

The inhibitory activities of compounds prepared in this
study against human platelet aggregation induced by
ADP were measured initially (23). Potent compounds
from the first screening were then tested in an inhibition
study of fibrinogen attachment to platelets to confirm that
the antiplatelet activity of these compounds was due to
inhibition of fibrinogen binding.

The inhibitory activities of compounds examined in
this study are shown in Table I. The potency of com-
pounds with m=3 (3a-g) was similar to that of compounds
with m=4 (4a-e), which are consistent with the results of
our computer simulations, i.e., compounds with m=3 or
m=4 are essentially indistinguishable (24). The inhibitory
activity in the fibrinogen binding assay for these com-
pounds was similar to the results from the primary
screening, which indicated that the antiplatelet activity of
these compounds is due to inhibition of fibrinogen binding
to GPlIb/llla on the surface of platelets. Among these
compounds, 4-(4-amidinophenoxy)butanoylaspartylva-
line (FK633) exhibited potent inhibitory activity (IC, =
0.10 pM) and was selected for further evaluation because
of its potent antiplatelet activity based on fibrinogen bind-
ing inhibition, low cost of synthesis, low toxicity, absence
of side effects in vivo and high solubility.

In further studies, FK633 (0.1 mg/kg i.v.) significantly
suppressed ex vivo ADP-induced platelet aggregation (>
40% inhibition, Table IlI) but did not prolong template
bleeding time at this dosage. However, it did prolong
bleeding time at a dose of 0.32 mg/kg. FK633 also pre-
vented thrombus formation at stented and injured coro-
nary artery after bolus injection of 0.1 mg/kg in dogs (Fig.
3) (25). These results indicate that FK633, currently
undergoing clinical phase Il trials, should be effective as
an antiplatelet drug.

QSAR studies on FK633 derivatives

Many studies on structure-activity relationships of the
RGD moiety by NMR and x-ray crystallography methods
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Fig. 2. (a) Structural relationship between RGD peptide and 2. (b) Stereo view of two energetically indistinguishable conformations of
compound 2 (m=3, yellow; m=4, cyan) which were obtained by means of superimposition studies with type II' B-turn of the RGD
sequence (pink). The Gly positions at the (i+1)th of type II' B-turn (see text). AA moiety of compound 2 is not shown.

have been performed to understand the active conforma-
tion of the RGD moiety for rational drug design of novel
fibrinogen inhibitors, and much information has been
accumulated in the past several years (26-30). However,
few QSAR studies on moieties other than the RGD have
been carried out, despite the fact that these moieties,
especially the C-terminal moiety (AA in this study), signif-

icantly affect inhibitory activity (22). Thus, we decided to
carry out QSAR studies on FK633 and its derivatives,
modified only at the C-terminal position (Table 1), to
understand the role of the C-terminal moiety.

QSAR studies using three descriptors, logPmw,
CLOGP (31, 32) and STERIMOL (32), were performed.
The logPmw, the logarithm of the partition coefficient

Table I: Structures and inhibitory activities of FK633 derivatives (3, 4) with their QSAR parameters.

Inhibitory activities I1Csq (UM)

QSAR parameters

Compd. m? AA? Platelet aggregation Fibrinogen binding logPmw CLOGP
3a 3 NIeOH 0.076 + 0.07° NTS 1.58 0.79
3b 3 1leOH 0.14 £ 0.02 NT 1.47 0.66
3c 3 LeuOH 0.13 +£0.02 NT 1.47 0.66
3d 3 g-Me-LeuOH 0.23 £ 0.04 NT 1.59 1.06
3e 3 Tyr(Me)OH 0.12 £ 0.06 NT 1.96 0.54
3f 3 TyrOH 0.16 £ 0.01 NT 1.74 -0.05
39 3 ValOH 0.10 £ 0.01 0.088 + 0.01 1.29 0.13

(FK633)
4a 4 SerOH 12 + 0.09 NT 0.90 -1.34
4b 4 ValOH 0.23 + 0.05 0.23 £ 0.05 1.32 0.66
4c 4 TyrOH 0.64 +0.13 0.64 + 0.01 1.82 0.48
4d 4 Tyr(Me)OH 0.27 + 0.08 0.27 £ 0.08 2.00 1.07
4e 4 TyrOMe 45+0.9 NT 2.09 0.62

RGDS 75 +12 95+ 10

2See Fig. 1; "mean + SD; °NT= not tested.
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Table II: Inhibitory effects of FK633 on ex vivo ADP-induced platelet aggregation and template bleeding time after intravenous

administration (0.1 mg/kg i.v.)

Platelet activity (% inhibition)

Bleeding time (min)

0 0.5 1 2h 0 0.5 1 2h
0+0° 47 + 13 39+9 6+18 52+04 6.0+ 0.3 6.5+0.6 4.7 +0.2
#Mean = SD.

5 min

CBF

CBF

Fig. 3. Effect of FK633 on tracings of coronary blood flow (CBF) after stenosis of the injured circumflex artery. Cycles of blood flow reduc-
tion, each of which was terminated by mechanical shaking loose from the thrombus, were observed during the pretreatment periods.
FK633 at 0.1 mg/kg i.v. effectively prevented the thrombus formation and maintained CBF, in contrast to the coronary artery which was

completely occluded in saline-treated dogs.

micelle/water, was recently introduced into QSAR studies
(16). It is considered useful to describe a compound’s
affinity to a biomembrane and as a hydrophobic descrip-
tor in QSAR studies, since the micelle/water system,
used to estimate logPmw values, is recognized as a suit-
able model of the biomembrane/water interface (Fig. 4)
(16, 17). This is in contrast to the use of a miscible organ-
ic solvent such as n-butanol for estimation of the logP val-
ues. CLOGP is widely used as a parameter for a com-

@ water () * water (©) }; water
* noo ﬁuu “

1-octano J “‘1& L L[l \\
° hydrophobic, hydrophilic
) lipid
small m.w.: micellar
compound : molecule

Fig. 4. Partition of small compounds in (a) 1-octanol/water (logP),
(b) membrane/water (in vivo) and (c) micelle/water (logPmw)
systems.

pound’s hydrophobicity because of its accuracy and ease
of calculation (31). The reasons for adopting these
hydrophobic parameters were that the physical properties
of the compounds seemed to be especially important for
inhibitory activity, and few studies have been reported on
the relationship between the physical properties and
antiplatelet activity of fibrinogen inhibitors, although both
structural and physical properties of bioactive compounds
are generally important for potent inhibitory activity.
LogPmw and CLOGP values of compounds examined in
this study are shown in Table |I. STERIMOL parameters
are often used as descriptors for molecular shape of com-
pounds to understand the structural properties required
for potent activity.

A plot of observed logPmw values versus antiplatelet
activity (pIC,,) for FK633 derivatives is shown in Figure
5a and indicates that this relationship looks like a qua-
dratic curve. A statistical calculation on Figure 5a was
carried out and resulted in:

PIC,, = —4.36(x1.88)(IogPmw)? + 13.7(+5.85)(logPmw) - (A)
3.84(+4.42)
= -4.36(logPmw-1.57)2 + 6.93 (B)

n=12, s=0.368, F=14.1"*, r=0.871

The good correlation coefficient (s=0.368, F=14.1**,
r=0.871) in equation (A) shows that the antiplatelet activ-
ities of the fibrinogen inhibitors (pIC,,) depend on their
logPmw values. The values in parentheses in equation
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Fig. 5. Plots of fibrinogen inhibitory activities (pIC,;) of FK633
derivatives with (a) logPmw and (b) CLOGP.

(A) indicate 95% confidence intervals. Equation (B) indi-
cates that a compound having a 1.57 logPmw value
exerts the maximum antiplatelet activity, which agrees
with the experimental results; that is, the most potent
compound 3a, whose logPmw value is 1.58, is the one
nearest to the 1.57 logPmw value. Therefore, all com-
pounds having suitable logPmw values (1.3-1.7), such as
FK633 and compounds 3a-d, 3g and 4b, showed potent
antiplatelet activity while compounds 4a and 4e, whose
logPmw is far from the 1.57 logPmw value, are not potent.

We next carried out QSAR studies using STERIMOL
parameters and CLOGP values. QSAR studies on the AA
moiety (33) using STERIMOL parameters were unsuc-
cessful (data not shown), indicating that the shape of the
AA moiety is not important for antiplatelet activity and is
not severely recognized at the binding pocket of the
receptor. A QSAR study using CLOGP values also result-
ed in a poor relationship (Fig. 3b). The difference
between QSAR results using logPmw and those using
CLOGP was very interesting to us since both are indica-
tors of the same hydrophobic property of compounds.
Based on these results, we concluded that the important
feature of the AA moiety of FK633 derivatives for their
inhibitory activity is not their molecular shape (STERI-
MOL) or simple hydrophobicity (CLOGP), but their mem-
brane affinity (logPmw).

We postulated that there were two possibilities for the
role of the C-terminal moiety: 1) the AA moiety plays an
important role in interacting with the binding pocket of the
GPIlIb/llla receptor through hydrophobic interactions, and
2) potent inhibitors bind to the receptor via the biomem-
brane (route Ain Fig. 6), and the AA moiety thus functions
as an anchor by which the inhibitors interact with the bio-
membrane. We eliminated the first possibility because of
two reasons. First, it is not considered necessary for
inhibitors to interact with the membrane if these com-
pounds immediately bind directly to the receptors (34);
however, QSAR studies using only logPmw displayed
good results. And second, QSAR studies using CLOGP
should give similar results as studies using logPmw and
some structural requirements (STERIMOL parameters)
should be observed in the first possibility.

According to this hypothesis, the reason for inactivity
of compounds whose logPmw values are far from the
maximum value (1.57 logPmw) can be interpreted as fol-
lows. Compounds with a low logPmw value, such as com-
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Fig. 6. Two possible inhibitory pathways from solution state to the
binding state and tentative route of compounds (route B). In
route A, inhibitors immediately bind to the GPIIb/llla receptor,
and inhibitors bind to the receptor via biomembrane in route B
(see text for details).

pound 4a, must bind to the receptor directly from the solu-
tion state due to low membrane affinity. In such a case, it
is necessary to adapt the active conformation in the solu-
tion state for effective binding with the GPIIb/llla receptor,
a statistically unlikely event (35). On the other hand, it is
difficult for a compound whose logPmw is very high, such
as compound 4e, to release itself from the membrane to
bind to the binding pocket due to very high membrane
affinity, and thus results in overall low inhibitory activity.
This hypothesis has not yet been experimentally con-
firmed, although we are currently examining it in detail.

Metabolic studies on FK633 derivatives

FK633 displayed potent in vivo antiplatelet activity,
inhibiting platelet-dependent coronary artery thrombosis
in dogs following intravenous infusion (Fig. 3), indicating
that it is potentially clinically useful for acute treatment.
On the other hand, orally active antiplatelet drugs are clin-
ically necessary for the treatment of chronic diseases.
Thus, we assessed the bioavailability of FK633 in a fol-
low-up study, in which its antiplatelet activities were mea-
sured after oral administration in guinea pigs, rats and
dogs (Table IlI).

Interestingly, FK633 showed potent antiplatelet activi-
ty in guinea pigs even at a dose of 0.32 mg/kg p.o., even
though it is generally considered that peptidic compounds
such as FK633 are not effective after oral administration.
The bioavailability of FK633 in rats and dogs, however, is
insufficient (Table Ill). Thus, our next task focused upon
obtaining compounds which were effective after oral
administration, not only in guinea pigs but also in rats and
dogs.

The antiplatelet activity of FK633 in rats after oral
administration was increased 3-fold (36) by co-
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Table lll: Inhibitory activities ex vivo of FK633 in guinea pigs, rats and dogs after oral administration.

Dogs Rats Guinea pigs
Dose Inhibition (%) Dose Inhibition (%) Dose Inhibition (%)

(mg/kg) 1 2 3h (mg/kg) 0.5 1 2h (mg/kg) 1 3 6h
3.2 19+ 178 30+ 13 10+6 10 24+6 18+6 4+70 32 70+19 NT® NT
32 58 +7 29+5 18+ 13 20 45+ 8 33+8 2017 1.0 9+15 34x20 NT

3.2 100 + 8 64 +18 19+18

3Mean = SD; °NT= not tested.
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Fig. 7. Stability of FK633 at 37 °C in intestinal juice and
homogenate of intestine of rats and guinea pigs (g.p.)

administration with the known peptidase inhibitor, baci-
tracin (37). This indicated that the low bioavailability of
FK633 in rats and in dogs arose from hydrolysis by pep-
tidase in intestinal juice and/or cells, whereas it is stable
in that of guinea pigs, resulting in high bioavailability. In
order to assess this hypothesis, we tested the stability of
FK633 in intestinal juice and homogenate of intestinal
cells of rats and guinea pigs (Fig. 7). This study showed
that FK633 was degraded only in the intestinal juice of
rats and was completely stable in that of guinea pigs and
in homogenates of intestinal cells of rats and guinea pigs,
which supports our supposition (38) and indicates that
design of novel FK633 derivatives which are stable in the
intestinal juice of rats could afford compounds with the
desired profile.

Upon inspection of the structure of FK633, there are
three moieties (A, B and C) which could be considered
responsible for hydrolysis in intestinal juice (Fig. 8). In
order to investigate the structure stability relationships of
these moieties to aid rational design of orally active com-
pounds, we synthesized compounds whose carboxyl
group (C), which could be recognized by peptidases such
as carboxypeptidases, was removed (5a-b) or replaced
with carboxamide (6a), or whose amide bond (A), which
could be easily hydrolyzed by peptidases, was replaced
with ureido (7), and tested their stabilities in the intestinal
juice of rats (Table IV). These studies showed that
removal (5a-b) and replacement with carboxamide (6a) of
a carboxyl moiety at the C-terminal are effective, while
replacement of the amide moiety with an ureido bond (7)
showed little effect. These results suggested that the
decomposition of FK633 derivatives in intestinal juice
may be due to peptidases which recognize the carboxyl
moiety at the C-terminal and hydrolyze the amide bond at
position B.

HOOG  GCHj CH,4

HN
’\7—@-0(%2)3 coniYfconrL{coon
A B (o]

Fig. 8. Putative site (A, B and C for hydrolysis of FK633 in intesti-
nal juice of rats.

Synthesis and evaluation of FR158999 derivatives

Based on the above results, we synthesized a number
of orally active derivatives and tested their in vitro activi-
ties using human platelets (Table V). All showed potent
inhibitory activity (IC,, <1 uM). Among them, two com-
pounds possessing either a morpholine (6e) or a thiomor-
pholine 1,1-dioxide (6f, FR 158999) moiety at the C-ter-
minal exhibited potent antiplatelet activity which was 2-3
times more potent than FK633.

We assessed the ex vivo activities of these two com-
pounds in dogs, rats and guinea pigs to evaluate bioavail-
ability (Table VI). Surprisingly, both compounds showed
potent ex vivo activity after oral administration in all three
species, i.e., they were effective at 3.2 mg/kg p.o. in dogs
and rats, while FK633 showed only weak antiplatelet
activity even at a dose of 20 mg/kg in rats and at 32
mg/kg in dogs. The effect of these two compounds in
guinea pigs was similar to that of FK633.

This potent ex vivo activity in three different species
indicated that the novel peptidic fibrinogen inhibitors, 6e
and FR158999 (6f), are orally active and could be clini-
cally useful for treating chronic diseases. We selected
FR158999 for further evaluation as a successor to FK633
since the ex vivo activity in dogs was slightly more potent
than that of 6e. These results also supported our hypoth-
esis that the weak activity of FK633 in rats and dogs after
oral administration was due to hydrolysis by peptidase in
the intestinal luminal.

Conclusions

We have described the design, synthesis and evalua-
tion of novel fibrinogen inhibitors. The lead compound in
this study was rationally designed from a putative active
structure of the RGD peptide using computer simulations.
Optimization studies on the C-terminal moiety of the lead
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Residual (%) (n=1)

Cmpd. X AA Oh 2h 5h 7h

FK633 CcO Val-OH 100 61.3 25.6 19.2
5a (0]0) NHCH,CH(CHj3), 100 80.4 83.6 86.2
5b (6]0) NHCH,CH,Ph(4-OMe) 100 100.5 105.7 NT?
6a CO Val-NH, 100 105.6 107.3 NT
7 NHCO Val-OH 100 63.8 45.1 NT

ENT= not tested.

Table V: In vitro antiplatelet activity of compounds 5 and 6.

AA? Human, ADP
ICs0 (M)
FK633  Val-OH 0.10 £ 0.01°
5a NHCH,CH(CHy), 1.2£0.3
5b NHCH,CH,Ph(4-OCHj) 0.44 +0.11
5¢c NHCH(CHg)CH(CHs), 1.4+05
5d NHCH,CH,Ph(4-0-iPr) 0.37 + 0.09
5e NHCH,CH,Ph(4-OEt) 0.34 +£0.12
5f NHCH,CH,Ph(3,4-diOCH,) 0.54 +0.18
6a Val-NH, 0.67 = 0.20
6b Val-NH-cCgH14 0.21 +0.10
6c Val-NEt, 0.25 + 0.08
6d Val-N  NCH, 0.18 + 0.06
6e val-N O 0.079 + 0.020
6f val-N SO, 0.030 + 0.010

(FR158999)
@See Fig.1, in which m=3 for all derivatives; ®mean = SD.

compound resulted in the synthesis of our clinical com-
pound (FK633, 3g) which suppressed ex vivo
ADP-induced platelet aggregation (> 40% inhibition) and
thrombus formation at stented and injured coronary artery
after bolus injection at 0.1 mg/kg in dogs, without prolon-
gation of template bleeding time.

We then carried out metabolic studies on FK633 and
derivatives to find orally active derivatives. Our research

resulted in the discovery of FR158999 (6f), a successor
to FK633 which is orally bioavailable.

QSAR studies were also performed on FK633 and its
derivatives, modified only at the C-terminal moiety. We
used logPmw, a novel QSAR parameter for membrane
affinity, CLOGP and STERIMOL parameters to elucidate
the role of the C-terminal moiety, since few studies on
moieties other than the RGD moiety have been carried
out even though it is known that these moieties, especial-
ly the C-terminal moiety (AA in this study), significantly
affect their inhibitory activity. Our QSAR studies showed
that logPmw has a good relationship with antiplatelet
activity, while CLOGP and STERIMOL parameters have
poor relationships, indicating that the important feature of
the C-terminal moiety for inhibition is not molecular shape
(STERIMOL) or contribution to the compound’s total
hydrophobicity (CLOGP), but rather its membrane affinity
(logPmw). Based on these results, we proposed an inhi-
bition mechanism for these compounds in which active
inhibitors bind to the receptor via the membrane (route B
in Fig. 6).
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Table VI: Ex vivo activities of 6e and FR158999 after oral administration in dogs, rats and guinea pigs.

Dogs Rats Guinea pigs
Dose, p.o. Inhibition (%) Dose, p.o. Inhibition (%) Dose, p.o. Inhibition (%)
(mg/kg) 1 3 6 8h (mg/kg) 0.5 1 2h (mg/kg) 1 2 3h
6e 3.2 53+28° 45+13 20+11 NT 3.2 95+5 972 95+5 NT®
10 96+32 7525 59x%17 NT
FR158999 1.0 40+ 8 11+15 NT NT 3.2 97 +13 97+3 44+ 14 0.1 49 +23 NT NT
3.2 85+4 65+8 46 +7 0+11 0.32 69+19 50+13 NT
10 NT 80+4 65+2 45+ 16 1.0 1005 59+28 21+19°

3Mean + SD; °NT= not tested.
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