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Molecular model of an interaction between factor Xa and DX-9065a, a
novel factor Xa inhibitor: contribution of the acetimidoylpyrrolidine moiety
of the inhibitor to potency and selectivity for serine proteases
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Summary — Molecular modeling of a complex between factor Xa (FXa) and DX-9065a, a novel FXa inhibitor, has demonstrated a
salt-bridge interaction of the amidinonaphthalene moiety of the inhibitor to the S1 site pocket of the enzyme and a crucial carboxyl
group of the inhibitor for the FXa/thrombin selectivity. In the present study, we synthesized some DX-9065a derivatives and studied
their interaction modes with FXa, trypsin and thrombin to evaluate the role of the acetimidoylpyrrolidine moiety. The dockmg study of
the inhibitor in the FXa model prov:ded a molecular model of the inhibitor-FXa complex showing a hydrophobic interaction of the
pyrrolidine ring with an aryl binding site of FXa, and a hydrogen bond between the acetimidoyl group and the backbone carbonyl
oxygen of Glu97. Comparison between the interaction mode of DX-9065a with FXa and those with trypsin and thrombin explained
the inhibitory potencies of the enzymes.
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Introduction

Factor Xa (FXa) is a trypsin-like serine protease in-
volved in the cascade of blood coagulation. Although
FXa is a promising target for anticoagulant agents [1},
no synthetic inhibitor of FXa has been developed yet.
In an earlier study, we reported a novel FXa inhibitor,
(25)-2-[4-[[(3S)-acetimidoyl-3-pyrrolidinyl]Joxy]phe-
nyl]-3-(7-amidino-2-naphthyl)propanoic acid hydro-
chloride pentahydrate, DX-9065a (fig 1) [2]. This
compound has a potent inhibitory activity for FXa and
high selectivity for FXa over other serine proteases.

In a previous paper, we investigated the binding
mode of DX-9065a by computer molecular modeling
[3]. A docking study of DX-9065a into a three-dimen-
sional model of FXa, based on the X-ray crystallogra-
phic data for trypsin [4], indicated that the amidino-
naphthalene moiety of the inhibitor binds to the S1
site of FXa with a salt-bridge interaction. Further-
more, the Glu192 of thrombin corresponding to the
GIn192 of FXa evokes an electrostatic repulsion of the
carboxyl group of the inhibitor, which explains a
mechanism of the FXa/thrombin selectivity of DX-
9065a. However, DX-9065a has two basic terminals in
the structure, suggesting that the acetimidoylpyrroli-
dine and the amidinonaphthalene moieties signifi-
cantly participate in the potent inhibitory activity
against FXa.
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The acetimidoylpyrrolidine moiety also may contri-
bute to the selectivity of DX-9065a for FXa from
thrombin. The interaction of the moiety with a site of
thrombin may fix the direction of the carboxyl group
of DX-9065a, which leads to an increase in the elec-
trostatic repulsion between the carboxyl group of the
inhibitor and Glu192 of the enzyme. Thereby, DX-
9065a cannot bind to thrombin. In addition, a loss of
such an electrostatic repulsion between trypsin and
DX-9065a suggests that the carboxyl group does not
contribute to the selectivity for FXa from trypsin, and
the acetimidoylpyrrolidine moiety should be involved
in the selectivity.

In the present study, we determined a contribution
of the acetimidoylpyrrolidine moiety of DX-9065a in

Fig 1. Structure of DX-9065a. Torsion angles rotated during
a conformational search are shown with arrows.
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the potency and selectivity for FXa by a molecular
modeling technique. First, we synthesized a series of
compounds 7a—-d in order to evaluate the interactions
of the acetimidoylpyrrolidine moiety with FXa,
thrombin and trypsin. Second, diverse low-energy
conformers of DX-9065a were generated by the
conformational search using a Metropolis Monte-
Carlo method. Finally, on the basis of the SAR of the
series of inhibitors, docking studies of these confor-
mers into FXa, thrombin and trypsin were performed.

Chemistry

Compounds 6a—c were prepared by the method
described previously (scheme 1) [5]. Treatment of
compounds 6b,c with hydrochloride in ethanol and
then with an ammonia/ethanol solution gave the
amidine derivatives, which were hydrolyzed with
hydrochloric acid to afford compounds 7b,c. Acid
hydrolysis of the amidine intermediate synthesized
from 6a gave the phenol derivative 7d. Compound 7a
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was prepared along the following pathway with a
modification: protection of the amidino group with
tert-butoxy dicarbonate, alkali hydrolysis with sodium
hydroxide and deprotection with trifluoroacetic acid.

Molecular modeling of serine proteases

The three-dimensional structure model of the heavy
chain of human FXa was constructed on the basis of
trypsin, a highly homologous serine protease, as
described previously [3]. A recent X-ray crystallo-
graphic analysis of FXa revealed the geometric simi-
larity of the a-carbons of FXa to those of thrombin,
except for an insertion loop in thrombin, Tyr60A to
Thr60I [6]. On the basis of this report, the coordinates
from Asp170 to Ile176 of the FXa model, which were
topologically different from those of thrombin, were
replaced by the corresponding coordinates of throm-
bin, Leul70 to Ile176. Side chains of the resulting
model were optimized manually to remove steric
clashes, and then the FXa model was obtained by
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Scheme 1. (a) R,OH, diethyl azodicarboxylate, PPh,, THF; (b) RI, K,CO;, DMF; (¢) DBU, THF/EtOH; (d) Pd/C, H,, EtOH;
(e) EtOH/HCI; EtOH/NH,; tert-butoxy dicarbonate, Et;N, DMF; (f) 1N NaOH; TFA; (g) EtOH/HCI; EtOH/NH;; 4 N HC, A.
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energy minimization of these residues in 500 steps
without moving the other amino-acid residues.

The three-dimensional structure model of human
a-thrombin was derived from the coordinates for the
structure labeled 1DWE [7] in the Brookhaven Protein
Data Bank [8]. Water molecules in the coordinates
were removed and the hydrogens were added to the
backbone and side chains based on the standard
average bond angles and lengths.

The atomic coordinates of bovine trypsin registered
as 1TPP [4] in the same data bank were employed as a
template of the tertiary model of human trypsin
(TRYI). After removal of water molecules and addi-
tion of hydrogens, the amino acids of bovine trypsin
were replaced with those of human trypsin {9] by
using the mutation option of the Quanta protein
module. All side chains of the model were optimized
by 500-step energy minimization. The numbering
system of the enzymes was defined on the basis of
topological equivalence with chymotrypsin.

Results and discussion
Structure—activity relationships

Anti-FXa and anti-thrombin activities of DX-9065a
and its derivatives were measured as amidolytic activi-
ties for chromogenic substrates S-2222 and S-2338,
respectively [2]. In a similar manner, anti-trypsin acti-
vity was measured using S-2222 (table I). Pyrrolidine
derivative 2 and its acetimidoyl derivative 1 had
almost same potency in FXa inhibitory activity [5].
Substitution of the methyl group of 7c with a cyclo-
pentyl group, forming compound 7a, exhibited an
eightfold increase in inhibitory potency. Replacement
of the aminoethyl group of 7b with the pyrrolidine
ring gave compound 2 showing a 35-fold increase in
potency. These results indicate importance of a termi-
nal five-membered ring in the FXa inhibitors. The
anti-FXa activity of pyrrolidine derivative 2 is 21
times as potent as that of cyclopentane derivative 7a.
Similarly, aminoethyl derivative 7b is fivefold more
potent than 7¢. These results indicate that the terminal
amino group of the inhibitors contributes to the
increase in potency. Thus, the pyrrolidine ring may be
not only a constrained amino group but also a group
contributing to a hydrophobic interaction with FXa.
. The anti-trypsin activity of compounds 1, 2, and

7Ta—d, unlike their anti-FXa activity, is almost the
same. The hydrophobicity and basicity of the terminal
substituents of the inhibitors are unlikely to be asso-
ciated with the binding affinity for trypsin. Therefore,
the FXa/trypsin selectivities of these inhibitors are
primarily dependent on the anti-FXa activity.

The inhibitory activity of compounds 1, 2, and
7a—d against thrombin was negligible.
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Table L Inhibitory activities of derivatives of DX-9065a on
FXa, thrombin and trypsin.

O COOH
H,N
HCI - NH O oR

ICso (uM)

Compound R

FXa Thrombin Trypsin

NH
1 /CN% .HCl 0.16  >1000 10
CHy
2 /OH + HCI 020  >1000 5.4
7a /O 42 >1000 4.8

7b A NHz - HCI 7.3 >1000 10
Tc —CHj 35 >1000 7.5
7d —H 26 >1000 16

Conformational search of DX-9065a

In order to sample diverse low-energy conformers effi-
ciently, a Metropolis Monte-Carlo search procedure
[10, 11] was applied to DX-9065a. The initial struc-
ture of DX-9065a was taken from its X-ray crystallo-
graphic structure [5]. To generate a conformer, six
torsion angles w,—w; (see fig 1) were altered randomly
within 45° at a pseudo-temperature of S000K using
Boltzmann jump search option of the Quanta program
[12]. The generated conformer, whose dihedral root
mean square difference from the previous conformer
was over 43°, was accepted as a new conformer,
which was subsequently optimized by 100-step mini-
mization without changing the ring conformation of
the pyrrolidine. This procedure was iterated 5000
times.

Conformers with the torsion angle w, of 180 * 10°
were removed since their acetimidoylpyrrolidine
moieties were incapable of binding to FXa. Elimi-
nation of conformers with energy levels more than
3 kcal/mol above the minimum gave 144 conformers.
The conformational space shows that the acetimidoyl-
pyrrolidine moiety is predominantly located in two
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regions, as shown in figure 2. The resulting 144
conformers were docked into the FXa model to study
the mode of interaction between the acetimidoylpyrro-
lidine moiety of DX-9065a and FXa.

Docking studies of DX-9065a

DX-9065a has two basic, amidinonaphthalene and
acetimidoylpyrrolidine groups. The previous model-
ing study of the complex between FXa and DX-9065a
demonstrated that the Sl pocket of FXa prefers the
planar amidinonaphthalene group to the acetimidoyl-
pyrrolidine group with a spacially expanded structure
[5]. Therefore, the amidinonaphthalene part of DX-
9065a was adjusted to the S1 site to form a hydrogen-
bonded ion pair of the amidino group with the
carboxyl group of Aspl89 of the enzyme without
steric collisions. The docking study showed that 10 of
the 144 conformers had a binding mode such that their

Fig 2. Superimposition of 144 conformers with an energy
less than 3 kcal/mol above the minimum. The amidinonaph-
thalene, benzene and acetimidoylpyrrolidine moieties are
displayed.
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pyrrolidine rings interacted with a site of FXa corres-
ponding to the ‘aryl binding site’ [13] of thrombin.
The pyrrolidine ring was surrounded with Tyr99,
Phe174 and Trp21S without any steric hindrance. This
result is consistent with the model proposed by
Padmanabhan er al, in which the dansyl group of
dansyl-GluGlyArg, an FXa-inhibitor, interacts with
the hydrophobic site of FXa [6], suggesting the hydro-
phobic interaction of the pyrrolidine ring with the aryl
binding site. The pyrrolidine rings of the other confor-
mers did not have such an interaction with FXa.

One of the 10 conformers was selected as a putative
active conformer, since the acetimidoyl nitrogen was
expected to form a hydrogen bond with the backbone
carbonyl oxygen of Glu97. The hydrogen bond could
explain the importance of the terminal basic group of
the inhibitors 1, 2 and 7b in inhibitory potency.
Energy-minimization of the complex between this
conformer and the FXa model was performed in 500
steps without moving the a-carbons of FXa, to give a
plausible model of DX-9065a bound to the enzyme.
As shown in figure 3, the carbonyl oxygen of Glu97,
which was located near the aryl binding site, appeared
to donate a hydrogen bond to the acetimidoyl nitro-
gen. The distance between the two atoms was ob-
served to be 2.8 A, which was appropriate for a hydro-
gen bond. Alternatively, a salt-bridge interaction may
be considered as an interaction between the terminal
basic center of the inhibitor and the acidic side chain
of Glu97. However, the hydrogen bond seemed prefer-
able to the salt-bridge interaction since the orientation
of the side chain of Glu97 was unfavorable for the
tight interaction with the acetimidoyl group.

In addition, there was no hydrophobic site of FXa
interacting with the benzene ring attached to the
phenoxypyrrolidine moiety of all the 144 conformers.
The ring might be a spacer to fix the pyrrolidine ring
on the favorable location.

Trypsin also has a site, which consists of two
hydrophobic Leu99 and Trp215 ‘and a hydrophilic
Lys175, corresponding to the aryl binding site of FXa.
A docking study of DX-9065a in the trypsin model
showed that the inhibitor could bind to the enzyme in
a similar manner to FXa (fig 4). However, the hydro-
phobic binding of the acetimidoylpyrrolidine moiety
with the site of trypsin may not be very strong as the
site is less hydrophobic than that of FXa. This could
account for the almost identical antitrypsin activities
of 7a and 7c. In addition, an electrostatic repulsion
between the pyrrolidine nitrogen and the basic side
chain of Lys175 could weaken a hydrogen bond
between the pyrrolidine nitrogen and the carbonyl
oxygen of Glu97, explaining the almost identical anti-
trypsin activity of the compounds with or without the
terminal basic nitrogen. Thus, comparison between
the binding modes of DX-9065a with trypsin and FXa
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Fig 3. Model structure of the compiex between FXa (thin lines) and DX-9065a (thick lines).
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Fig 4. Model structure of the complex between trypsin (thin lines) and DX-9065a (thick lines).

can give an explanation of the FXa/trypsin selectivity,
which is ascribed to the acetimidoyl pyrrolidine
moiety.

In the previous paper, we proposed the molecular
mechanism of the FXa/thrombin selectivity of DX-
9065a. An electrostatic repulsion between the
carboxyl group of DX-9065a and that of Glu192 of
thrombin causes the unfavorable enzyme-inhibitor
contact and thereby extinguishes the inhibitory ac-
tivity against thrombin [3]. Both thrombin and FXa
have the aryl binding site which was formed with

DOCKET

_ ARM

Leu99, lle174 and Trp215. A docking study of DX-
9065a indicated that the site accommodated the pyrro-
lidine ring without steric clashes. In addition, throm-
bin also had Glu97 which seemed capable of forming
a hydrogen bond with the amino terminal of DX-
9065a. The interaction between the acetimidoylpyrro-
lidine moiety and the enzyme would fix the orienta-
tion of the carboxyl group of DX-9065a, which
resulted in the electrostatic repulsion of the carboxyl
group to Glul92 of thrombin (fig 5). However,
compounds 7¢ and 7d without the acetimidoylpyrro-
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