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Factor Xa (FXa) is a trypsin-like serine protease that
plays a key role in the blood coagulation cascade. It
holds a central position that links the intrinsic and
extrinsic pathways to the final common pathway of
coagulation. Classically, the primary role of FXa is the
proteolytic activation of thrombin, after combining with
factor Va and calcium on a phospholipid membrane to
form the prothrombinase complex.1 Thrombin, in turn,
promotes blood clot formation by catalyzing the forma-
tion of polymerizable fibrin from fibrinogen in addition
to activating platelets. Free FXa, unbound to factor Va,
triggers coagulation via the direct activation of factors
V and IX2 and binds to effector cell protease receptor-1
on platelets, augmenting membrane assembly of pro-
thrombinase.3 Ex vivo data demonstrates that pro-
thrombinase, not thrombin, is the major determinant
of the procoagulant activity of human whole-blood clots.4

The oral anticoagulant, warfarin,5 and the parenteral
anticoagulant, heparin,6 are used extensively in the
clinic. The slow onset of action and requirement to
monitor warfarin generated interest in direct acting
anticoagulants, such as inhibitors of thrombin.7 Al-
though not orally available, hirudin is a highly selective,
direct acting proteinaceous inhibitor of thrombin. Hiru-
din has been tested in the clinic and is efficacious but
does not show improvement in bleeding tendency when
compared to heparin.8 The proteinaceous FXa inhibi-
tors, antistasin and tick anticoagulant peptide (TAP),
have been tested in a wide variety of preclinical models
of venous and arterial thrombosis.9 A direct comparison

of TAP with the proteinaceous thrombin inhibitor,
hirudin, demonstrated that under conditions of equiva-
lent efficacy a greater bleeding tendency was observed
with hirudin.10 Results with these parenterally admin-
istered anticoagulants in preclinical efficacy models
suggest that a selective inhibitor of FXa will be effica-
cious and may have a superior therapeutic ratio com-
pared to an inhibitor of thrombin. By initiating a
program which targets orally available inhibitors of
FXa, we hoped to develop a direct acting anticoagulant
with a good therapeutic window.

There are several examples of bisamidine compounds
that have been shown to be inhibitors of FXa.11 Stür-
zebecher et al. have reported a series of conformationally
restricted bisamidine inhibitors with the most potent
inhibitor, 2,7-bis(4-amidinobenzylidene)cycloheptan-1-
one (BABCH, 1a), exhibiting a Ki value of 13 nM for
bovine FXa.12,13 At the initiation of our program, we
decided to utilize 1a as a standard to validate our
primary enzyme and anticoagulant assays. BABCH
(1a) was prepared as previously described14 by conden-
sation of 4-amidinobenzaldehyde hydrochloride with
cycloheptanone in 85% phosphoric acid at 100 °C
(Scheme 1). A crystalline solid (purity >99% by HPLC
and 1H NMR, mp >360 °C) was obtained with spectral
data identical with the literature report. The 1H NMR
and 13C NMR spectra are consistent with a symmetrical
configuration, since the vinyl protons appear as a singlet
integrating for two protons, and the 13C NMR spectra
show only 10 unique carbon atoms (Table 1). The
downfield chemical shift of the vinylic protons (δ ) 7.33
ppm) is consistent with other reported R,â-unsaturated
cyclic ketones having (E,E) double bond configura-
tions.15,16 Further confirmation of the (E,E) orientation
of the exocyclic double bonds was obtained from NOESY
NMR studies (Table 1). In these studies, a positive NOE
was observed between the cycloheptanone ring protons
(C-3 and C-4 positions, Table 1) and the C-7 aromatic
protons with no observed NOE between the vinylic
protons (C-5 position) and the cycloheptanone protons.

Compound 1a displayed considerable variability when
initially evaluated in our FXa chromogenic assay (Ki
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values ranged between 16 and 260 nM). Since R,â-
unsaturated ketones are known to undergo a variety of
photorearrangements,17 we postulated that the incon-
sistent Ki values obtained for 1a could be a result of
photochemical isomerization prior to binding with FXa.
This hypothesis is supported by a report by Aizenshtat
et al.16 describing the photoisomerization of the unsub-
stituted (E,E)-2,7-benzylidene-cycloheptan-1-one (1b) to
a mixture of the (E,Z) and (Z,Z)-isomers (2b and 3b,
respectively, Scheme 2). Therefore, to fully characterize
the BABCH system, we investigated the photochemi-
cally induced isomerization of 1a. The results are
described below and clearly illustrate that the most
active FXa inhibitor of the BABCH series is the (Z,Z)
isomer (3a).

Irradiation of an aqueous acetonitrile solution of 1a
with a 450 W high-pressure mercury lamp produced two
new compounds as determined by HPLC. The new
compounds were separated by reverse-phase HPLC and
identified as the (E,Z) and (Z,Z) isomers (2a and 3a,
respectively).18,19 The photoisomerization produces an
equilibrium mixture of 55% 2a, 40% 3a, and <5% 1a
(by 1H NMR analysis), similar to the isomer distribution
reported for the photoisomerization of 1b.16 Irradiation

of an aqueous methanolic solution of the meta analogue
(1c) produced comparable results. The three isomeric
para bisamidine cycloheptanones (1a, 2a and 3a) could
be differentiated and unambiguously assigned from
their characteristic NMR spectra (Table 1). The 13C
NMR of 2a shows 19 unique carbon atoms, and the 1H
NMR shows separate resonances for many of the
protons. These data clearly illustrate that 2a is asym-
metric, and therefore only the (E,Z) configuration is
consistent with these data. The 1H NMR and 13C NMR
spectra of 3a show the same elements of symmetry as
1a: the two vinylic protons appear as a singlet integrat-
ing for two protons, and the 13C NMR shows 10 unique
carbon atoms. The upfield chemical shift of the vinylic
protons (δ ) 6.94 ppm) is consistent with related
compounds containing the same double bond configu-
ration,16 and a positive NOE between the vinylic and
allylic protons unambiguously supports this structure
(Table 1).

The bisamidine isomers were evaluated for their FXa
inhibitory activities in the absence of light.20 The
results in Table 2 clearly demonstrate that 3a is the
most potent FXa inhibitor (Ki ) 0.66 nM)21 in the
BABCH series, while 2a also exhibits significant FXa

Scheme 1

1a
BABCH

Table 1. 1H, 13C, and NOESY Data of Olefin Isomers 1a-3aa

(E,E) isomer (1a) (E,Z) isomer (2a) (Z,Z) isomer (3a)

carbon 13Cb 1Hc NOESYd 13C 1H NOESY 13C 1H NOESY

1 197.37 198.76 197.91
2 140.56 140.22 141.61
3 27.44 2.66(m) H7 27.21 2.71(m) H7 35.40 2.56(m) H5
4 27.86 1.90(m) H7 29.28 1.89(m) H7 31.79 1.89(m)
5 133.36 7.33(s) H7 134.74 7.60(s) H7 134.36 6.94(s) H3,7
6 143.71 141.17 144.60
7 129.64 7.70(d) H3,4,5 129.78 7.69(d) H3,4,5 128.80 7.44(d) H5
8 128.46 7.93(d) 128.45 7.89(d) 127.71 7.70(d)
9 127.40 128.05 126.89

10 165.14 165.16 165.20
2′ 140.83
3′ 35.13 2.47(m) H5′
4′ 31.70 1.89(m)
5′ 129.69 6.79(s) H3′,7′
6′ 147.77
7′ 128.47 7.40(d) H5′
8′ 128.27 7.74(d)
9′ 126.80

10′ 165.20
a All samples employed 9 mg quantities of solute in 0.5 mL of DMSO-d6 on a Varian UP 400 spectrometer. Samples were protected

from light sources. b Carbon-13 assignments are based on 2D heteronuclear correlation spectra; HETCOR (ref 30), FLOCK (ref 31), HMQC
(ref 32), and HMBC (ref 33). c NMR chemical shifts are reported in ppm (δ) downfield from tetramethylsilane using internal DMSO-d6
(1H ) 2.49 ppm, 13C ) 39.5 ppm); NH resonances are omitted. d 2D NOESY experiments were run in accordance with ref 34.
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inhibitory activity (Ki ) 200 nM). As can be seen in
Table 2, 3a also showed selectivity against the related
serine proteases, thrombin and trypsin. Interestingly,
when 1a was tested in the absence of light we found
very low FXa inhibitory activity (Ki ) 17 µM). Thus,
the Ki value of 13 nM obtained in the original study13

can be attributed to the presence of isomers 2a and 3a
in the sample resulting from photochemical isomeriza-
tion. In our hands, the measured FXa inhibitory
activity of 1a was variable when measured in the
presence of light and could be correlated with the extent
of isomerization. Similar results were seen with the 6,
8, 9, and 10 membered cycloalkanones.18 The meta
series (1c-3c) showed a similar order of inhibitory
potency for the three isomers; however the (E,E) isomer
(1c) is clearly more potent and the (Z,Z) isomer (3c)
significantly less potent than their corresponding para
isomers.

Molecular modeling studies of the three para isomers
(1a-3a) bound to FXa were carried out to provide an
understanding of the structure-activity relationships

for these three inhibitors.22 The structure of the
catalytic domain used for these modeling studies came
from FXa crystallographic coordinates.23 An important
feature common to benzamidine-based serine protease
inhibitors is salt-bridge formation between the highly
basic amidine group and Asp-189 in the S1 pocket.24

Using this interaction as an anchoring site, the para
bisamidine isomers (1a-3a) were docked into the active
site with one of the benzamidine groups bound to Asp-
189, and the remaining portion of each molecule was
oriented to allow for potentially favorable interactions
with the enzyme. Analysis of the possible binding
modes of the (E,E) isomer (1a) suggests that the second
benzamidine group is solvent exposed, explaining the
relatively poor inhibitory potency of this isomer. The
(Z,Z) isomer (3a) can potentially bind to FXa by forming
two salt bridges. One of the benzamidine groups can
interact with Asp-189 in the S1 pocket, while the second
amidine can interact with Glu-217 (Figure 1). Forma-
tion of a second salt bridge with Glu-217 could contrib-
ute significantly to the affinity of 3a for FXa and helps
to explain its potency relative to 1a and 2a. The (E,Z)
isomer (2a) may bind in an orientation similar to the
published X-ray structures of the low molecular weight
FXa inhibitor, DX-9065a.25 This inhibitor was docked
into the active site with the benzamidine group coming
off of the (Z) olefin bound into the S1 pocket, in a
manner consistent with 1a. In this extended conforma-
tion, the second benzamidine group (attached to the (E)
olefin) can bind in the S4 subsite26 formed by the
aromatic residues Tyr-99, Phe-174, and Trp-215 (Figure
2). This subsite is lined by carbonyl groups which can
accommodate the positive charge of a basic group as was
noted by Brandstetter et al.25 In this binding mode, the
second amidine group of 2a can be positioned to interact
with the peptide backbone carbonyl groups of Lys-96,
Glu-97, and Thr-98.

Molecular dynamics (MD) studies were performed to
investigate the stability of 3a in the postulated U-
shaped conformation.27 Two different results were
found depending upon the initial restraints used. In
the first experiment, the U-shaped conformation of 3a
was bound in the FXa active site with salt bridges to
Asp-189 and Glu-217 as described above. Harmonic
restraints were used to prevent the two salt bridges
from breaking for the first 100 ps of dynamics. These

Scheme 2

Table 2. In Vitro Inhibitory Activities of Bisamidine Isomers
against Factor Xa (Human), Thrombin (Human), and Trypsin
(Bovine) Tested in the Absence of Light

Ki (nM)a

compdb factor Xa thrombin trypsin

1a 17000 6200 280
2a 200 130 29
3a 0.66 530 33
1c 1400 2100 410
2c 140 1000 200
3c 5.6 1400 44

a Ki values for these competitive inhibitors are averaged from
multiple determinations (n > 2) and the standard deviations are
<30% of the mean.21 b All compounds gave satisfactory analytical
data (C, H, N; (0.4% of theoretical values).

Figure 1. Proposed U-shaped binding mode of 3a (green)
within the FXa active site.
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restraints were removed and the MD simulation was
continued for over 1 nanosecond. Under these condi-
tions, the U-shaped conformation remained bound to
Glu-217 for up to 800 ps, indicating that this mode of
binding is relatively stable. In the second experiment,
the same initial geometry of 3a complexed to FXa was
used, but only the salt bridge to Asp-189 was restrained
during the first 100 ps. Surprisingly, within 10 ps 3a
adopted an extended conformation rather than forming
a salt bridge with Glu-217. This extended conformation
allows 3a to bind to FXa in a fashion similar to the
proposed binding mode of 2a (Figure 3), making contacts
between the unrestrained benzamidine group and the
carbonyl groups of Lys-96, Glu-97, and Thr-98.28 In this
binding mode, additional hydrophobic contacts are made
with Gln-192, Tyr-99, and Trp-215. The same molecular
dynamics procedure was repeated with 2a, which showed
a strong tendency to remain bound in the extended
mode (Figure 3). Should subsequent studies show that
both 3a and 2a bind in the extended conformation
suggested by these molecular dynamics calculations, the
observed 300-fold difference in potency between these
isomers would be difficult to rationalize by inspection
of molecular models alone. While these molecular

dynamics calculations provide some initial suggestions
to the conformations attained by these inhibitors upon
binding to FXa, further inferences await the crystal
structure of these isomers complexed with FXa.

In conclusion, experimental evidence is provided to
support the assignment of 3a as the bioactive olefin
isomer in the BABCH series. This isomer is a potent
sub-nanomolar inhibitor, more than 20 000 times more
active than 1a, and shows approximately 800-fold
selectivity for FXa versus thrombin. Molecular model-
ing suggests two possible binding conformations, one of
which is a unique U-shaped conformation which forms
salt bridges to both Asp-189 and Glu-217. Although
weaker than 3a, the inhibitor 2a also shows good FXa
potency and is suggested to have a mode of binding
similar to that observed for other reversible low molec-
ular weight FXa inhibitors.25a,29 Several analogous
(E,Z) and (Z,Z) bis- and monoamidine analogues have
been prepared by photoisomerization of the correspond-
ing (E,E) isomers18 and will be detailed in a future
publication. These conformationally restricted inhibi-
tors have proved to be a useful template for the design
of distinct classes of potent, selective, and orally active
FXa inhibitors. Progress in this area will be reported
in the following communication and in future publica-
tions.
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