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Abstract

Benzothiophene-anthranilamide 1 (3-chloro-N-[2-[[(4-fluorophenyl)amino]carbonyl]-4-methylphenyl]benzo[b]thiophene-2-carboxa-

mide) was discovered by high throughput screening to be a highly potent and selective non-amidine inhibitor of human factor Xa with a Ki

of 15 � 4 nM. Compound 1 is a selective inhibitor of human factor Xa as suggested by the Ki(app) determined for nine other human serine

proteases and bovine trypsin. The activity of reconstituted human prothrombinase complex was inhibited by compound 1 when assayed in

physiological concentrations of the substrate prothrombin. However, 27-fold higher inhibitor concentrations were needed to achieve the

same level of inhibition than were required for the inhibition of free factor Xa, due in part to non-specific binding of the inhibitor to

phospholipid under the assay conditions. Failure to demonstrate enzymatic cleavage of compound 1 suggests that compound 1 is solely an

inhibitor rather than a substrate for factor Xa. The inhibition of factor Xa by compound 1 was reversible upon dilution of the enzyme/

inhibitor mixture. Analyses of the inhibition mechanism with Dixon, Cornish–Bowden, and Lineweaver–Burk plots showed that

compound 1 is a linear mixed-type inhibitor with 5-fold higher affinity for free factor Xa than the factor Xa/substrate complex. The linear

mixed-type inhibition suggests that compound 1 binds to the active site region of factor Xa, but its binding cannot be fully displaced by the

substrate S2222 (1:1 mixture of N-benzoyl-Ile-Glu-Gly-Arg-p-nitroanilide and N-benzoyl-Ile-Glu(g-OMe)-Gly-Arg-p-nitroanilide

hydrochloride). Thus, the inhibition mechanism for compound 1 is novel compared to most serine protease inhibitors including

amidine-containing factor Xa inhibitors, which rely on binding to the S1 pocket of the enzyme active site. Compound 1 represents an

attractive, novel structural template for further development of efficacious, safe, and potentially orally active human factor Xa inhibitors.

# 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

Human factor Xa, a serine protease located at the con-

vergence of the intrinsic and extrinsic blood coagulation

pathways, catalyzes the activation of prothrombin to

thrombin. Due to its focal function and upstream location

from thrombin in the coagulation cascade, selective inhibi-

tion of factor Xa rather than thrombin may be a more

effective and safer treatment for thrombotic disorders.

Indeed, such effective and safe anticoagulant properties

have been demonstrated with the naturally occurring small

protein factor Xa inhibitors antistasin and tick anticoagu-

lant peptide [1]. Considerable efforts have been made in

recent years to discover small molecule factor Xa inhibi-

tors [2]. Potent and selective small molecule factor Xa

inhibitors have been demonstrated to be effective and safe

anticoagulants in animal thrombosis models [3–8]. Until

recently, most small molecule factor Xa inhibitors utilized

a basic amidine moiety as an arginine side chain mimetic to

achieve sufficient potency [2,9–16]. This highly basic

functionality, however, has been implicated in the observed
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suboptimal pharmacokinetic properties including low oral

bioavailability [16–18]. Efforts to improve the pharmaco-

kinetic and pharmacodynamic properties of the amidine-

containing factor Xa inhibitors have focused largely on

replacing the highly basic amidine group with less basic or

neutral groups to bind to the S1 site [19–21]. In this paper,

we report the discovery by high throughput screening and

characterization of benzothiophene-anthranilamide 1, a

novel, highly potent and selective non-amidine inhibitor

of human factor Xa.

2. Materials and methods

2.1. Materials

Human factor Xa, human a-thrombin, human prothrom-

bin, human plasmin, rat factor Xa, rabbit factor Xa, and dog

factor Xa were purchased from Enzyme Research Labora-

tories, Inc. Human factor Va, Gla-domainless human factor

Xa, human factor VIIa, and human factor XIa were

obtained from Haematologic Technologies, Inc. Human

tissue plasminogen activator (2-chain), human urokinase,

SucAAPF-pNA, MeOSucAAPV-pNA, and bovine serum

albumin (fraction V, RIA grade) were purchased from

Sigma Chemical Co. Bovine trypsin was purchased from

Boehringer Mannheim. S2222, S2302, S2266, S2288,

S2366, and S2444 were purchased from Kabi Pharmacia

Hepar, Inc. Spectrozyme TH was obtained from American

Diagnostica, Inc. Phosphatidylserine and phosphatidylcho-

line were purchased from Avanti Polar Lipids, Inc.

The benzothiophene-anthranilamide 1 and 3-chloroben-

zo[b]thiophene-2-carboxylic acid were initially obtained

from Maybridge through Ryan Scientific, Inc. 4-Fluor-

oaniline and 2-amino-5-methylbenzoic acid were pur-

chased from the Aldrich Chemical Co. The synthesis of

compound 6a has been described [22]. Compound 1 [23],

2-[[ (3-chlorobenzo[b]thien-2-yl)carbonyl]amino]-5-

methylbenzoic acid, and 2-amino-N-(4-fluorophenyl)-5-

methyl benzamide were synthesized at Berlex.

2.2. Human factor Xa and other serine protease

inhibition assays

All assays measured the inhibitory effect of compounds

on the initial cleavage rate of the peptide-p-nitroanilide

substrates by serine proteases. Detailed assay conditions on

the assay buffers and the concentrations of enzymes,

substrates, and cofactors used in factor Xa and other serine

protease assays are described in Table 1. Buffer A con-

tained 50 mM Tris–HCl, 150 mM NaCl, 2.5 mM CaCl2,

and 0.1% polyethylene glycol 6000, pH 7.5. Buffer B

was similar to Buffer A except that it contained 0.02%

NaN3 and 5 mM instead of 2.5 mM CaCl2. Assays were

performed in a final volume of 200 mL in flat-bottom

96-well microtiter plates at room temperature. One hundred

microliters of serine protease (final assay concentration as

specified in Table 1) was incubated with 50 mL of com-

pounds (4� final assay concentrations) for 10 min. At the

end of the incubation, reaction was initiated by adding

50 mL of peptide-p-nitroanilide substrate (final assay con-

centration as specified in Table 1). The increase in absor-

bance at 405 nm was measured kinetically for 2–5 min in a

ThermoMax plate reader (Molecular Devices). Control

experiments without compound or with a reference inhi-

bitory compound were run in parallel in the same plate.

The substrate concentration used was equal to the Km.

Standard techniques with at least four substrate dilutions

were used to determine the Km for a given enzyme and

substrate. The final DMSO concentration in the assays was

0.1% or less. At least six serially diluted compound con-

centrations were used in the assays. The Ki(app) values were

determined from the concentration–response curve by

linear fit of the data to the Hill equation with an automated

analysis method using a Microsoft Excel spreadsheet. In

this report, Ki(app) is defined as the concentration of inhi-

bitor resulting in 50% inhibition of the protease activity

under the following conditions: (a) for the free protease

assays, Ki(app) was determined under conditions where the

chromogenic peptide substrate was equal in concentration

to the Km of the substrate, and (b) for the prothrombinase

assay, Ki(app) was determined under conditions where the

prothrombinase complex was assayed with a physiological

concentration of the substrate, prothrombin (1.2 mM).

At least two independent determinations were made for

each assay.

2.3. Human prothrombinase inhibition and in vitro

coagulation assays

The activation of human prothrombin to thrombin by

human prothrombinase was measured in a two-step assay

in Buffer A þ 0:05% bovine serum albumin in a 96-well

microtiter plate at room temperature. Thirty microliters of

pre-assembled human prothrombinase (consisting of final

concentrations of 1 pM factor Xa, 5 nM factor Va, and

20 mM PCPS) was incubated with 10 mL of the compound

(5� final concentration) prior to the addition of 10 mL of

human prothrombin (final concentration, 1.2 mM). Incuba-

tion was carried out for 6 min before the addition of 50 mL

of 20 mM EDTA in the assay buffer to stop the prothrom-

binase reaction. This was followed by 100 mL of 0.2 mM

Spectrozyme TH (in the assay buffer containing 10 mM

EDTA). The activity of the thrombin product was then

measured by monitoring the rate of cleavage of Spectro-

zyme TH by thrombin at 405 nm. The amount of thrombin

generated was determined from a thrombin standard

curve. Controls without compound or with an inhibitory

compound were run in the same plate. Six serially diluted

compound concentrations were used in the assays.

The Ki(app) values were determined as described above.

The in vitro coagulation assays (PT, aPTT, and TT) were

1408 A.M. Liang et al. / Biochemical Pharmacology 65 (2003) 1407–1418



performed in human plasma (N ¼ 3) as previously

described [24].

2.4. High throughput screening of compound libraries

against human factor Xa

High throughput screening of compound libraries

was performed using an orthogonal matrix-based method

[25]. This method was based on screening pools of ten

compounds with each compound being assayed twice in

the presence of two sets of nine other compounds. The

active compound was predicted by determining which

compound was present in an active pool both times that

a pool containing that compound was tested. Compounds

were assayed against human factor Xa at a final 1 mM

concentration per compound. Assay conditions were

the same as those described in the section above except

that 3 nM human factor Xa was used. Compounds with

Table 1

Serine protease assay protocols

Assay Enzyme (concentration) Cofactor (concentration) Substrate (concentration)

Source (supplier) Source (supplier) Supplier (buffer)

(1) Human factor XIa Factor XIa (0.5 nM) None S2366 (250 mM)

Plasma (HTI)a Kabib (Buffer B)

(2) Human tissue plasminogen activator 2-Chain tPA (10 nM) None S2288 (371 mM)

Cell line (Sigma) Kabi (Buffer A)

(3) Human urokinase Urokinase (2 nM) None S2444 (32 mM)

Cell line (Sigma) Kabi (Buffer A)

(4) Human plasmin Plasmin (20 nM) None S2302 (146 mM)

Plasma (ERL)c Kabi (Buffer A)

(5) Bovine trypsin Trypsin (16 nM) None S2266 (127 mM)

Pancreas (BMC)d Kabi (Buffer A)

(6) Human chymotrypsin Chymotrypsin (4 nM) None SucAAPF-pNA (80 mM)

Pancreas (ART)e Sigma (Buffer A)

(7) Human cathepsin G Cathepsin G (43 nM) None SucAAPF-pNA (1900 mM)

Blood (ART) Sigma (Buffer A)

(8) Human neutrophil elastase Elastase (6 nM) None MeOSucAAPV-pNA (60 mM)

Blood (ART) Sigma (Buffer A)

(9) Human factor Xa Factor Xa (0.04–1 nM) None S2222 (164 mM)

Plasma (ERL) Kabi (Buffer A)

(10) Rat factor Xa Factor Xa (1 nM) None S2222 (360 mM)

Plasma (ERL) Kabi (Buffer A)

(11) Rabbit factor Xa Factor Xa (1 nM) None S2222 (164 mM)

Plasma (ERL) Kabi (Buffer A)

(12) Dog factor Xa Factor Xa (1 nM) None S2222 (263 mM)

Plasma (ERL) Kabi (Buffer A)

(13) Human prothrombinase complex Factor Xa (1 pM) (a) Factor Va (5 nM) Prothrombin (1200 mM)

Plasma (ERL) Plasma (HTI) ERL (Buffer A þ 0.05% BSA)

(b) Phospholipid (20 mM) [thrombin quantified with

Spectrozyme TH (ADI)]gSynthetic (APL)f

(14) Human thrombin Thrombin (20 nM) None S2302 (300 mM)

Plasma (ERL) Kabi (Buffer A)

(15) Human factor VIIa/tissue factor (TF) complex Factor VIIa (10 nM) Soluble TF (100 nM) S2266 (800 mM)

Plasma (ERL) Recombinant (BBS)h Kabi (Buffer B)

(16) Bovine factor Xa Factor Xa (1 nM) None S2222 (164 mM)

Plasma (ERL) Kabi (Buffer A)

a Haematological Technologies, Inc.
b Kabi Pharmacia Hepar, Inc.
c Enzyme Research Laboratories, Inc.
d Boehringer Mannheim Corp.
e Athens Research and Technology, Inc.
f Avanti Polar Lipids, Inc.
g American Diagnostica, Inc.
h Berlex Biosciences.
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inhibitory activity equal to or greater than 50% at 1 mM

were re-assayed individually. Ki(app) values of the con-

firmed hits were then determined as described above.

2.5. Determination of the susceptibility of compound 1 to

cleavage by human factor Xa

Compound 1 (final concentration, 50 mM) was incubated

with human factor Xa (final concentration, 10 mM) in

Buffer A in a total volume of 600 mL for 21 hr at room

temperature. A compound 1 control without factor Xa, and

a factor Xa control without compound 1 were also run in

parallel. At the end of the incubation, aliquots of samples

(70 mL) were removed and frozen immediately in a dry ice

alcohol bath. Samples (10 mL) were then analyzed by

HPLC on a Dynamax C-18 column using a 70–95%

gradient of 0.1% TFA/CH3CN vs. 0.1% TFA/H2O with

a flow rate of 1.0 mL/min. Eluted compounds were

detected by absorbance at 254 nm and quantified by com-

parison to the HPLC results of standard compounds of

known concentration run under identical conditions.

2.6. Determination of the reversibility of the inhibition

of human factor Xa by compound 1

Human factor Xa (final concentration, 1 mM) was incu-

bated with or without compound 1 (final concentration,

1.2 mM) in Buffer A in a total volume of 100 mL for up to

22 hr at room temperature. At the end of various incubation

times, 5 mL of the incubation mixture was diluted 100-fold

in Buffer A. This was immediately followed by a further

10-fold dilution of 20-mL diluted samples in 182 mM

S2222 in Buffer A in a 96-well microtiter plate. The final

mixture contained 164 mM S2222 and 1 nM factor Xa in

200 mL volume. The cleavage rate of S2222 by factor Xa

was measured immediately at 405 nm for 5 min in a

ThermoMax plate reader. The recovery of the factor Xa

activity upon dilution of the factor Xa/compound 1 mix-

tures taken at different time points was calculated as the

percentage of the factor Xa activity of the corresponding

factor Xa control without compound 1.

2.7. Measurement of the cleavage of N-benzoyl-arginine-

p-nitroanilide by human factor Xa

Human factor Xa (final concentration, 200 nM) was

incubated with or without inhibitor (final concentration,

10 mM) in 150 mL of Buffer A for 20 min at room tem-

perature in a 96-well microtiter plate. Reactions were

started by the addition of 50 mL of N-benzoyl-arginine-

p-nitroanilide to a final concentration of 156 mM in a 200-

mL assay volume. Cleavage of N-benzoyl-arginine-p-

nitroanilide by the enzyme was measured by monitoring

the increase in absorbance at 405 nm at 30-min intervals

for up to 8 hr at room temperature in a ThermoMax

plate reader. The rate of cleavage of N-benzoyl-arginine-

p-nitroanilide by human factor Xa was found to be linear

for the first 4 hr of the assay and used to calculate the

inhibitory activity of the test compounds. Inhibitory activ-

ities of the test compounds were expressed as percent

inhibition using the following equation: % Inhibition ¼
½½ðRate without compoundÞ � ðRate with compound Þ	=
ðRate without compoundÞ	 � 100%.

3. Results

3.1. Discovery of benzothiophene-anthranilamide 1, a

non-amidine factor Xa inhibitor, by high throughput

screening

The benzothiophene-anthranilamide, compound 1 (3-

chloro-N-[2-[[(4-fluorophenyl)amino]carbonyl]-4-methyl-

phenyl]benzo[b]thiophene-2-carboxamide) purchased

from Maybridge (Fig. 1), was discovered by high through-

put screening to be a potent inhibitor of human factor Xa. It

displayed a Ki(app) value of 17 � 9 nM for human factor Xa

when the small peptide-p-nitroanilide, S2222, was used as

the substrate (Table 2). The inhibitory activity and the

structure of compound 1 were confirmed by re-synthesis of

compound 1, by assay and analysis of the re-synthesized

compound 1 with NMR, mass spectrometry, and HPLC.

Unlike many factor Xa inhibitors described thus far

[2,9–16], compound 1 does not contain the strongly basic

amidine functionality.

3.2. Serine protease and factor Xa species selectivity of

benzothiophene-anthranilamide 1

Selectivity of compound 1 was determined for six

trypsin-like serine proteases involved in blood coagulation

or fibrinolysis, three chymotrypsin-like serine proteases,

bovine trypsin, and factor Xa from four non-human spe-

cies. Results in Table 2 show that compound 1 was highly

selective for human factor Xa in solution vs. other soluble

serine proteases. As compared to the Ki(app) of 17 � 9 nM

for factor Xa, the Ki(app) values of compound 1 for the

ten other serine proteases tested were in the range of

10–200 mM. The effect of compound 1 on the prothrom-

binase complex was measured by monitoring the amount

of thrombin generated from a physiological concentration

Fig. 1. Structure of compound 1.
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of prothrombin by the enzyme complex. Thrombin was

quantified by activity measurement after the prothrombi-

nase reaction was quenched with 10 mM EDTA that

resulted in a complete inhibition of the activity of pro-

thrombinase under the present assay conditions (data not

shown). The activity of the reconstituted human prothrom-

binase complex was inhibited by compound 1, but 27-fold

higher inhibitor concentrations were required to achieve

similar levels of inhibition than those required for inhibi-

tion of free factor Xa. When tested on non-human factor

Xa, the Ki(app) values of compound 1 were 2- to 5-fold

higher than that for human factor Xa.

3.3. Binding of benzothiophene-anthranilamide 1 to

phospholipid

The observation that the Ki(app) of compound 1 for the

prothrombinase was higher than that for factor Xa led us to

examine possible reasons for this difference in apparent

affinity. Because compound 1 is hydrophobic, we hypothe-

sized that compound 1 could bind to phospholipid vesicles

required in the prothrombinase assay. When tested in the

factor Xa assay with a small chromogenic peptide sub-

strate, in the presence and absence of phospholipid, the

potency of compound 1 for factor Xa decreased by 19-fold

when 20 mM phospholipid was present in the assay

(Table 3). In contrast, the potency of a less hydrophobic

inhibitor, compound 6a, a simple arylamidine factor Xa

inhibitor, was not affected by the phospholipid. Factor Xa

binds to phospholipid through the N-terminal g-carbox-

yglutamic acid (Gla)-containing domain in the presence of

calcium ion [26], and this interaction may mask the inter-

action site of compound 1 on factor Xa to reduce the

apparent potency of the compound. To investigate such a

possibility, the potency of compound 1 for Gla-domainless

factor Xa was determined and compared with that for

regular factor Xa. Results in Table 4 showed that in the

absence of phospholipid the potency of compound 1 for

Gla-domainless factor Xa was similar to that for factor

Xa. In the presence of 20 mM phospholipid, however,

the potency of compound 1 for the Gla-domainless factor

Xa was decreased by an extent (28-fold) similar to

that observed with factor Xa (19-fold). Since the

Gla-domainless factor Xa is unable to bind to phospholipid,

these results suggested that compound 1 interacted with

Table 2

Potency and selectivity of compound 1

Serine protease Ki(app) (nM)

Human proteases

Trypsin-like

Human factor Xa 17 � 9

Human prothrombinase 454 � 13

Human thrombin >10,000

Human factor VIIa/TF >10,000

Human factor XIa >200,000

Human tPA >10,000

Human plasmin >50,000

Human urokinase >50,000

Bovine trypsin >10,000

Chymotrypsin-like

Human chymotrypsin >50,000

Human cathepsin G >50,000

Human neutrophil elastase >50,000

Non-human factor Xa

Rat factor Xa 53 � 3

Rabbit factor Xa 34 � 0

Dog factor Xa 89 � 23

Bovine factor Xa 38 � 4

Assay conditions were as described in Section 2. Values are

means � SD, N ¼ 3–29. Abbreviations: TF, tissue factor; and tPA, tissue

plasminogen activator.

Table 3

Effect of phospholipid on the potency of compounds 1 and 6a

Inhibitor Structure Ki(app) (nM) (no PCPS) Ki(app) (nM) (20 mM PCPS) Ratio � PCPS

Compound 1 17 � 9 318 � 111 19.0

Compound 6a 592 � 46 649 � 26 1.1

Human factor Xa (1 nM) was incubated with inhibitor in the presence and absence of 20 mM PCPS prior to the addition of substrate S2222. Assay

conditions were as described in Section 2. Values are means � SD, N ¼ 4–29.
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phospholipid, thereby masking its ability to inhibit factor

Xa. Direct binding of compound 1 to phospholipid and

subsequent separation of the compound/phospholipid com-

plex by gel filtration column chromatography was

attempted, but analysis was complicated by compound

aggregation under the conditions used. Nevertheless, when

a preincubated mixture of phospholipid and compound 1
was eluted on a Sephadex G25 column, the concentration of

compound 1 in the combined flow-through fractions that

contained the phospholipid vesicles was 2- to 3-fold higher

than that in the corresponding fractions from the parallel

control experiment with compound 1 alone (data not

shown). These results are consistent with the hypothesis

that the loss of potency of compound 1 in the factor Xa

assays in the presence of phospholipid is due to the binding

of compound 1 to phospholipid. The phospholipid-binding

property of compound 1 is consistent with the hydrophobic

nature of the compound and contributes to the higher Ki(app)

obtained in the prothrombinase assays.

3.4. Susceptibility of benzothiophene-anthranilamide 1
to cleavage by human factor Xa

Since compound 1 contained two peptide-like amide

bonds, we evaluated whether compound 1 could be cleaved

by factor Xa, hence functioning as a substrate. A second

substrate molecule would compete with the chromogenic

peptide substrate S2222 at the substrate-binding site, thus

showing apparent inhibition of peptidase activity as mea-

sured by this assay. This possibility was investigated by

incubating compound 1 in the presence and absence of

excess human factor Xa (10 mM) for up to 21 hr at room

temperature. Samples taken at different time points were

analyzed by HPLC for potential cleavage products. Stan-

dards corresponding to five possible cleavage products of

compound 1 were either purchased or synthesized: (a) 4-

fluoroaniline, (b) 3-chlorobenzo[b]thiophene-2-carboxylic

acid, (c) 2-amino-5-methylbenzoic acid, (d) 2-[[(3-chlor-

obenzo[b]thien-2-yl)carbonyl]amino]-5-methylbenzoic

acid, and (e) 2-amino-N-(4-fluorophenyl)-5-methyl benza-

mide. The HPLC elution profiles of the standards were

determined beforehand (data not shown). The results in

Fig. 2 demonstrated that compound 1 was stable over the

experimental period in the absence of factor Xa. After

21 hr of incubation with excess factor Xa (10 mM), com-

pound 1 remained essentially intact with a peak area 90%

of the control, and no material was detectable that co-

migrated with the potential cleavage products. Compound

1 thus acted as an inhibitor rather than a substrate for

human factor Xa.

3.5. Reversibility of inhibition of human factor Xa by

benzothiophene-anthranilamide 1

Reversibility of the inhibition of human factor Xa by

compound 1 was examined by determining the recovery of

factor Xa activity upon dilution of a preincubated enzyme/

inhibitor mixture taken at different time points over about a

5-hr incubation period. As shown in Fig. 3, >95% of factor

Xa activity was recovered after preincubating the enzyme

with equimolar compound 1 over about 5 hr compared with

control factor Xa incubated in the absence of inhibitor.

Even after overnight incubation with the inhibitor, >90% of

factor Xa activity still remained (results not shown). These

results indicate that the inhibition of human factor Xa by

compound 1 is freely reversible.

3.6. Mechanism of inhibition of human factor Xa by

benzothiophene-anthranilamide 1

The mechanism of inhibition of human factor Xa by

compound 1 was determined by measuring factor Xa

activity in the presence of increasing concentrations of

the inhibitor and the chromogenic peptide substrate S2222.

Kinetics data were analyzed graphically by three types of

plots (Fig. 4). As shown in the Dixon plot (Fig. 4A), all four

lines were linear and intersected at a common point above

the x-axis ([inhibitor]) and to the left of the y-axis (1/V),

suggesting either competitive or linear mixed-type inhibi-

tion with a > 1 [27]. Since it was not possible to distin-

guish between these two types of inhibition from a Dixon

plot, kinetics data were analyzed further graphically by

both the Cornish–Bowden plot (Fig. 4B) and the Line-

weaver–Burk plot (Fig. 4C) [27,28]. Although the four

linear lines in the Cornish–Bowden plot did not intersect at

a common point, they did intersect below the x-axis

([inhibitor]) and to the left of the y-axis (S/V) (Fig. 4B).

Taken together, the results of the Dixon and the Cornish–

Bowden plots indicated a linear mixed-type inhibition

mechanism for compound 1 [28] with Ki < K 0
i or a > 1

where K 0
i (¼aKi) is the equilibrium dissociation constant of

the enzyme–inhibitor–substrate (EIS) complex [27]. The

linear mixed-type inhibition mechanism was further sup-

ported by the Lineweaver–Burk plot analysis of the

kinetics data (Fig. 4C). The Lineweaver–Burk plot shows

that all four lines with different compound concentrations

intersect above the x-axis (1/[S]), indicating a linear mixed-

type inhibition with a > 1 and b ¼ 0 [27]. Table 5 sum-

marizes the kinetics constants and inhibition constants of

compound 1 determined by Lineweaver–Burk analysis of

Table 4

Effect of phospholipid on the potency of compound 1 against factor Xa or

Gla-domainless factor Xa

Enzyme Ki(app) (nM)

(no PCPS)

Ki(app) (nM)

(20 mM PCPS)

Ratio �
PCPS

Factor Xa 17 � 9 318 � 111 19

Gla-domainless factor Xa 16 � 7 464 � 17 28

Human factor Xa (1 nM) or Gla-domainless human factor Xa (1 nM)

was incubated with compound 1 in the presence or absence of 20 mM

PCPS prior to the addition of substrate S2222. Assay conditions were as

described in Section 2. Values are means � SD, N ¼ 6–29.
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the kinetics data using the Enzyme Kinetics Pro software

version 2.31 (ChemSW Inc.). The 5-fold higher K 0
i (82 nM)

as compared to the Ki(15 nM) of compound 1 suggests that

the affinity of compound 1 for free factor Xa is about 5-fold

greater than that for the factor Xa–substrate complex. The

linear mixed-type inhibition for compound 1 is in contrast

to the competitive inhibition documented for the amidine-

containing factor Xa inhibitors [10,14,29–31].

3.7. Effect of benzothiophene-anthranilamide 1 on the

cleavage of N-benzoyl-arginine-p-nitroanilide by factor

Xa

N-Benzoyl-arginine-p-nitroanilide, a substrate with only

P1 and P10 components, was used to further characterize

the binding site of compound 1 on factor Xa. This more

limited interaction with the factor Xa active site is in

contrast to the binding interaction of S2222 whose binding

Fig. 2. HPLC tracings of compound 1 after incubation with or without human factor Xa for 21 hr. Compound 1 (final concentration, 50 mM) was incubated

with or without human factor Xa (final concentration, 10 mM) at room temperature for 21 hr. At the end of the incubation, aliquots of samples were removed

and frozen immediately in a dry ice alcohol bath. Then samples (10 mL) were analyzed by HPLC on a Dynamax C-18 column using a 70–95% gradient of

0.1% TFA/CH3CN vs. 0.1% TFA/H2O with a flow rate of 1.0 mL/min. Eluted compounds were detected by absorbance at 254 nm and quantified by

comparison to the HPLC results of standard compounds of known concentration run under identical conditions. A sample of pure factor Xa (10 mM) was

shown to elute as a minor peak early in the HPLC run.

Table 5

Summary of kinetics constants of human factor Xa

Km (mM) Vmax (pmol/min) Ki (nM) K 0
i (nM)

S2222 133 � 1 623 � 16

Compound 1 15 � 4 82 � 3

Values are means � SD, N ¼ 4.
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interactions extend from the S4 to the S10 subsites. The

amidine inhibitor ZK-807834 (CI-1031) was included as a

positive inhibitory control. ZK-807834 is a potent compe-

titive inhibitor with a Ki of 0.11 nM for human factor Xa

[29]. A crystal structure of the ZK-807834/factor Xa

complex showed that the amidine moiety of the inhibitor

formed a salt bridge with Asp189 in the S1 pocket of the

enzyme [31]. Because the binding interactions for N-

benzoyl-arginine-p-nitroanilide occur only in the S1 and

S10 sites, it is a very poor substrate for factor Xa. The rate of

cleavage is measurable only with high concentrations of

enzyme (200 nM) over an extended reaction time (4 hr). An

average rate of 217 pmol of N-benzoyl-arginine-p-nitroa-

nilide cleaved/hr by factor Xa was obtained under the

present experimental conditions (N ¼ 2). The cleavage of

N-benzoyl-arginine-p-nitroanilide by factor Xa was inhib-

ited 90% by 10 mM compound 1 and 100% by 10 mM

ZK-807834, respectively (data not shown). These results

suggest that compound 1 can exclude substrate binding in

the vicinity of the S1 and/or S10 site of the enzyme.

4. Discussion

A majority of potent factor Xa inhibitors identified to

date contain a highly basic amidine P1 moiety that mimics

an arginine side chain to achieve high potency [2,9–16].

Amidine-containing factor Xa inhibitors, in general, dis-

play poor oral bioavailability and suboptimal pharmaco-

kinetic properties such as high clearance rate and short

plasma half-life [16–18]. It has become a major effort of

the pharmaceutical industry to identify non-amidine factor

Xa inhibitors with improved oral bioavailability and phar-

macokinetic properties while retaining high potency and

selectivity. Efforts in this regard have focused on replacing

the highly basic amidine group with a less basic or neutral

S1 binding functionality. A neutral P1 moiety in thrombin

inhibitors has been shown to increase metabolic stability

and oral absorption [32]. Efforts in the factor Xa field have

resulted in recent success in design and discovery of potent

and selective non-amidine factor Xa inhibitors. A series of

non-amidine factor Xa inhibitors containing piperidinyl-

pyridine [19,33], piperazinyl-pyridine [34], or phenyl-pyr-

idine [35] as the S1 binding group have been described.

Factor Xa inhibitors containing piperidinyl-pyridine

have been shown to possess low nanomolar potency

for factor Xa (ic50 ¼ 3 nM) and high selectivity over

thrombin (10,000-fold) and to compare favorably with

the amidine inhibitor DX-9065a [19]. Structurally related

piperazine-sulfonamide containing non-amidine factor Xa

inhibitors with similar potencies have also been discussed

as promising factor Xa inhibitors [36]. Potent and selective

Fig. 3. Reversibility of inhibition of human factor Xa by compound 1 upon dilution of the preincubated FXa/inhibitor mixture into substrate solution. Human

factor Xa (final concentration, 1 mM) was incubated in the presence or absence of compound 1 (final concentration, 1.2 mM) at room temperature. Details of

the experimental procedures were as described in Section 2. Data represented by solid bars and open bars were the results of two independent experiments.

Factor Xa activity of 381 � 21 pmol S2222 cleaved/min was obtained in the absence of inhibitor at zero incubation time. The average percent recovery of

factor Xa activity upon dilution of the preincubated factor Xa/compound 1 mixture at different time points over the 320-min incubation period was 98 � 7%

(mean � SD, N ¼ 16).
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non-amidine factor Xa inhibitors based upon a 1,2-diben-

zamidobenzene structure [15,21], on an N2-aroylanthrani-

lamide template [37], or on a pyrazole-based template [38]

have all been reported.

The benzothiophene-anthranilamide compound 1
was discovered as a potent factor Xa inhibitor (Ki ¼
15 � 4 nM) from high throughput screening of compound

libraries. Failure of the enzymatic cleavage of its amide

bonds by factor Xa confirms that compound 1 is not a

substrate for this protease and is consistent with the

hypothesis that it exerts its inhibitory effect by interfering

with the enzyme activity rather than by competing with the

substrate S2222. The nanomolar potency and the non-

amidine nature make compound 1 a very attractive tem-

plate for the potential development of orally available and

potent factor Xa inhibitors. To qualify compound 1 as a

lead template, its selectivity, reversibility, and mechanism

of inhibition were further characterized in the present

studies. During preparation of this manuscript, an inde-

pendent report [39] verified the potency and selectivity we

show here for compound 1, but without information to

support the mechanism of inhibition.

Fig. 4. Inhibition of human factor Xa catalyzed cleavage of S2222 by compound 1. In panels (A) and (B), human factor Xa (1 nM) was preincubated for

10 min with increasing concentrations of compound 1 (0, 15, 30, and 60 nM). Reaction was started by the addition of substrate S2222 at: 56.25 mM (*),

112.5 mM (*), 225 mM (&), and 450 mM (&). In panel (C), human factor Xa (1 nM) was preincubated for 10 min with a final concentration of compound 1

of: 0 nM (*), 15 nM (*), 30 nM (&), and 60 nM (&). Reaction was started by the addition of increasing concentrations of substrate S2222 (56.25, 112.5,

225, and 450 mM). The initial rate of substrate cleavage was determined by measuring the kinetics of the absorbance increase at 405 nm at room temperature.

Data were plotted as (A) a Dixon plot, (B) a Cornish–Bowden plot, and (C) a Lineweaver–Burk plot.
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The results presented here demonstrate that compound 1
is a highly selective, reversible, mixed-type inhibitor for

human factor Xa. Its selectivity for nine other human serine

proteases and bovine trypsin is remarkable for a ‘‘hit’’ from

high capacity screening. In contrast to the amidine factor

Xa inhibitor ZK-807834, the potencies (Ki(app)) of com-

pound 1 for rat, rabbit, dog, and bovine factor Xa were

similar and within 2- to 5-fold of that for human factor Xa.

When tested in the prothrombinase assay with a physio-

logical concentration of the substrate, prothrombin, the

Ki(app) of compound 1 was higher than the Ki(app) deter-

mined for free factor Xa. The phospholipid-binding prop-

erties of compound 1 may account, in part, for the higher

Ki(app) of compound 1 in the prothrombinase assay. The

phospholipid-binding properties of compound 1 suggest

that it is lipophilic, which is consistent with the poor

aqueous solubility of compound 1. These properties of

compound 1 may also contribute to its low potency in the in

vitro human plasma-based coagulation assays with PT,

aPTT, and TT values greater than 100 mM. An increase

in lipophilicity has been associated with reduced in vitro

anticoagulation activity (determined in the prothrombin

time assay) for a series of N-[(7-amidino-2-naphthyl)-

methyl]aniline-derived factor Xa inhibitors [40]. Optimi-

zation of the structure of compound 1 to improve its

aqueous solubility and potency in plasma-based coagula-

tion assays is therefore essential for further development of

lead compounds based on this template.

The mixed-type inhibition demonstrated in the present

studies indicates that compound 1 binds to the active site

region of factor Xa but cannot be fully displaced by the

substrate S2222. The chromogenic peptide substrate,

S2222, is a 1:1 mixture of N-benzoyl-Ile-Glu-Gly-Arg-

p-nitroanilide and N-benzoyl-Ile-Glu(g-OMe)-Gly-Arg-p-

nitroanilide hydrochloride. Based on its structure and the

crystal structure of structurally related chloromethylke-

tone-type inhibitors in serine proteases, for example

PPACK-thrombin [41], it is likely that S2222 has extensive

interactions with factor Xa between the S10 and S4 sub-

sites. The inability of S2222 to fully displace compound 1
from factor Xa as manifested by the mixed-type inhibition

mechanism suggested the existence of a non-overlapping

binding site(s) for compound 1 and S2222 on factor Xa.

The inhibition of the cleavage of N-benzoyl-arginine-p-

nitroanilide by compound 1 suggests that the binding site

or part of the binding site of compound 1 is located in the

vicinity of S1 and/or S10 sites on factor Xa. Further X-ray

crystal structure analysis of the factor Xa/compound 1
complex would provide more definite information for the

binding site of compound 1 on factor Xa. The finding of a

K 0
i value (82 � 3 nM) about 5-fold higher than that of Ki

(15 � 4 nM) for compound 1 implies that the inhibitor

binds to free factor Xa more tightly than to the ES complex.

In a study of the inhibition of aminopeptidase P by

pyrrolidines and thiazolidines, a linear mixed-type inhibi-

tion was also found. In this case, an a < 1 was found for

simple structures, implying that the inhibitor has higher

affinity for the ES complex than for the free enzyme [42].

However, an a > 1 was found for more sterically hindered

compounds, implying higher affinity binding to the free

enzyme as is reported here for compound 1 and factor Xa.

The mixed-type inhibition mechanism for compound 1
is distinct from the competitive inhibition for the amidine

inhibitors including ZK-807834, an amidine factor Xa

inhibitor in clinical development [10,14,29–31] and some

recent non-amidine factor Xa inhibitors [37,43,44]. Non-

amidine factor Xa inhibitors based on both 1,2-dibenza-

midobenzene and N2-aroylanthranilamide templates have

been shown kinetically to behave as competitive inhibitors

of human factor Xa [37,43]. A recent report on the crystal

structure of human factor Xa complexed with non-amidine

inhibitors showed that the surrogates of the benzamidine

group interact with the enzyme S1 pocket via hydrogen

bonding and hydrophobic contact rather than through

direct interaction with Asp189 [44].

Results of the present studies show that compound 1 is a

highly potent, selective non-amidine factor Xa inhibitor

with a mixed-type inhibition mechanism distinguishing it

from the competitive inhibition displayed by the amidine

inhibitors. Compound 1, therefore, may provide a novel

and viable template to develop efficacious, safe, and

potentially orally active factor Xa inhibitors. The structural

optimization of compound 1 has been presented at the

221st American Chemical Society Meeting1 and is the

subject of a separate publication [23].
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