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Abstract—Screening of a diverse set of bisbenzimidazoles for inhibition of the hepatitis C virus (HCV) serine protease NS3/NS4A
led to the identification of a potent Zn2+-dependent inhibitor (1). Optimization of this screening hit afforded a 10-fold more potent
inhibitor (46) under Zn2+ conditions (Ki=27 nM). This compound (46) binds also to NS3/NS4A in a Zn2+ independent fashion
(Ki=1 mM). The SAR of this class of compounds under Zn2+ conditions is highly divergent compared to the SAR in the absence of
Zn2+, suggesting two distinct binding modes.
# 2002 Elsevier Science Ltd. All rights reserved.

The prevalence of chronic Hepatitis C virus (HCV)
infections in the US was recently determined to be
around 1.8% (2.7 million people), with about 15,000
new cases every year.1 Worldwide, HCV is estimated to
infect 170 million people.1 Over 85% of all cases
become chronic.2,3 Current therapies of HCV infections
with interferons show only modest results and have ser-
ious side effects such as depression, fever, and fatigue.
Recently, combination treatment with ribavarin,4 a
broad spectrum antiviral and pegylated interferon5 has
proven to be superior to monotherapy. Despite these
advances, a broadly effective antiviral therapy for HCV
is still elusive. An excellent review by Dymock
summarizes emerging therapies for HCV.6

Significant research efforts are currently directed
towards targeting viral enzymes. The HCV RNA gen-
ome is translated into a 9.5 kb polyprotein (C-E1-E2-

P7-NS2-NS3-NS4A-NS4B-NS5A-NS5B), which is then
processed into the active viral proteins. Host cell proteases
are responsible for cleavages in the C-E1-E2-P7-NS2
region.7 The NS2-NS3 cleavage is performed by NS2,
most likely a Zn2+ containing metalloprotease.8 The
remaining processings of the NS3-NS4A-NS4B-NS5A-
NS5B fragment are all dependent on the NS3/NS4A
protease, which makes this chymotrypsin-like serine
protease a promising target.7 Highly potent substrate-
based peptidic inhibitors for the HCV NS3/NS4A pro-
tease were developed (Ac-Asp-d-Gla-Leu-Ile-Cha-Cys-
OH, Ki=1.5 nM).

9 Non peptidic small molecule inhibi-
tors for NS3/NS4A were published by Rational Drug
Design Laboratories10 and Schering-Plough11 with
activities in the low micromolar range.

We recently published a new class of highly potent,
reversible and selective serine protease inhibitors.12 The
binding of these new inhibitors, which are derived from
a bis-benzimidazolemethane fragment, is dependent on
the presence of Zn2+. X-ray structure determination
revealed a Zn2+ ion at the catalytic site, which is coor-
dinated by His 57 and Ser 195 of the enzyme, and by
two imidazole-nitrogens of the bidentate ligand bis-
benzimidazole.12 We explored this binding motif for the
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inhibition of the HCV NS3/NS4A protease and
screened a library of a diverse set of bis-benzimidazoles.
Indeed, bis-benzimidazole 1 [CRA-6336 (APC-6336),
Fig. 1] showed an activity of 0.20 mM in the presence of
Zn2+ (12.5 mM).13 Sequestering of Zn2+ with excess
ethylenediamintetraacetate (EDTA, 25mM) induced a
drop in binding affinity of about 800-fold. In contrast, the
presence of Zn2+ increased the affinity of peptidic inhib-
itors for HCV NS3/NS4A only by about 2-fold. Kinetic
studies showed that 1 is a competitive, active site directed
inhibitor of NS3/NS4A (data not shown). Screening hit 1
is over 100-fold selective for HCV NS3/NS4A compared
to the serine proteases chymotrypsin, tryspsin and elas-
tase. We have systematically explored the structure–
activity relationship (SAR) of screening hit 1 and were
able to identify bis-benzimidazoles with improved bind-
ing affinity in the presence and absence of Zn2+.

Studies to determine the key binding elements in
screening hit 1 are summarized in Figures 1–3. Masking
of one negative charge of the phosphonic acid moiety [–
PO3H2!–PO2(OMe)OH] results in a loss of binding
affinity in the presence of Zn2+ of almost one order of
magnitude. Surprisingly, the binding affinity in the pre-
sence of EDTA improved more than 4 times. Complete
deletion of the phosphonic acid as in the case of glycine
3 abolishes most of the activity under Zn2+ conditions
and all activity under EDTA conditions. Enantiopure 1
derived from either (R)- or (S)-phosphonoalanine did
not show a significant difference in binding in the
presence or absence of Zn2+ (data not shown).

The orientation of the phosphonoalanine side chain rela-
tive to the bis-benzimidazole scaffold appears to be crucial
for binding (see Fig. 2). Moving the phosphonoalanine
side chain from the 6-position in benzimidazole 5, to the
5-position (4), or to the 7 position (6) abolishesmost of the

binding. The phosphonoalanine side chain SAR of 1 was
explored further in detail and resulted in the identification
of a novel series of active compounds under Zn2+ condi-
tions in the low micromolar range.14

The observation that the binding affinity of 1 shifts
three orders of magnitude in the presence or absence of
Zn2+, suggests a Zn2+ binding motif as reported.12,15

X-ray structure determination revealed this type of
binding motif in similar inhibitor–enzyme complexes of
trypsin and thrombin. Gradual deletion of the bisben-
zimidazole moiety in these inhibitor–enzyme complexes
resulted in a gradual loss of binding to thrombin or
trypsin. We have seen similar SAR trends in 1 (see com-
pounds 7–9, Fig. 3), which also support a binding mode
as reported.12 However, in the absence of structural
information, other zinc-mediated binding modes may
also be available to these inhibitors. The SAR shown in
Figures 1–3 suggests that the key binding element of 1
involves a Zn2+-mediated chelation of the benzimida-
zole scaffold and an electrostatic interaction of the acidic
phosphonalanine residues with NS3/NS4A. Deletion of
either binding element results in complete loss of activity.

To further improve the activity, we prepared a library of
analogues of 1 which have different electronic properties
and steric demand at the left-hand benzimidazole moi-
ety. The above-mentioned key binding elements were
retained (see Table 1). Overall, the SAR under Zn2+

conditions is unresponsive. Compared to parent com-
pound 1 (see also 35), electron withdrawing substituents
(10–18) and electron donating substituents (19–23) did
not produce more active leads. A methyl group seems
not to be tolerated in the R4 position (20). Similarly, in
the bridgehead monofluoro series (24–26), a relatively
flat SAR under Zn2+ conditions was observed. Bridge-
head difluorination (27–33) appears to reduce the activ-
ity under Zn2+ as well as under EDTA conditions.
Bridgehead difluoro-bisbenzimidazole 27 had an excep-
tionally high activity of 1.1 mM under EDTA condi-
tions. A survey of the N-alkyl substituent of the right-
hand benzimidazole also revealed a flat SAR (35–40).

Studies by Pessi et al.9 of peptide-based inhibitors of
HCV NS3/NS4A revealed that charge–charge inter-
action at P6 and P5 in conjunction with a carboxylic
acid at the C-terminus is crucial for binding. We won-
dered if this binding interaction could be translated to
the bis-benzimidazole scaffold. Indeed, installation of an
additional phosphonoalanine side chain at the left hand
side resulted in a significant increase in binding both
under Zn2+ and EDTA conditions (41, see Fig. 4).

Figure 1. Screening hit 1 and analogues 2 and 3. In parentheses, Ki
(mM) for inhibition of HCV NS3/NS4A in the presence of Zn2+/
EDTA.13

Figure 2. Phosphonoalanine analogues of 5. In parentheses, Ki (mM)
for inhibition of HCV NS3/NS4A in the presence of Zn2+/EDTA.13

Figure 3. Left-hand deletion SAR. In parentheses,Ki (mM) for inhibition
of HCV NS3/NS4A in the presence of Zn2+/EDTA.13
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Bridgehead difluorination (42) improves the activity to
73 nM under Zn2+ conditions and 15 mM under EDTA
conditions. While masking of the negative charge in the
carboxylic acid moieties as in 43 did not have a significant
effect, the introduction of benzyl esters as in 44 com-
pletely impairs binding to NS3/NS4A. This observation
is in line with the low activities of 2 and 3, which lack the
negative charges in the phosphonic acid moieties.

Further elaboration of the right-hand phosphonoala-
nine side chain with another phosphonoalanine as in
(45) (see Fig. 5) to mimic the P5/P6 interaction improved

the binding to NS3/NS4A only under Zn2+ conditions.
However, in conjunction with a third phosphonoalanine
moiety at the right-hand position as in compound (46),
the binding to NS3/NS4A improved to 27 nM under
Zn2+ conditions and 1 mM under EDTA conditions.

While trends in the SAR under EDTA conditions lead-
ing to 46 and trends in the SAR of peptidic inhibitors
are similar, we do not have evidence for similar binding
modes of 46 and peptidic inhibitors.

The synthesis of 46 is summarized below: Esterification
of N-Boc serine followed by conversion to the dehy-
droalanine and reaction with P(OH)(OBn)2 in the
presence of DBU gave orthogonally protected
phosphonoalanine (Scheme 1). Ester cleavage afforded

Table 1. SAR of the bis-benzimidazole scaffold. Ki (mM) for inhibition of HCV NS3/NS4A in the presence of Zn2+ or EDTA13

Compd R R1 R2 R3 R4 R5 Ki (Zn
2+) Ki (EDTA)

10 –CH2– H H F H CH3 0.28 95
11 –CH2– H H Cl H CH3 0.38 130
12 –CH2– H H CF3 H CH3 0.41 70
13 –CH2– H F F H CH3 0.21 25
14 –CH2– H F H F CH3 0.24 58
15 –CH2– H H F F CH3 0.27 140
16 –CH2– F F F H CH3 0.2 21
17 –CH2– F F H F CH3 0.35 22
18 –CH2– F F F F CH3 0.28 17
19 –CH2– H H Me H CH3 0.24 98
20 –CH2– H H H Me CH3 10 >300
21 –CH2– H H OH H CH3 0.19 250
22 –CH2– H H OMe H CH3 0.2 187
23 –CH2– H H H OMe CH3 0.49 24
24 –CHF– H H H H CH3 0.47 37
25 –CHF– F F H F CH3 0.55 72
26 –CHF– H F H F CH3 0.66 91
27 –CF2– H H H H CH3 0.25 1.1
28 –CF2– H CONH2 H H CH3 1.2 74
29 –CF2– H H F H CH3 1.3 55
30 –CF2– H H Cl H CH3 2.4 38
31 –CF2– H F F H CH3 4 15
32 –CF2– H F H F CH3 1.4 25
33 –CF2– F F H F CH3 2.9 12
34 –CF2– H H H Me CH3 21 66
35 –CH2– H H H H CH3 0.45 >300
36 –CH2– H H H H i-Pr 12 >300
37 –CH2– H H H H cyclo-PrCH2 0.14 140
38 –CH2– H H H H i-Bu 0.37 >300
39 –CH2– H H H H neo-Pentyl 0.61 >300
40 –CH2– H H H H i-Pentyl 0.87 >300

Figure 4. Bis-phosphonate analogues of 1. In parentheses, Ki (mM) for
inhibition of HCV NS3/NS4A in the presence of Zn2+/ EDTA.13

Figure 5. Bis- and tris-phosphonoalanine analogues of 27 (mixtures of
diastereoisomers). In parentheses, Ki (mM) for inhibition of HCV NS3/
NS4A in the presence of Zn2+ or EDTA.13

D. Sperandio et al. / Bioorg. Med. Chem. Lett. 12 (2002) 3129–3133 3131



the acid 47, which was coupled into the N-deprotected
phosphonoalanine to give 48 after TFA cleavage.

Scaffold 49 was prepared via a thermal cyclocondensa-
tion at 150 �C of a phenylendiamine and the right-hand
benzimidazole acetic acid methyl ester (Scheme 2).
Bridgehead fluorination was accomplished by heating
with N-fluoro-bisphenylsulphonimide in MeOH.

Methyl ester cleavage of 49 followed by coupling with
47 afforded the left-hand side phosphonoalanine
(Scheme 3). TFA cleavage of the right hand ester and
coupling with 48 gave fully protected 46. Deprotection
to 46 was accomplished by cleavage of the methyl esters,
followed by global benzyl ester cleavage using Pd/C. All
compounds for assay were purified by reverse-phase
HPLC (H2O/MeCN/0.1% TFA).

In summary, the binding affinity of screening hit 1
under Zn2+ conditions was improved by the introduc-
tion of a phosphonoalanine side chain on the left-hand
side in conjunction with elaboration of the right-hand
phosphonoalanine to a bisphosphonate 46. It was found
that the specific display of negative charges presented by
the phosphonic acid moieties is responsible for most of
the binding in the side chain. Attempts to replace the
phosphonic acid moieties by either less-charged groups
or by groups which can be masked by a prodrug
approach were reported14 and resulted in only moder-
ately active compounds. Sequestering of Zn2+ with
EDTA results in a drop of activity in 46 from 27 nM to
1 mM. Divergent trends in the SAR were found under
EDTA conditions compared to Zn2+ conditions. This
implies two different binding modes. Both binding
modes depend heavily on the polyanionic character of
this class of inhibitors, which is reminiscent of the SAR
of substrate based peptidic inhibitors of NS3/
NS4A.9,16�18
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