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Structure based rationales for the activities of potent N-benzyl-4-heteroaryl-1-(phenylsulfonyl)pipera-
zine-2-carboxamide inhibitors of the hepatitis C viral polymerase are described herein. These compounds
bind to the hepatitis C virus non-structural protein 5B (NS5B), and co-crystal structures of select exam-
ples from this series with NS5B are reported. Comparison of co-crystal structures of a potent analog with
both NS5B genotype 1a and genotype 1b provides a possible explanation for the genotype-selectivity
observed with this compound class and suggests opportunities for the further optimization of the series.

� 2011 Elsevier Ltd. All rights reserved.
igure 1. Piperazine based HCV NS5B inhibitors displaying significant selectivity
r genotype 1b over genotype 1a. Compound 1 is racemic, and compound 2 has the

bsolute stereochemistry shown.
Hepatitis C virus (HCV) RNA-dependent RNA polymerase, also
referred to as non-structural protein 5B (NS5B), is responsible for
replication of the viral genome and is essential in the life cycle of
the virus.1 Correspondingly, it has long been considered an attrac-
tive target for the development of direct acting antiviral (DAA)
agents. In recent years a number of reports of both active-site
and allosteric NS5B inhibitors have appeared and examples from
both inhibitor classes have progressed into clinical evaluation with
encouraging initial results.2

In an earlier manuscript we described the identification of
compound 1 ( Fig. 1) from a high throughput screen directed
against the NS5B polymerase.3 In a secondary replicon assay4 this
compound displayed moderate activity against HCV genotype 1b
(EC50 = 2 lM), but was 10-fold less active (EC50 = 25 lM) in a
related HCV genotype 1a assay. Exploratory lead optimization led
to the identification of significantly more potent analogs such as
compound 2. This molecule displayed EC50 values in the replicon
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1b and 1a assays of 7 nM and 87 nM, respectively. A notable fea-
ture of the structure–activity relationships (SARs) observed during
the early development of this series was the consistently enhanced
activity against genotype 1b, despite the introduction of significant
structural modification.
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Figure 3. Compound 1 bound to NS5B 1b (Bartenschlager construct).6c Figure based
on the 2.6 Å resolution co-crystal structure of the ternary complex of NS5B 1b WT
with 1 bound and the P495 thumb binding site occupied by a different ligand. In
magenta is 1r 2Fo � Fc electron density. Image generated with the PyMOL
Molecular Graphics System, Version 1.3, Schrödinger, LLC.7
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To provide some insight into this observation, select co-crystal
structures were obtained with analogs from this series complexed
with the NS5B protein. The structural data proved to be particu-
larly helpful in explaining many aspects of the observed SAR.
However, these data were less helpful in identifying specific inter-
actions between the ligands and the NS5B 1b and 1a proteins that
could explain the observed genotype selectivity, as discussed
below.

In addition to compounds 1 and 2, co-crystal structures with
NS5B were obtained with the analogs 3, 4 and 5 depicted in Figure
2. The syntheses of all of these compounds have been previously
reported,3,5 and all are accessible by relatively concise synthetic
routes.

As discussed in the introduction, compound 1 was identified
from a high throughput screen. Subsequent profiling against a pa-
nel of mutant NS5B enzymes with point mutations at sites known
to bind allosteric inhibitors, suggested that compound 1 most
probably bound in the Palm domain of the protein. A co-crystal
of 1 bound to NS5B genotype 1b6a,b was subsequently obtained
and is shown in Figure 3.

This structure confirmed that 1 binds at a largely hydrophobic
site at the interface of the palm, fingers and thumb domains. This
pocket is exposed by a movement of the C-terminus that allows
entry to a cavity that is otherwise inaccessible in the apo structure,
(an observation that suggests a degree of dynamism exists in this
region of the protein, vide infra).

Interestingly, the 4-ethylbenzenesulfonamide moiety binds in a
hydrophobic pocket which is occupied by residues W550 and F551
in the NS5B apo structure (1C2P8 in the Protein Data Bank9). These
two residues are part of a C-terminal regulatory motif which
modulates the activity of NS5B.10,11 With respect to specific
ligand–protein interactions, the pyrimidine ring of 1 participates
in a p-stacking interaction with F193, and the methoxyphenyl ring
p-stacks with Y448. The carboxamide moiety of the ligand donates
an H-bond to the Y195 backbone carbonyl, and the guanidine
moiety of R200 is proximal to the methoxyphenyl ring in the ligand
with an NH directed towards the p-face of the ring suggesting a
cation–p interaction. The structure suggests that the (R)-stereo-
chemistry is required at the chiral center on the piperazine ring,
which was confirmed by synthesis using specific piperazine enan-
tiomers.3 The functionalities projecting from the carboxamide and
sulfonamide vectors in 1 are already highly complementary to the
Figure 2. Piperazine based NS5B inhibitors used in co-crystallization studies with
HCV NS5B. Compounds were tested as racemates, unless the absolute stereochem-
istry is depicted.
cavities into which they project (Fig. 3). Consistent with this obser-
vation was the finding that attempts to incorporate significant
structural modification at either of these vectors resulted in a nota-
ble loss of activity. Despite testing an extensive series of analogs,
only modest gains in potency could be achieved, as observed with
piperazine 3. This analog displayed EC50 values against genotypes
1b and 1a of 700 nM and 8100 nM, respectively. A co-crystal struc-
ture of compound 3 complexed with NS5B genotype 1b was ob-
tained. Piperazine 3 was found to bind in a similar fashion to
compound 1 (Fig. 4). Despite the lower resolution of this structure
more residues of the NS5B C-terminus were resolved, and L547,
W550, F551, Y555, and S556 are proximal to the bound ligand (
Fig. 4). A hydrogen bond between a methoxy group on the ligand
pyrimidine ring and the backbone NH of G449 is also observed.
However, as aromatic ether oxygens are poor hydrogen bond
acceptors, this is likely to contribute little to the potency of 3.

Slightly more extensive van der Waals interactions between the
trifluoromethoxy group in 3 and the hydrophobic pocket into which
Figure 4. Compound 3 bound to NS5B 1b (Bartenschlager construct).12 Figure
based on the 3.0 Å resolution co-crystal structure of the ternary complex of NS5B 1b
WT with 3 bound and the P495 thumb binding site occupied by a different ligand.
Image generated with the PyMOL Molecular Graphics System, Version 1.3,
Schrödinger, LLC.7



Figure 6. Compound 2 bound to NS5B 1a.14 Figure based on the 1.8 Å resolution co-
crystal structure of NS5B 1a with 2 bound. Image generated with the PyMOL
Molecular Graphics System, Version 1.3, Schrödinger, LLC.7

Figure 7. Compound 5 bound to NS5B 1b WT.15 Figure based on the 3.2 Å
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the sulfonamide moiety projects probably account for the modest
potency improvement observed with this analog relative to 1.

A notable feature in both complexes is that a significant unoccu-
pied volume exists around the pendant pyrimidine moiety, and as
previously reported,3 the SAR favors pyridazine heterocycles at this
position. In order to understand this, a co-crystal structure was ob-
tained with the pyridazine ligand 4 complexed to NS5B genotype
1b (Fig. 5).

Several interesting features in this structure were observed.
First, the principal hydrophobic interactions exhibited by the pen-
dant sulfonamide and carboxamide moieties are retained, and the
latter maintains a hydrogen bond with the Y195 backbone car-
bonyl. Second, the pyridazine ring still appears to participate in a
p-stacking interaction with F193. The observed EC50 values for 4
of 700 nM and 2200 nM against genotypes 1b and 1a, respectively,
are similar to those reported for compound 3. Since 3 and 4 are
identical except for the dimethoxypyrimidine in the former, and
the chloropyridazine in the latter, it is likely that these two moie-
ties contribute approximately equally to the potency of the respec-
tive ligands.

It is apparent from the structure depicted in Figure 5 that
3,6-disubstituted pyridazines with relatively small substituents
could be accommodated, and may be associated with enhanced
activity. A structure–activity relationship (SAR) study was
conducted to determine the optimal moiety at the 6-position of
the heterocycle and involved the preparation of a focused array
of N-alkyl substituted carboxamides. This substitution was associ-
ated with a dramatic enhancement of potency, as observed with
compound 2 that displayed EC50 values against genotypes 1b and
1a of 7 nM and 87 nM, respectively. A co-crystal structure of 2
complexed with NS5B genotype 1b was obtained and is shown in
Figure 6. In addition to the previously mentioned interactions, a
number of other binding contacts were observed, the most signif-
icant being H-bonding between Y555 and S288 and the 6-carbox-
amide moiety, and additional hydrophobic contacts with the
carboxamide N-alkyl substituent. One of the pyridazine ring nitro-
gen atoms also forms water-bridged hydrogen bonds with the
protein. Collectively, these interactions could account for the
enhanced potency observed for compound 2.

With potent analogs identified, the origin of the consistent 1b
genotype selectivity exhibited by this compound class was ex-
Figure 5. Compound 4 bound to NS5B 1b (Bartenschlager construct).13 Figure
based on the 2.5 Å resolution co-crystal structure of the ternary complex of NS5B 1b
with 4 bound and the P495 thumb binding site occupied by a different ligand. Image
generated with the PyMOL Molecular Graphics System, Version 1.3, Schrödinger,
LLC.7

resolution co-crystal structure of the ternary complex of NS5B 1b WT with 5 bound
and the P495 thumb binding site occupied by a different ligand. Image generated
with the PyMOL Molecular Graphics System, Version 1.3, Schrödinger, LLC.7
plored. Two co-crystal structures were obtained of compound 5
bound to NS5B genotypes 1b and 1a. These structures are depicted
in Figures 7 and 8, respectively.

The conformation of 5 in these two complexes is similar. The
most significant differences between the structures occur in the
vicinity of the carboxamide moiety. However, careful analysis of
the geometrically non-optimal H-bonding arrays in this area sug-
gests these differences are unlikely to account for the genotype
selectivity exhibited by 5.

Only a single amino acid difference exists between genotypes
1b and 1a in the region proximal to that occupied by the ligand;
a tyrosine is present at position 415 in NS5B 1b, and phenylalanine
occupies this position in genotype 1a. It is difficult to rationalize
how this sequence change can account for the potency differences
observed. Given that this binding site is accessible only on dis-
placement of the C-terminus, it is possible that the dynamics of
the NS5B 1b and 1a proteins are different, and could account for
the observed potency differences.



Figure 8. Compound 5 bound to NS5B 1a.16 Figure based on the 2.1 Å resolution co-
crystal structure of NS5B 1a with 5 bound. Image generated with the PyMOL
Molecular Graphics System, Version 1.3, Schrödinger, LLC.7
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Support for this possibility is provided by the fact that part of
the binding site for the ligands is occupied by W550 and F551 of
the C-terminal regulatory motif in the apo structure of NS5B
1b.10,11 Along with L447, these residues serve to anchor the C-ter-
minus to the surface of the protein. Interestingly, the two residues
flanking W550 and F551 differ in genotypes 1a and 1b (1a: G549,
T552; 1b: S549, V552). It may be that these sequence differences
modulate the propensity of the C-terminus for displacement or al-
ter the conformational preferences of the C-terminus once it disso-
ciates from the binding site. Alternatively, crystal packing in the
two different crystal forms may account for the observed positions
of the mobile C-terminal region which may not represent solution
conformations. Another possibility is that some interaction(s), as
yet unspecified, remote from the binding site may be responsible
for the diminished activity observed with the 1a genotype. Unfor-
tunately, on the basis of extant data, it is not possible to be more
definitive.

In conclusion, the structures described above clearly rationalize
much of the SAR observed with the piperazine class of NS5B inhib-
itors, although no clear explanation for the observed genotype
selectivity has yet emerged. In addition, it is apparent that further
optimization of the pendant heteroaryl-carboxamide moiety may
be merited, and it would seem reasonable to anticipate improve-
ments in potency that may be sufficient to accommodate the re-
duced level of activity consistently observed with NS5B 1a
genotype.
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