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Non-nucleoside Inhibitors Binding to Hepatitis C Virus
NS5B Polymerase Reveal a Novel Mechanism
of Inhibition
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The RNA-dependent RNA polymerase (NS5B) from hepatitis C virus
(HCV) is a key enzyme in HCV replication. NS5B is a major target for the
development of antiviral compounds directed against HCV. Here we
present the structures of three thiophene-based non-nucleoside inhibitors
(NNIs) bound non-covalently to NS5B. Each of the inhibitors binds to NS5B
non-competitively to a common binding site in the “thumb” domain that is
∼35 Å from the polymerase active site located in the “palm” domain. The
three compounds exhibit IC50 values in the range of 270 nM to 307 nM and
have common binding features that result in relatively large conformational
changes of residues that interact directly with the inhibitors as well as for
other residues adjacent to the binding site. Detailed comparisons of the
unbound NS5B structure with those having the bound inhibitors present
show that residues Pro495 to Arg505 (the N terminus of the “T” helix)
exhibit some of the largest changes. It has been reported that Pro495,
Pro496, Val499 and Arg503 are part of the guanosine triphosphate (GTP)
specific allosteric binding site located in close proximity to our binding site.
It has also been reported that the introduction of mutations to key residues
in this region (i.e. Val499Gly) ablate in vivo sub-genomic HCV RNA
replication. The details of NS5B polymerase/inhibitor binding interactions
coupled with the observed induced conformational changes provide new
insights into the design of novel NNIs of HCV.
© 2006 Elsevier Ltd. All rights reserved.
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Introduction

Hepatitis C virus (HCV) chronically infects about
170 million people, ≈3% of the world's population.1
There is compelling evidence that within 10 to 20
years, this chronic infection progresses to cirrhosis
then to hepatocellular carcinoma in about 20% and
5%, respectively, of these infected individuals.
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Chronic infection by HCV is the leading cause of
liver transplantation in USA. To date, there is no
vaccine available against HCV. Furthermore, the
currently available treatment (a combination of
interferon-α and ribavirin) is expensive and effective
in only 50–60% of patients treated.2 The develop-
ment of new effective antiviral compounds for
combating this debilitating human pathogen is
therefore of paramount importance and is currently
an intensive area of pharmaceutical research.
HCV is a positive-sense single-stranded RNA

virus that belongs to the Flaviviridae family. The
virus exists in six major genotypes; genotype 1 is the
most prevalent one in North America, Europe and
Japan. The HCV genome encodes a large poly-
protein comprised of about 3000 amino acid resi-
dues. Subsequently, the polyprotein is processed by
d.
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cellular and viral proteases into at least ten
individual functional proteins (C, E1, E2, P7, NS2,
NS3, NS4A, NS4B, NS5A and NS5B).3–5 Among
these products, NS3, the serine proteinase and
NS5B, the RNA-dependant RNA polymerase are
the most essential enzymes involved in replication
of the viral RNA. Hence these two enzymes are
considered as important drug targets by several
ongoing drug discovery programs.
Crystal structures of the HCVapopolymerase and

of its complexes with nucleotide substrates have
been determined and analyzed.6–10 The three-
dimensional structure of HCV polymerase deter-
mined from several different crystal forms, resem-
bles a right hand with a characteristic fingers, palm
and thumb domain organization, similar to the
architectures of the RNA polymerases of polio virus,
bacteriophageΦ6, rabbit hemorrhagic disease virus,
bovine viral diarrhea virus, and human rhino
virus.11–17 Recently, many non-nucleoside inhibitors
(NNIs) of HCV NS5B RNA polymerase have been
discovered.18–29 Structural studies of HCV NS5B
polymerase genotypes 1b and 2a in complex with
phenylalanine, dihydropyranone, thiophene, and
Figure 1. (a) Chemical struc-
tures of the non-nucleoside inhibi-
tors A, B andC. (b) Inhibition plot of
the inhibition of polymerase in the
presence of A, B, or C. NS5B activity
wasmeasured as described inMate-
rials and Methods using poly(rA)/
oligo(d)T15 as template/primer. Re-
actions were performed in the pres-
ence of 30 μM UTP substrate and in
the absence or presence of increasing
concentrations (0.024 μM to 50 μM)
of inhibitors. The inhibition experi-
mentswere performed in quadrupli-
cate runs.
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indole-based non-nucleoside analogue inhibitors
bound non-covalently have also been carried
out.30–34 These studies revealed that phenylalanine,
dihydropyranone and thiophene-based non-nucleo-
side inhibitors bind to a common predominantly
hydrophobic depression in the thumb domain, that
is located approximately 35 Å from the polymerase
active site.30–32 Close examination of the phenylal-
anine, dihydropyranone and indole genotype 1b
complexes and the thiophene-genotype 2a complex
revealed no large local conformational changes in
their respective binding pockets. As well no move-
ments were observed for the indole-based NNI
pocket on genotype 1b, but the binding of these
inhibitors prevented the interaction of the finger-tip
(a small α-helix A) of the Λ1 loop to the thumb
domain.33 Based on our genotype 2a work,32 Di
Marco et al. proposed that although the indole
inhibitors do not cause local perturbations, they act
by disrupting the Λ1 loop interaction with the
thumb domain thereby freezing the enzyme in
some undefined inactive form.33
Although previous X-ray analyses of NS5B in

complex with other non-covalently bound non-
nucleoside inhibitors have provided a wealth of
information on the existence of allosteric inhibitor
binding sites, no single precise mechanism of
inhibition could be deduced. Here, we report the
Figure 2. NS5B/inhibitor A complex structure, showing th
pink, and cyan, respectively. Two antiparallel α-helices connec
inhibitor A bound at the thumb domain is shown in a Corey
atoms in green.
crystal structures of the NS5B polymerase from the
HCV genotype 1b in complex with three new
thiophene-based sulfonamide NNIs (Figure 1(a))
that were synthesized based on structure activity
relationship studies. The details of the inhibitor
binding site, inhibitor/enzyme interactions, confor-
mational changes and possible mechanisms of
inhibition form the theme of this paper.

Results and Discussion

Effects of non-nucleoside inhibitors on NS5B
activity

Compounds A, B, and C (Figure 1(a)) were tested
for anti-HCV polymerase genotype 1b activity using
NS5B Δ21, a C-terminally truncated form of the
enzyme with poly(rA)/oligo(dT)15 as a homopoly-
meric template/primer. In this assay, all compounds
were found to inhibit NS5B polymerase activity in a
dose-dependent manner with IC50 values of 0.29,
0.27, and 0.31 μM for compounds A, B, and C,
respectively (Figure 1(b)). Dixon plot analysis has
demonstrated the non-competitive nature of the
inhibition with respect to UTP as the substrate; the
estimated Ki values are 0.23, 0.12, and 0.15 μM for
inhibitors A, B, and C, respectively.
e characteristic fingers, palm, and thumb domains in blue,
ting the fingers and palm domains are shown in gold. The
, Pauling, Koltun (CPK) space-filling model with carbon
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Inhibitor binding site and NS5B/inhibitor
interaction

Our structural studies of NS5B/inhibitor com-
plexes were carried out on crystals belonging to
space group P212121, the asymmetric unit of which
contains two crystallographically independent
NS5B polymerase molecules. Each inhibitor binds
non-covalently to both molecules in the asymmetric
unit, at a predominantly hydrophobic shallow
pocket in the thumb domain, that is approximately
35 Å from the polymerase active site located in the
palm domain (Figure 2). Binding these inhibitors
buries a solvent accessible surface area on the
protein of ≈750 Å2, calculated using a probe radius
of 1.4 Å. All functional groups of the inhibitors are
well defined in the electron density maps (Figure
3(a), (b) and (c)), indicating well-ordered and tight
binding to the polymerase, in agreement with the
observed relatively low Ki values. The average B-
factor of the inhibitor atoms is similar to those of the
protein atoms, providing additional evidence for
tight binding. The residues lining the binding pocket
are Leu419, Arg422, Met423, Leu474, His475,
Ser476, Tyr477, Ile482, Ala486, Leu489, Leu497,
Arg501, and Trp528; these residues are conserved
across all the genotypes of HCV. The fluorophenyl
thiophene, cyanophenyl thiophene, and acetyl
bithiophene moieties of inhibitors A, B, and C,
respectively, are bound to a hydrophobic surface of
the thumb domain (Figure 3(a), (b) and (c)). These
groups make extensive van der Waals interactions
with Leu419, Met423, Ile482, Ala486, Leu489, and
Leu497. The oxygen atom of the acetyl group of
inhibitor C is hydrogen bonded to the main-chain
amide nitrogen atom of Leu497. On the other end of
the inhibitors, the 4-methylphenyl, 2-methylphenyl,
and 2,4-dimethylphenyl moieties point towards the
interior of the thumb domain, filling the primary
binding cavity by making extensive van der Waals
interactions with Leu419, Met423, Leu474, His475,
and Trp528. One of the sulfonyl oxygen atoms of
inhibitors A and C is hydrogen bonded to the
guanidinium group of Arg501. In general, all the
inhibitors bind in a similar fashion (Figure 4) and the
nature of the interactions is mainly hydrophobic
with the exception of the two common hydrogen
bonds received by the carboxylate group of each
inhibitor from the main-chain nitrogen atoms of
Ser476 and Tyr477 (Figure 5(a) and (b)).
Figure 3. Stereo views of simu-
lated annealed omit |Fo|–|Fc| elec-
tron density maps contoured at the
3σ level for the (a) inhibitor A, (b)
inhibitor B and (c) inhibitor C. The
inhibitors are shown by stick repre-
sentation with carbon, nitrogen, ox-
ygen, and sulfur atoms in green,
blue, red, and yellow, respectively.
The inhibitor binding site is shown
by a surface representation with
carbon, nitrogen, and oxygen atoms
in gray, blue, and red, respectively.



Figure 4. Superimposition of NS5B/inhibitors A, B and C structures, showing the commonmode of inhibitor binding.
The residues in the inhibitor binding site are shown by stick representation with carbon, nitrogen, oxygen, and sulfur
atoms in gray, blue, red, and yellow, respectively. The inhibitors A, B and C are shown by stick representation with their
carbon atoms in cyan, magenta and green, respectively.
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For inhibitor C, we observed a 2:1 binding
stoichiometry (Figures 3(c) and 5(b)) in which one
of the inhibitors interacts with the site essentially
as described above for A and B, but a second
inhibitor molecule stacks against the first one in a
reversed orientation forming thiophene/thiophene
ring intermolecular interactions. These latter inter-
actions are aromatic in nature with the thiophene
planes separated by ∼3.4 Å. The second molecule
of inhibitor C forms hydrogen bonding and van
der Waals interactions with residues Ala486,
Arg490, Pro496 and Leu497. The two molecules
represent two different conformations of inhibitor
C. Both molecules can be superimposed by a 2-fold
rotation along an axis perpendicular to the
thiophene plane and a rotation of the 2,4-dimethyl-
phenyl moiety by ∼160° along N–S bond followed
by a translation. The neighboring molecules in the
crystal lattice have very little effect on the binding
of inhibitor C.
Conformational changes of NS5B upon inhibitor
binding and mechanisms of inhibition

To make the structural comparison more mean-
ingful, we have also determined the three-dimen-
sional structure of apo-NS5B polymerase at 1.9 Å
from one of the native crystals used in the soaking
experiments. The final refined native structure
agrees very well with the reported apo-NS5B
structure8 (Root mean square deviation between
the two, 0.18 Å, for the 530 Cα atom pairs). In order
to evaluate the magnitude of the conformational
changes triggered upon inhibitor binding, the
NS5B/inhibitor complex structures were compared
with the existing native polymerase structure8 (PDB
code 1C2P). In the present analysis, one native and
three NS5B/inhibitor complex structures account-
ing for eight crystallographically independent mole-
cules were superimposed pair-wise. The r.m.s.
deviations in 530 Cα positions between the native



Figure 5. Stereo views of the conformational changes that occur at the NS5B inhibitor binding site upon (a) inhibitor B
and (b) inhibitor C binding, with respect to the native NS5B molecule. Light grey and black correspond to the native and
the inhibitor bound structures, respectively. The inhibitors are shown by ball and stick representation with carbon,
nitrogen, oxygen and sulfur atoms in green, blue, red, and yellow, respectively. Two hydrogen bonds are shown in green.
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and NS5B/inhibitor complex structures (Table 1)
show clearly that the overall structure remains
relatively unchanged upon inhibitor binding. How-
ever, unlike the phenylalanine-based inhibitors
reported earlier,30 the binding of the thiophene-
based inhibitors induced conformational changes in
Table 1. r.m.s. deviations (Å) in 530 Cα positions among
the structures

2 3 4

1 0.46–0.61 (0.52) 0.31–0.50 (0.42) 0.30–0.36 (0.33)
2 0.22–0.31 (0.25) 0.33–0.43 (0.38)
3 0.21–0.30 (0.25)

Since there are two crystallographically independent molecules in
the crystal asymmetric unit that led to four possible ways of
superimpositions, the minimum and maximum values of the
deviations are given. The average value is given in parentheses.
1, Native NS5B polymerase; 2, NS5B/inhibitor A; 3, NS5B/inhibi-
tor B; and 4, NS5B/inhibitor C structures.
some of the binding site residues (Figure 5(a) and
(b); Table 2). This is due to the tighter binding of
thiophene compounds as compared to the phenyl-
alanine-based compounds. In particular, the number
of van der Waals interactions between the NS5B and
thiophene inhibitors is around 58–68, as compared
to 43–49, between NS5B and phenylalanine inhibi-
tors. All three inhibitors induce similar pocket
residue perturbations. The common structural per-
turbations involve the side-chain of Met423 and the
main-chain as well as the side-chain of the Leu497
(Figure 5(a) and (b)). The average displacement of
the atoms of these residues is 3.5 Å. It is the change
in the side-chain conformation of Met423 that
triggers the perturbation; the movement of Leu497
produces a pronounced perturbation in the N-
terminal residues of helix T of the thumb domain
as can be seen in Figure 6(a). Residues Pro496–
Arg505 constituting part of this helix, undergo a
remarkable conformational change. The individual



Table 2. Deviations (Å) of Cα positions in the region
Pro495-Arg505 of NS5B/inhibitor complex structures
with respect to the native NS5B polymerase

Residues
NS5B/

inhibitor A
NS5B/

Inhibitor B
NS5B/

Inhibitor C

Pro495 0.60 0.57 0.65
Pro496 1.22 1.35 1.48
Leu497 1.81 2.01 2.31
Arg498 2.13 2.35 2.65
Val499 1.40 1.45 1.72
Trp500 0.80 0.86 1.07
Arg501 1.13 1.21 1.36
His502 1.42 1.48 1.85
Arg503 1.05 1.10 1.38
Ala504 0.48 0.59 0.75
Arg505 0.45 0.61 0.89

Each value is the average of four possible combinations of
superimposition.
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Cα atom deviations listed in Table 2 clearly
demonstrate the magnitude of this rearrangement.
Only the side-chain of Met423 and that of Leu497
interact directly with the inhibitor; since Leu497 is
part of helix T, the displacement triggered byMet423
propagates in both directions of the polypeptide
chain (Table 2 and Figure 6(a)). The movement can
be described as roll of helix T about Val499 and
Trp500. These perturbations most likely have an
effect on the integrity of the allosteric GTP site10 that
is 17 Å from the non-nucleotide inhibitor binding
site and is located on the opposite side of the highly
positively charged helix T (Figure 6(b)).
Residues Ser29, Arg32, Pro495, Pro496, Val499

and Arg503 are involved in GTP recognition; these
residues do not undergo any noticeable conforma-
tional change upon GTP binding.10 The guanine
base of GTP stacks against a hydrophobic platform
provided by the side-chain of Pro495 and Val499,
whilst the pyrrole ring of Pro496 is positioned
perpendicular to the plane of the guanine base.10
The Nη2 atom of Arg503 interacts with the 2 amino
group of the guanine base through water-mediated
H-bonding interactions. The GTP binding at the
interface of the thumb and finger domains possibly
stabilizes the active conformation of the NS5B.
Allosteric GTP binding has been reported by
several laboratories to stimulate the initiation of
RNA synthesis.10,15,35–37 Other recent findings
suggest that GTP-specific binding does not play a
stimulatory role in in vitro RNA polymerase activity
but is important for HCV RNA replication in vivo.37
Similarly, no GTP effect was noticed in our assays
as far as increased in vitro RNA replication or on
NNI inhibition (results not shown). However, a
very different picture emerges when residues
interacting with GTP (Ser29, Arg32, Pro495,
Pro496, Val499 and Arg503) are mutated and sub-
genomic HCV RNA replication examined.
Pro496Ala substitution reduces the efficiency of
cell colony formation by approximately 60-fold.37
Understandably, single mutations of Val499Gly,
Arg503Lys, or Arg503Ala completely ablate the
ability of sub-genomic HCV RNAs to replicate in
cells, whereas other non-helix T interacting residue
mutations such as Ser29 and Arg32 (part of helix A)
only reduced the sub-genomic HCV RNA replica-
tion levels slightly.37
On the basis of the observed inhibitor-induced

conformational changes, the genotype 2a structural
studies32 and the mounting literature support, we
extend the explanation of the mechanism of action of
our thiophene-based inhibitors in two directions.
Firstly, the structural shifts of helix T most likely
affect the integrity of the GTP binding site resulting
in reduced affinity for GTP, thereby contributing to
the formation of an RNA polymerase state incapable
of carrying out a polymerization cycle. In addition,
the shift in the position of helix T may destabilize the
open/closed form of the polymerase dynamics
needed for proper initiation, elongation and other
complex in vivo RNA polymerase functions. Al-
though it is only the side-chain of Met423 on helix Q
that is perturbed, Met423 is in close proximity to
helices S, T and A and these helices all have
somewhat of an effect on the thumb/fingers
interaction. It is conceivable, as seen for genotype
2a,32 that the inhibitors lock the genotype 1b
polymerase in the open inactive state and the β-
hairpin-like conformation of the tip of the Λ1 loop
cannot properly interact with the thumb domain to
shift NS5B to the closed active form.
Secondly, there is evidence that the HCV poly-

merase may oligomerize in order to function.38
His502 is one of the critical residues involved in
homomeric interaction both at the in vitro and in vivo
levels and mutating His502Glu abolishes the enzy-
matic activity. In the bound-state helix T environ-
ment, the position of His502 is greatly perturbed
(Table 2) and the change certainly could have a
profound effect on the interaction of the oligomer-
ization process.
The C-terminal residues of NS5B play an impor-

tant regulatory role in the enzymatic activity.39–41 It
has been reported that the C-terminally truncated
forms of NS5B proteins enhance the polymerase en-
zymatic activity.39–41 Since this region of NS5B does
not undergo any noticeable conformational changes
upon inhibitor binding, it is difficult to analyze the
effect of NNIs on this region at the structural level.
On the other hand, mutational studies involving the
mutation of residues Trp500 to Arg505, that precede
the C terminus, to alanine abolishes the enzymatic
activity.42 As discussed earlier, these residues form-
ing a part of helix T, are shifted upon inhibitor bind-
ing, further reinforcing our inhibition mechanism.
Many NNIs of NS5B are allosteric and bind to

the NS5B in specific non-overlapping binding
sites.27,30–33 Briefly, the structural basis of mechan-
isms of inhibition are (1) the stabilization of the β-
loop.27 (Leu443 to Ile454), (2) the disruption of inter-
domain interactions32,33 and (3) the perturbation of
the GTP recognition site and disturbances in the oligQ
omerization process (this paper). Hence, the potency
of such inhibitors depends on the accessibility of
such binding sites, which is also dependent on the
dynamic conformational behavior of the polymerase



Figure 6. (a) Superimposition of
NS5B/inhibitor B (light green) struc-
ture and the native NS5B structure
(magenta), showing the conforma-
tional changes in the helix T. The
inhibitor B (carbon, nitrogen, oxygen
and sulfur atoms are shown in
green, blue, red, and yellow, respec-
tively) and GTP (carbon, nitrogen,
oxygen and phosphorus atoms in
green, blue, red, and gray, respec-
tively) are shown in ball and stick
representation. (b) The electrostatic
potential surface showing the charge
distribution of NS5B around the
inhibitor and GTP binding sites.
Blue color represents positive
charge. The inhibitor and the GTP
are shown by stick representation.
Color codings are same as for (a).
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during the polymerization cycles. Ma et al. have
shown that NNIs including our previously reported
thiophene compounds23,24 are inactive against in
vitro RNA replicase complex, of which NS5B forms a
part, once the enzyme/template complex is pre-
formed.43 However, the potency of the NNIs pre-
sented here in the replicase complex is yet to be
examined. It is conceivable that NNIs may inhibit
the HCV NS5B prior to the formation of a stable
enzyme/template complex through destabilization
of polymerase/RNA interactions or disruption of
important protein–protein contacts needed during
replicase complex formation. In summary, our
structural studies of NS5B polymerase with these
thiophene-based inhibitors provide new insights
into the current understanding of inhibition
mechanisms of NS5B polymerase by non-nucleoside
inhibitors.



41HCV NS5B Polymerase/NNI Complex Structures
Materials and Methods

Expression and purification of HCV NS5B protein

The recombinant form of the HCV genotype 1b NS5B is
a 21 amino acid, C-terminal truncated version (Δ21)
having an N-terminal hexahistidine tag. It was expressed
in Escherichia coli BL21 (DE3) and purified as described by
Ferrari et al.44 and Lesburg et al.8 with minor modifica-
tions. Briefly, the initial purification step consisted of
loading soluble bacterial lysates onto a HiTrap nickel
chelating affinity column (Amersham Biosciences, Baie
d'Urfe, QC, Canada). Bound enzyme was eluted using an
imidazole gradient. The polymerase fractions were pooled
and the imidazole was removed using PD10 desalting
columns (Amersham Biosciences). Further purification of
the polymerase was performed by passing the nickel-NTA
fractions through a HiTrap MonoS cation exchange
column (Amersham Biosciences). Positive fractions were
exchanged into a buffer containing 10 mM Tris (pH 7.5),
10% (v/v) glycerol, 5 mMDTT, 600 mMNaCl and glycerol
was added to a final concentration of 40% for storage at
−80 °C and subsequent activity and kinetic assays. For
crystal structure study purposes, the enzyme was concen-
trated using an Ultra-15 Centrifugal Filter Unit (Millipore
Ltd, Nepean, ON, Canada), precipitated with ammonium
Table 3. Data collection and refinement statistics

Crystal Native Co

Space group P212121
a (Å) 86.02
b (Å) 105.90
c (Å) 127.13
Z 8
Matthews coefficient (Å3/Da) 2.29
Solvent content (%) 46.3

A. Data collection
Resolution (Å) 40.0–1.9 4
High resolution (Å) 1.97–1.9 1
Unique reflections 87,779
Multiplicity 3.5
<I/σ(I)> 23.3 (4.1)a 1
Completeness (%) 95.4 (73.6) 89
Rsym (%)b 4.8 (20.1) 4

B. Refinement
Refinement resolution (Å) 40.0–1.9 4
Unique reflections (working/test) 83,343/4436 91,
Rworking/Rfree

c 0.194/0.223 0.1
Number of residues 1119
Number of water molecules 1007
Average B factor (Å2)d 21.1/–/34.7 20.4

C. r.m.s. deviations
Bond lengths (Å) 0.005
Bond angles (°) 1.2
Dihedral angles (°) 21.4
Improper angles (°) 0.75

D. Ramachandran plot
Most favored regions (%) 91.6
Additional allowed regions (%) 8.3

a Values within the parentheses refer to the high resolution shell.
b Rsym=∑h∑i(|Ii(h)-<I(h)>|)/∑h∑iIi(h), where Ii(h) is the i

th intensit
c Rworking and Rfree=∑h (|F(h)obs|–|F(h)calc|)/∑h |F(h)obs| for refle

data.
d Average B factors of protein atoms, inhibitor atoms and water mo

factor of atoms of the second molecule of inhibitor C.
sulfate (Sigma-Aldrich Canada, Oakville, ON, Canada),
and stored at 4 °C.
In vitro NS5B assay

Measurement of the inhibitory effects of compounds A,
B and C on HCV NS5B genotype 1b polymerization
activity was performed by evaluating the reduction in the
amount of radiolabeled UTP incorporated by the enzyme
into newly synthesized RNAusing a homopolymeric RNA
template/primer. Essentially, compounds were tested at
various concentrations (0.024 to 50 μM) in a final volume of
50 μl reaction mixture consisting of 20 mM Tris–HCl (pH
7.5), 5 mM MgCl2, 1 mM DTT, 50 mM NaCl, 500 ng of
purified NS5B enzyme, 500 ng of poly(rA)/oligo(dT)15
(Life Technologies, Burlington, ON, Canada), various con-
centrations of non-radioactive UTP (30 μM for the IC50
determination and 5 μMto 75 μMfor theKi determination),
and 0.2 μCi to 3.1 μCi of (α-32P)-labeled UTP (3000 Ci/
mmol; Amersham Biosciences). RNA-dependent-RNA
polymerase reactions were allowed to proceed for 50 min
for IC50 determination or for 20 and 45 min for the Ki
determination, at 22 °C. Reactions were stopped by the
addition of 15 μl of 0.5 mM EDTA. Thereafter, volumes of
50 μl (25 μg) of sonicated salmon spermDNA and 115 μl of
a solution of 20% (w/v) trichloroacetic acid/0.5% (w/v)
mplex A Complex B Complex C

P212121 P212121 P212121
84.75 84.93 85.53
106.13 104.31 105.98
127.44 127.01 126.61

8 8 8
2.27 2.23 2.27
45.7 44.7 45.8

0.0–1.8 40.0–2.0 40.0–2.1
.86–1.8 2.07–2.0 2.18–2.1
95,800 76,252 64,018
3.0 4.3 4.0

8.2 (3.5) 11.2 (3.3) 11.4 (3.7)
.7 (92.1) 98.9 (96.3) 94.9 (75.6)
.7 (24.0) 8.0 (32.6) 7.4 (24.3)

0.0–1.8 40.0–2.0 40.0–2.1
005/4795 72,236/3865 60,728/3233
99/0.232 0.208/0.245 0.207/0.242
1119 1119 1119
1291 754 695
/25.1/34.4 28.8/29.5/34.3 27.5/26.7(57.6)/36.1

0.005 0.008 0.006
1.2 1.4 1.2
21.2 21.6 21.4
0.74 0.84 0.75

91.5 92.0 89.9
8.4 7.9 10.1

y measurement and <I(h)> is the mean of all measurements of Ii(h).
ctions in the working and test sets. Rfree was calculated using 5% of

lecules, respectively. The value in the parenthesis is the average B
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tetrasodium pyrophosphate at 4 °C were added to the
mixture followed by incubation on ice for 30 min in order
to ensure complete precipitation of nucleic acids. Samples
were then transferred onto 96well MultiScreen filter plates
(Millipore Corp., Bedford, MA, USA). The filter plates
were washed with 600 μl of 1% trichloroacetic acid/0.1%
tetrasodium pyrophosphate per well and dried 20 min at
37 °C. A 50 μl volume of liquid scintillation cocktail (Wallac
Oy, Turku, Finland) was added and the incorporated
radioactivity was quantified using a liquid scintillation
counter (Wallac MicroBeta Trilux, Perkin Elmer™, MA,
USA). IC50 and Ki values were calculated using the
computer software GraphPad Prizm (version 2.0; Graph-
Pad Software Inc., San Diego, CA, USA).
Crystallization and data collection

Crystals were grown by the hanging drop method at
room temperature, following the published protocol8 with
Figure 7. The initial difference electron density maps (b
inhibitor binding site, for (a) NS5B/inhibitor A, (b) NS5B/inhib
the inhibitors were built. The final refined inhibitors were supe
The inhibitors are shown by stick representation with color co
minor modifications. Three μl each of protein solution
(HCV NS5B ΔC21 protein, 20 mg/ml in 5 mM 2-
mercaptoethanol) and crystallizing agent solution (18%
(w/v) PEG 4000, 0.3 M NaCl, 0.1 M sodium acetate buffer
(pH 5.0), 5 mM 2-mercaptoethanol) were mixed on a cover
slip and then equilibrated with a 1 ml reservoir of the
precipitant solution. Diffraction quality crystals were ob-
tained within one to three days by a macro seeding
method.45 Crystals belong to space groupP212121with unit
cell dimensions of a=∼86 Å, b=∼105 Å, and c=∼126 Å,
values that are similar to published results.8 The NS5B/
inhibitor complexes were prepared by soaking the NS5B
crystals in the inhibitor solutions for 10–12 h. The inhibitor
solutions contained 3–5 mM inhibitor in 2–4% dimethyl
sulfoxide (DMSO), 20% (w/v) PEG 4000, 50 mM NaCl,
10 mM MgCl2, 5 mM mercaptoethanol, and 20 mM Tris
buffer (pH 7.5).
Intensity data from the NS5B/inhibitor soaked crystals

were collected at 105 K using an R-AXIS IV++ image plate
detectorwith copperKα radiationgeneratedbyaRigakuRU-
lue) (|FPI|–|FP|, αcalc) contoured at the 3σ level at the
itor B and (c) NS5B/inhibitor C complex structures, before
rimposed into their corresponding electron density maps.
dings the same as that in Figure 3(a), (b) and (c).
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300 rotating anode X-ray generator. The data sets were
integrated and scaled using the programs DENZO and
SCALEPACK.46 Data collection statistics are given in Table 3.

Structure determination and refinement

The positioning of the two NS5B molecules in the
asymmetric unit of the crystallographic unit cell was
achieved by the molecular replacement method using the
apopolymerase structure (PDB code 1C2P) as the search
model. A difference Fourier map, |FPI|–|FP|, αcalc (|FPI|,
structure factor amplitudes of the protein/inhibitor
complex and |FP|, structure factor amplitudes of the
apo protein) permitted an initial positioning of the
inhibitor molecule into the difference electron density
(Figure 7(a), (b) and (c)). Structure refinement was carried
out using the program CNS1.1.47 All three NS5B/inhibitor
complex structures reported herein were refined in the
same manner. At the beginning, the model was subjected
to 50 cycles of rigid body refinement treating each
molecule as a rigid group. Subsequently, simulated
annealing, positional, and individual B-factor refinements
were performed. Model building, based on electron
density maps (2|Fo|–|Fc| at 1σ and |Fo|–|Fc| at the
3σ contour levels), was performed wherever necessary
using the program XtalView.48 The Rwork and Rfree values
were monitored closely throughout the refinement. Once
the refinement had converged to a Rwork value of 0.25, the
identification of water molecules in the model was started.
This was achieved in several cycles based on electron
density peaks of at least 1σ in the 2|Fo|–| Fc| and 3σ in |
Fo|–|Fc| maps. Bulk solvent correction and anisotropic B-
factor scaling were incorporated during the refinement.
NCS restraints were not applied in the refinement. The
stereochemical validity of the structures was examined
using the program PROCHECK.49 The detailed refine-
ment statistics are given in Table 3.

Protein Data Bank accession codes

The final refined atomic coordinates of the NS5B/inhib-
itor complex structures have been deposited in the RCSB
protein data bank (PDB accession codes are 2D3Z, 2D3U,
and 2D41 for NS5B/inhibitors A, B, and C, respectively).

Structure analysis and generation of Figures

The buried surface area was calculated using the
program CNS1.1.47 Structural alignments were carried
out by the program ALIGN.50 Figures were generated by
the programs MOLSCRIPT,51 Raster3D,52 and PYMOL†.
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