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The virus-encoded nonstructural protein 5B (NS5B) of hepatitis C virus (HCV) is an RNA-dependent RNA
polymerase and is absolutely required for replication of the virus. NS5B exhibits significant differences from
cellular polymerases and therefore has become an attractive target for anti-HCV therapy. Using a high-
throughput screen, we discovered a novel NS5B inhibitor that binds to the enzyme noncompetitively with
respect to nucleotide substrates. Here we report the crystal structure of NS5B complexed with this small
molecule inhibitor. Unexpectedly, the inhibitor is bound within a narrow cleft on the protein’s surface in the
“thumb” domain, about 30 A from the enzyme’s catalytic center. The interaction between this inhibitor and
NS5B occurs without dramatic changes to the structure of the protein, and sequence analysis suggests that the
binding site is conserved across known HCV genotypes. Possible mechanisms of inhibition include perturba-
tion of protein dynamics, interference with RNA binding, and disruption of enzyme oligomerization.

Hepatitis C virus (HCV), a member of the family Flaviviridae,
is a positive single-stranded RNA virus that is the primary
causative agent of parenterally transmitted non-A/non-B hep-
atitis (9). It is estimated that there are 170 million chronically
infected HCV carriers worldwide (2 to 3% of the global pop-
ulation), and many of these individuals are expected to develop
serious HCV-related liver diseases, including hepatocellular
carcinoma. Unfortunately, clinically proven prophylactic and/or
therapeutic anti-HCV vaccines are not presently known, and
currently utilized HCV treatments (combinations of various
interferons and the nucleoside analog ribavirin) are associated
with suboptimal response rates and high incidences of side
effects. Thus, there is an urgent need to identify and develop
additional antiviral agents to improve the effectiveness and
tolerability of HCV therapy. Recent research has focused on
the structural and functional aspects of essential HCV repli-
cation components in order to define useful targets.

The HCV genome comprises approximately 9,600 nucleo-
tides, which encode a polyprotein precursor of ~3,000 amino
acid residues. Co- and posttranslational proteolytic cleavage of
this polypeptide by cellular and viral enzymes yields the spe-
cific HCV proteins required for virus replication and assembly
(recently reviewed in reference 32). The nonstructural protein
NS5B has been characterized as an RNA-dependent RNA
polymerase (RdRp) based on in vitro experiments using re-
combinant material (13, 21), and its activity was shown to be
required for HCV infectivity in chimpanzees (16). NS5B is a
66-kDa membrane-associated protein containing motifs shared
by all RdRps, including the active site Gly-Asp-Asp sequence,
which is believed to bind magnesium ions and is essential for
enzymatic activity. It has a highly hydrophobic C-terminal re-
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gion that is responsible for membrane anchoring (14, 33, 35).
Crystal structures of unligated NS5B that incorporate a 21- or
55-residue C-terminal deletion to improve solubility have been
independently reported by three groups (2, 6, 20). These stud-
ies show that the protein contains canonical features found in
most polynucleotide polymerases, such as three structural do-
mains denoted “fingers,” “palm,” and “thumb.” However, the
NSS5B structures, along with those of polymerases derived from
bacteriophage ¢6 (8) and rabbit hemorrhagic disease virus
(27), demonstrate the unique architecture of the viral RdRp
class, which includes connected finger and thumb domains.
Because NS5B is structurally distinct from related mammalian
DNA and RNA polymerase enzymes, it represents an attrac-
tive target for the development of novel anti-HCV agents (3).

Reports of ligand-bound forms of NS5B include the obser-
vation of a nucleoside triphosphate (NTP) moiety and two
metals within the active site (2, 5), as well as the binding of
rGTP to a site on the surface of the enzyme at the interface
between the finger and thumb domains (5). The interaction of
these ligands with NS5B was not found to inhibit the enzyme’s
catalytic activity, although rGTP could potentially play a reg-
ulatory role. A recent description of noncompetitive, non-
nucleoside inhibitors of NS5B suggests that the enzyme pos-
sesses binding sites outside the catalytic region, which could be
exploited for purposes of drug design (11). However, no re-
ports have provided structural details of interactions between
NS5B inhibitors and the polymerase. Here we describe efforts
that led to the crystal structure of a novel NSS5B-inhibitor
complex, present details of the observed protein-ligand inter-
actions, and propose possible mechanisms for the inhibition of
the NS5B enzyme.

MATERIALS AND METHODS

Mutag expr and purification. The HCV NS5B construct em-
ployed for this study was the BK isolate (genotype 1b), which had a 21-amino-
acid C-terminal deletion and a six-histidine C-terminal tag (12, 35). The trun-
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cated gene construct was cloned into a proprietary Escherichia coli expression
vector, and protein expression was controlled by a Lac promoter/suppressor
system. Site-directed mutagenesis was performed with this plasmid as a template.
The presence of the desired single-site mutation K114R or K106Q single mutant
(SM) or the L47Q/F101Y/K114R triple mutant (TM) was confirmed by complete
cDNA sequencing. Protein expression was carried out in the DH5a strain of E.
coli and induced with 1 mM isopropyl-B-p-thiogalactopyranoside (IPTG) at
30°C. The E. coli cell pellets were lysed by microfluidization (Microfluidizer;
Microfluidics, Newton, Mass.) in lysis buffer (20 mM Tris [pH 8.0], 5 mM MgCl,,
300 mM NaCl, 10% glycerol, 12 mM 2-mercaptoethanol, 1X complete EDTA-
free protease inhibitor tablets [Roche Molecular Biochemicals]) followed by
ultracentrifugation. The supernatant was loaded on a SuperFlow Ni-nitrilotri-
acetic acid affinity column (Qiagen), and the HCV polymerase was eluted with an
imidazole gradient (60 to 250 mM). The protein was further purified by SP Fast
Flow ion-exchange chromatography and Sephacryl S-100 gel filtration chroma-
tography (Amersham Pharmacia Biotechnology). The purified proteins were
concentrated to 15 to 30 mg/ml in a buffer containing 10 mM HEPES (pH 7.5),
400 mM NaCl, and 2 mM TCEP [Tris(2-carboxyethyl) phosphine hydrochloride];
quick-frozen in liquid N,; and stored at —80°C prior to use.

Inhibitor synthesis. Compound 1 was prepared by coupling 6-cyclopentyl-4-
hydroxy-6-[2-(4-hydroxyphenyl)ethyl]-5,6-dihydro-pyran-2-one with toluene-4-
thiosulfonic acid S-(4-amino-2-tert-butyl-5-methylphenyl) ester or the corre-
sponding hydrochloride salt by methods analogous to those described for
synthesizing related 5,6-dihydropyran-2-ones (4, 30): '"H NMR (CDCl;, 300
MHz) 3 1.28 to 1.85 (m, 8H), 1.54 (s, 9H), 1.83 (s, 3H), 2.02 to 2.09 (m, 2H), 2.40
to 2.46 (m, 1H), 2.61 to 2.67 (m, 2H), 2.73 (d, 1H, J = 18.0 Hz), 2.93 (d, 1H, J
= 18.0 Hz), 6.68 to 6.73 (m, 4H), 6.95 to 6.98 (m, 2H).

Assay of polymerase and inhibitor. Recombinant HCV NS5B polymerase was
tested for its ability to perform primer/template-directed transcription in assays
that contained 30 mM Tris-HCI (pH 7.2), 10 mM MgCl, 20 mM NaCl, 1 mM
dithiothreitol, 0.05% Tween 20, 1% glycerol, 5 pmol of biotin-dG;, (primer), 0.5
pmol of poly(rC)sq, (template), 1 uM GTP, 0.1 to 0.3 p.Ci of [a-*>P]GTP, and 2.5
pmol (0.15 pg) of HCV polymerase protein in a final volume of 75 pl. Reactions
were initiated by addition of enzyme and incubated for 30 min at 30°C. Reactions
were stopped by addition of 33 mM EDTA, and polynucleotide products were
collected by filtration through DEAE Filtermat papers (Wallac); unincorporated
triphosphate was removed by washing the filters with 5% dibasic sodium phos-
hate. The filters were counted in a Packard Tri-Lux Microbeta scintillation
counter. Compounds to be tested were added at various concentrations from
stocks in 10% dimethyl sulfoxide (DMSO)-water (final DMSO concentration =
1% of the reaction mixture). Fifty percent inhibitory concentration (ICs,) values
were estimated from the primary cpm data (collected in triplicate) by using the
formula cpm(I) = cpm (no inhibitor) - {1 — [TJ/([I] + ICs¢)}. K,,, and V., values
at inhibitor concentrations of 0, 1, 2, and 4 nM were calculated from the data
shown in Fig. 1D by using the formula velocity (S) = Vi, {[SV([S] + K,,)}.

Biophysical analysis. Binding of inhibitor 1 to HCV NS5B polymerase was
measured by isothermal titration calorimetry with a MicroCal VP-ITC. The
polymerase was prepared by dialysis against a mixture containing 20 mM HEPES
(pH 7.0), 20 mM NaCl, 5 mM MgCl,, 1.0 mM dithiothreitol, and 2.0% glycerol.
The ligand solution was prepared by diluting stock inhibitor 1 (in DMSO) with
dialysis buffer (final concentration, 2.0% DMSO [vol/vol]). Inhibitor 1 at a
concentration of 200 uM was titrated into 10 puM NS5B at 15°C. To minimize the
heat of dilution, an appropriate volume of DMSO was first added to the dialyzed
polymerase. The calorimetric data were analyzed with the ORIGIN program
(MicroCal). Prior to analysis, a correction factor was subtracted from the data to
correct for the heat of dilution.

Crystallization. Initial crystallization studies of uncomplexed enzyme by using
a 21-amino-acid C-terminal deletion of wild-type NS5B (BK isolate) resulted in
thin crystals with a high propensity for twinning. Single-site mutations of K106Q
and K114R improved crystal quality, and the X-ray structures for these mutants
were solved by isomorphous replacement and multiwavelength anomalous dif-
fraction methods (22), since NS5B coordinates were unavailable at the time.
Additional mutations were then chosen based on surface exposure of hydropho-
bic amino acids in the SM structures. A TM construct, K114R/L47Q/F101Y, was
incubated with inhibitor 1 for 1 h at 4°C and then mixed with precipitating
reagents at equal volumes and equilibrated with well solutions by the hanging
drop vapor diffusion method. The conditions under which crystals grew are as
follows: (i) 0.2 M ammonium sulfate, 0.1 M ammonium acetate, and 30% mono-
methyl polyethylene glycol 2000 (pH 4.6); (ii) 2.0 M ammonium sulfate only (pH
5.0); or (iii) 1.2 to 1.8 M potassium phosphate and 100 mM sodium citrate (pH
5.5). Tetragonal crystals appeared at 20°C after about 1 week. The crystals belong
to space group P4,2,2, with unit cell dimensions of a = b = 83 A and ¢ = 180
A, and contain 1 molecule per asymmetric unit.
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Diffraction analysis. The tetragonal crystals of the TM NS5B-inhibitor com-
plex described above were used to collect X-ray diffraction data at 100 K on a
Mar345 image plate with a Rigaku rotating anode X-ray generator. Data were
processed with Denzo/Scalepack (29). Statistics for data over 20 to 2.2 A (2.3 to
2.2 A) were as follows: completeness, 97% (72); Rinerge = 3:4% (10.8), <l/o>
= 26 (15), and redundancy of measurements, 6.7 (3). Our previously determined
structures of K106Q and K114R NS5B (see above) served as molecular replace-
ment models with AmoRe (26). The atomic coordinates of the TM enzyme were
refined by using XPLOR (7), and electron density for the bound inhibitor was
identified. Additional refinement was done with ARP/WARP (25), which im-
proved the definition of several surface protein loops and identified water mol-
ecules. Model refitting was done with XFIT (23). Refinement of the enzyme-
inhibitor complex (4,338 nonhydrogen atoms for protein amino acids 1 to 563
and ligand; 560 water molecules) by using XPLOR over 10 to 2.2 A gave a
crystallographic R, of 20.7% (29,165 reflections with F > 2¢F) and Ry, of
25.1% (1,535 reflections, or 5%), with root mean square deviation (r.m.s.d.) in
bond length and bond angle of 0.008 A and 1.53°, respectively. The average
isotropic temperature factors were 18.1 A? for protein atoms and 19.5 A2 for
inhibitor atoms. All amino acids lie in the allowed Ramachandran regions ac-
cording to PROCHECK (19). Coordinates have been deposited with the Protein
Data Bank (accession no. 1055).

Figure preparation. Figure 1B was prepared with XFIT and Raster3D (24).
Figure 2B was made with Insight II (Molecular Simulations, 1998). Figure 2A, 3,
and 5A were made with Molscript (17), and Raster3D. Figure 5B was made with
GRASP (28). For Fig. 4, homology assessment was done by using BK NS5B to
search the pFAM database (Washington University). Only full-length HCV
NS5B sequences contained in the viral RdRp family were used for this analysis.

RESULTS AND DISCUSSION

Inhibitor identification. High-throughput screening of the
Pfizer proprietary compound archive identified a novel racemic
NS5B inhibitor whose chemical structure is shown in Fig. 1A.
Compound 1 demonstrated inhibition of NS5B polymerization
activity with a calculated ICs, of 0.93 pM (Fig. 1C). Subse-
quent biochemical experiments demonstrated that the K, for
GTP did not vary significantly with inhibitor concentration,
while the observed V., did (Fig. 1D). In addition, isothermal
titration calorimetry analysis indicated specific binding of the
compound to the purified NS5B enzyme, with a measured K,
of 0.14 M and an inhibitor-enzyme stoichiometry close to 1:1
(Fig. 1E). Collectively, these data are consistent with specific,
reversible binding of compound 1 to NS5B in a manner that
noncompetitively inhibits the enzyme’s activity with respect to
GTP. We therefore initiated efforts to elucidate crystallo-
graphic details of the enzyme-inhibitor complex.

Crystallization strategy and structure determination. Criti-
cal to obtaining crystals of the NS5B-inhibitor 1 complex was a
strategy of site-directed mutagenesis aimed at improving the
crystallization properties of the enzyme, starting from a 21-
amino-acid C-terminal deletion of wild-type NS5B (BK iso-
late). Initial mutagenesis focused on changing nonconserved
surface lysines to arginine or glutamine, since the latter are
favored in crystal lattice contacts over lysine (10). Single mu-
tations of K106Q and K114R led to an enhancement of crystal
quality for uncomplexed NS5B, and the X-ray structures for
these mutants were solved (see Materials and Methods). Ad-
ditional mutations were then designed to further improve
properties of the protein, based on the SM crystal structures.
Phe 101 and Leu 47 were selected for modification based on
the exposure of their hydrophobic side chains to solvent. A TM
construct, K114R/L47Q/F101Y, ultimately proved most suc-
cessful in NS5B inhibitor cocrystallization trials. For the TM
NS5B construct, polymerase activity and inhibition by com-
pound 1 (ICs, = 1.2 uM) were not significantly different from



VoL. 77, 2003 CRYSTALLOGRAPHY OF NOVEL HCV NS5B INHIBITOR 7577

A

KA
\r2 X
A
PRI\
V 4 3
NTARY B
5’__",\ .,
7 K
BAD
LK
Py, y
O .7 4
xS .{d 24’, N
1 N ALY N
HsC ' 0," 28 e
A\ D 3 2N
v X &, T
N\

C 14 0 . . ;
Chiz = 4771
N = 1.237 + 0.003
2000 12 T K, =7.1(+0.3)x 10° M i
‘ ! ! B il AH = 8.4 + 004 kealimol |/
{ -3 gl -2 . 4
Value Error 8 1L = = 2uM inhibitor | " /
Vo 17726  128.36 g ----- 4uM inhibitor E /
o 1500 fioio ICs  9.308-07  2.07e-07 8 8
2 Chisq 44067  NA ] 2
© R 0.98741 NA £ = |4 "
o j o " S
o H = e — @
S 1000 o\ o s g |
g F \ £
| = 4 ° 4
S & T Ry T e al
S0} WO N SRR T W el B I - AR ]
L
T RS S SR ././
e . -8+ '
0 i i i i I i i _® oo ®
0 210° 410° 610° 810° 110° 1210° 110°  1510°  210°  2510° T T T

[inhibitor] moles/L

0.0 05 15 20

1.0
[GTP] M Molar Ratio

FIG. 1. Characterization of the inhibitor used to cocrystallize with HCV NS5B polymerase. (A) Structure of racemic inhibitor 1. (B) Calculated

2.2-A omit-refine (F,,, —

F_..) electron density map generated with inhibitor and nearby water molecules removed, contoured at a 3o level.

(C) NS5B polymerase activity as a function of inhibitor concentration. ICs, was calculated as described in Materials and Methods. (D) NS5B
polymerase activity as a function of GTP concentration and inhibitor concentration. K,,, and V,,, were calculated for each curve as described in
Materials and Methods. For no inhibitor, K,, = 0.89 uM GTP and V,,,, = 20.6; for 1 pM inhibitor, K,, = 0.8 uM GTP and V,,,, = 9.5; for 2
wM inhibitor, K, = 0.95 uM GTP and V,,,,, = 5.0; for 4 uM inhibitor, K, = 0.82 uM GTP and V,,,, = 1.7. (E) Isothermal titration calorimetry
data for the binding of inhibitor 1, as described in Materials and Methods.

those found with wild-type enzyme. Importantly, none of the
mutated TM residues are located near where inhibitor 1 was
subsequently shown to bind to the enzyme.

We determined the structure of the TM NS5B-inhibitor 1
complex by molecular replacement using our unligated struc-
tures of SM NS5B and then refined the complex at 2.2-A
resolution (see Materials and Methods). The TM NS5B en-
zyme is very similar to the already reported NS5B structures
and to the SM structures (superimposed Ca r.m.s.d. of 0.54
and 0.35 A, respectively). The observed electron density for
inhibitor 1 (Fig. 1B) is consistent with the enol tautomer of the
compound (i.e., sp> hybridization of the dihydropyran-2-one
carbon atom bonded to the molecule’s sulfur moiety). How-
ever, due to the crystallographic similarity between oxygen and
carbon atoms at this resolution, the electron density alone

cannot establish which, if any, enantiomer of compound 1
(transposition of enol and ester functional groups) is prefer-
entially bound to NS5B.

Description of bound inhibitor. The location of inhibitor 1
with respect to the entire NS5B protein is depicted in Fig. 2.
Unexpectedly, the compound is found partially buried within a
long cleft that extends nearly the entire length of the thumb’s
surface and eventually connects with the finger domain. This
cleft is approximately 30 A long, 10 A wide, and 10 A deep.
The complete surface of the cleft can be defined by NS5B
residues 374 to 378, 416 to 427, 469 to 490, 493 to 501, and 524
to 536. The inhibitor occupies the central portion of the ex-
tended cleft, and detailed interactions between inhibitor and
enzyme are shown in Fig. 3A. The interface consists primarily
of nonpolar surfaces along with several hydrogen bonds. The
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FIG. 2. Overall views of HCV NS5B polymerase with bound inhibitor 1. (A) Ribbon representation of NS5B with domains colored according
to thumb (purple; residues 371 to 563), palm (blue; residues 188 to 227 and 287 to 370), and fingers (orange; residues 1 to 187 and 228 to 286).
Active site aspartic acids 318 and 319 are visible at the center of the molecule in the palm domain. (B) Molecular surface of NS5B with bound

inhibitor 1, rotated ~90° from view in panel A.

most intimate interaction involves the compound’s cyclopentyl
ring, which fits into a small, complementary, hydrophobic
pocket defined by main chain and side chain atoms of Met 423,
Trp 528, Leu 419, Tyr 477, and Arg 422 (alkyl portion of side
chain). One edge of the hydroxyphenyl ring of the inhibitor
rests on side chains of Met 423, Leu 419, Leu 489, and Val 485
(the “floor” of the cleft), while the ring’s faces are surrounded
by side chains of Leu 497 and Ile 482 (the “walls” of the cleft).
The compound’s phenol moiety forms a water-mediated hy-
drogen bond to the backbone amide of Leu 497. The enol
oxygen of the central dihydropyran-2-one ring makes a direct
hydrogen bond to the backbone amide of Ser 476 (distance, 2.8
A) and a water-mediated hydrogen bond to the amide of Tyr
477. The carbonyl oxygen of the inhibitor’s dihydropyran-2-one
forms a second water-mediated hydrogen bond with Arg 501.
The phenylsulfanyl ring of compound 1 is observed to make
few interactions with the NS5B protein (e.g., parallel stacking
with the imidazole of His 475). The above description of pro-
tein-ligand interactions also applies if the other enantiomer of
compound 1 is considered (transposition of enol and ester
functional groups).

Inhibitor-induced changes. The structures for inhibitor-
bound TM NS5B and unbound TM NS5B derived from the
same crystal form are very similar. Superposition of the two
structures reveals no interdomain shifts, minor rearrangement
of a few thumb amino acid side chains (Leu 497, Met 423, Leu
419, and Arg 501) surrounding the inhibitor, and a small shift
(~1 A) in residues 496 to 499, which lead into a-helix residues
497 to 513 (Fig. 3B). Thumb domain Ca atoms (residues 371 to
563) of the complexed and uncomplexed enzymes superimpose
with an r.m.s.d. of only 0.29 A. Thus, in contrast to the rela-
tively dramatic structural distortions effected by the binding of
nonnucleoside inhibitors to the human immunodeficiency virus
(HIV) reverse transcriptase (RT) enzyme (reviewed in refer-

ence 15), interaction of compound 1 with HCV NS5B produces
minimal changes in overall protein architecture.
Conservation of binding site. The possible existence of the
inhibitor-binding cleft on NS5B proteins from other HCV ge-
notypes was evaluated by homology analysis. The sequences of
amino acids comprising the BK construct’s extended cleft are
shown in Fig. 4. Of these, about 50% are invariant among 222
HCV polymerase sequences studied, and this number in-
creases to 66% if conservation of amino acid type is consid-
ered. Examination of residues immediately surrounding bound
inhibitor 1 reveals an especially high number of invariant or
conserved amino acids (Fig. 3A). Therefore, this inhibitor
binding site may retain a high degree of three-dimensional
similarity across NS5B enzymes derived from known HCV
genotypes. Consistent with this possibility, we have found sim-
ilar activity for inhibitor 1, using NS5B enzymes derived from
several HCV genotypes other than type 1b (data not shown).
No analogous cleft exists in the thumb domain of other poly-
merases (cellular or viral) for which three-dimensional struc-
tures are known. This is primarily due to the smaller size of the
thumb domain in related polymerases, as well as a different
arrangement of secondary structure. Thus, NS5B inhibitors
that interact with the described binding site have the potential
to function as selective, broad-spectrum anti-HCV agents.
Mechanism of inhibition. Several hypotheses can be offered
to explain the inhibition of NS5B by compound 1 in the ab-
sence of gross structural changes induced by ligand binding.
First, the presence of a molecule bound in the thumb’s cleft
may perturb dynamic properties of the thumb domain, or of
interdomain contacts, that are necessary for normal enzymatic
function. Possibilities include the following: (i) the thumb
B-loop (residues 443 to 454), which is proposed to move and/or
interact with RNA during elongation (2, 6, 20); (ii) the E motif
(residues 360 to 370) and several subsequent residues located
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FIG. 3. Stereo views of inhibitor 1 bound to NS5B. (A) Emphasis on amino acid conservation among HCV genotypes, with yellow side chains
for highly conserved residues (>99% occurrence) and orange side chains for type-conserved residues. The inhibitor’s carbon atoms are colored
green. (B) Adjustments at the binding site upon inhibitor binding. Superposition of NS5B before (purple) and after (green) inhibitor binding.
Inhibitor carbon atoms are colored orange. Several side chains are found to rearrange (see labeled residues), and main chain atoms at residues

496 to 499 shift by ~1 A.

at the thumb-palm junction, which may contact the nascent
primer strand (20) and may serve as a hinge for rotations of the
thumb domain analogous to those in RdRp from rabbit hem-
orrhagic disease virus (27) or in C-terminal deletion constructs
of NS5B (1); and (iii) the finger-thumb interface created by
extended finger domain loops (primarily 11 to 45, but also 139
to 160), the disturbance of which by mutation of Leu 30 re-
duces enzymatic activity (18). In each case, the noted NS5B
motif or interface is linked to secondary structural elements
that form part of or lie adjacent to the inhibitor-binding cleft
(Fig. 5A).

Second, recent studies suggest that NS5B can form oli-
gomers in the absence or presence of RNA (18, 31, 34) and
that this property is important for enzyme function in vitro and
in vivo. At least two protein residues have been identified as

necessary for homomeric association of NS5B: Glu 18 and His
502 (31). His 502 lies along one wall of the thumb’s inhibitor-
binding cleft (Fig. 5A). If a complementary intermolecular
interface is indeed required for enzyme function, then the
presence of a small molecule bound on the surface near that
interface might perturb the association.

Third, a bound compound may interfere with important
protein-RNA interactions, should these occur on the outer
thumb region. The amino acid content of the thumb is unusu-
ally rich in arginines and lysines, and mutagenesis experiments
have suggested a functional role for several arginines in the
range of 500 to 505 (35). The spatial arrangement of basic side
chains on the thumb has the appearance of a patch of positive
charge that lies parallel and adjacent to the inhibitor-binding
cleft described here (Fig. 5B). If this patch plays a role in the
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FIG. 4. Residues defining the long cleft on the NS5B thumb in
which inhibitor 1 is bound. The sequence shown is for the HCV BK
isolate. Amino acids in red are >99% identical across 222 HCV ge-
notypes. Residues in green are type conserved among HCV sequences
(e.g., Ile, Leu, or Val at that position). Underlined residues have at
least one atom within 4.2 A of bound inhibitor 1.

binding of polynucleotide, then a bound small molecule may
interfere with such interactions. Interestingly, the patch in-
cludes a low-affinity but specific rtGTP binding site (estimated
K, of 0.25 to 0.45 mM) proposed to be an allosteric regulatory
site responsible for the enhancement of NS5B RNA synthesis
at high rGTP concentrations (5). Part of this rGTP site forms
a wall near one end of the thumb’s extended cleft, about 10 to
15 A beyond the phenol moiety of inhibitor 1. While none of
the residues defining the rGTP site are in contact with inhibitor
1, several are involved in small structural shifts that accommo-
date the inhibitor’s binding (Pro 496 through Val 499; Fig. 3B).
Therefore, the inhibitor’s presence might perturb features of
the adjacent site that are necessary for interaction with rGTP.
However, at the low GTP concentrations of our assay (~1
uM), rGTP allosteric regulation is unlikely to contribute sig-
nificantly to the measured NS5B polymerase activity. Thus,

SEEN
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perturbation of the rGTP site does not readily explain the
observed NS5B inhibition by compound 1.

Finally, as in other NS5B structures with a 21-amino-acid
C-terminal deletion (1, 2, 20), residues 545 to 563 of our NS5B
structure are found to occupy the enzyme’s putative RNA-
binding cleft (Fig. 2A) and presumably must reposition to
allow polymerase function. The presence of residues 545 to 570
has been shown to have an inhibitory effect on the activity of
purified NS5B (1). Since residues 524 to 536 upstream of the C
terminus participate in defining the binding site for inhibitor 1,
it is conceivable that the small molecule acts indirectly to
stabilize the C terminus at the active site. However, this expla-
nation appears improbable, because we find equivalent inhibi-
tion with compound 1 when using a 55-amino-acid C-terminal
deletion construct of NS5B (data not shown), the crystal struc-
ture of which reveals no occlusion of the enzyme’s central
cavity by the C terminus (1, 6).

Following the discovery of compound 1, we determined the
cocrystal structures of numerous other NS5B inhibitors (both
chemically related and unrelated to compound 1) with the TM
enzyme. These additional inhibitors are observed to bind
NS5B at a position similar to that of compound 1, and the
character of ligand-protein interactions correlates well with
biochemical and biophysical data. We therefore believe that, in
analogy to the strategy previously developed for nonnucleoside
HIV RT inhibitors, a structure-based approach for the design
of compounds that noncompetitively inhibit HCV NS5B
through binding at the described thumb site offers the potential
to deliver novel, enzyme-specific agents for HCV therapy.

FIG. 5. (A) Location of several motifs proposed to play roles in NS5B function: The E motif (blue) connects the thumb and palm domains;
B-loop (positions 443 to 454; green) is a flap covering the active site; one finger loop (orange) extends across to interact tightly with the thumb,
particularly at Leu 30. Residues defining the thumb’s inhibitor-binding cleft (light purple) either contact these motifs directly or are linked to them
through secondary structure elements. In addition, inhibitor 1 lies near His 502, which is reported to play a role in functional dimerization of NS5B
(along with Glu 18). (B) Electrostatic potential surface for NS5B (blue, positive; red, negative), showing an extensive region of conserved positive
charge adjacent to the thumb’s inhibitor binding site. If this region plays a role in the binding of oligonucleotide and/or nucleotides during RNA
elongation, then the presence of a bound inhibitor may interfere sterically or electrostatically.
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ADDENDUM IN PROOF

Recently, crystal structures were published for HCV NS5B

in complex with inhibitors that bind noncompetitively to the
enzyme in the same general location as compound 1 (M. Wang
et al., J. Biol. Chem. 278:9489-9495, 2003).
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