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The hepatitis C virus NS3 protein contains a serine
protease domain with a chymotrypsin-like fold, which is
a target for development of therapeutics. We report the
crystal structures of this domain complexed with NS4A
cofactor and with two potent, reversible covalent inhib-
itors spanning the P1–P4 residues. Both inhibitors bind
in an extended backbone conformation, forming an anti-
parallel b-sheet with one enzyme b-strand. The P1 resi-
due contributes most to the binding energy, whereas
P2–P4 side chains are partially solvent exposed. The
structures do not show notable rearrangements of the
active site upon inhibitor binding. These results are sig-
nificant for the development of antivirals.

Hepatitis C virus (HCV)1 infection is a major health problem
that leads to cirrhosis and hepatocellular carcinoma in a sub-
stantial number of infected individuals estimated at 100–200
million worldwide. Immunotherapy or other effective treat-
ments for HCV infection are not yet available, and administra-
tion of interferon in combination with ribavirin has several
limitations because of toxicity (1). One of the best characterized
targets for HCV therapy is the serine protease of NS3 protein.
The NS3 protease domain constitutes the N terminus of the
NS3 protein, which, when associated to the NS4A polypeptide,
gets activated and therefore is responsible for maturation of
the viral polyprotein (2).

The structure determination of the HCV NS3 protease com-
plexed with a truncated NS4A cofactor (residues 21–34) re-
vealed a shallow, nonpolar P1 specificity pocket. Because of the
unusual substrate specificity of this enzyme it has been in-
ferred that the design of highly selective inhibitors that could
bind to the NS3 protease would be unlikely (3, 4). We have
found that capped tri-peptide a-ketoacids, incorporating dif-
luoro aminobutyric acid in the P1 position, are potent, slow
binding inhibitors of this enzyme (5). Their mechanism of in-
hibition is biphasic. The first kinetic phase involves the rapid
formation of a noncovalent collision complex with association
rate constants .0.2 s21, and the second kinetic phase consists
of a slow isomerization with rate constants between 5 3 1023

and 7.5 3 1023 s21. This results in the formation of a very tight
complex with dissociation rate constants between 1.2 3 1025

and 1.8 3 1025 s21 and with half-lives of 11–16 h. The overall
Ki values are between 27 and 67 nM (5).

The inhibitors described here span the P1–P4 residues and
contain an activated carbonyl in an a-ketoacid moiety as the
active-site serine trap. To investigate the binding mode of these
compounds, an hexagonal crystal form of the NS3 protease
domain (J strain) complexed with the truncated NS4A cofactor,
amenable to soaking experiments, was obtained. The crystal
structures of the noninhibited NS3/4A complex (2.4 Å) and with
two inhibitors (Fig. 1A), inhibitor I, a-ketoacid t, BOC-L, Glu-L,
Leu-L(difluoro)aminobutyric acid (2.1 Å), and inhibitor II, a-ke-
toacid Z-L, Ile-L, Leu-L(difluoro)aminobutyric acid (2.4 Å),
were solved.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—A DNA fragment encoding the
serine protease domain of NS3J (amino acids 1–187) was obtained by
polymerase chain reaction amplification of full-length cDNA and cloned
in the pT7–7 vector. The NS3 protein was expressed in Escherichia coli
BL21(DE3) as described previously (6). The purified protein was char-
acterized by N-terminal sequencing, electrospray ionization mass spec-
trometry, dynamic light scattering, and HPLC activity assay. Results
obtained from the N-terminal sequencing were confirmed by the molec-
ular mass determined by electrospray ionization mass spectrometry
(Met-NS3J (1–187)). Molecular size estimation, determined by light
scattering, showed NS3J and NS3J/4A complex to have hydrodynamic
radii (RH) of 2.6 and 2.2 nm, respectively, which correspond to esti-
mated molecular masses of 29 kDa for NS3J and 20 kDa for the
NS3J/4A complex, respectively. These results indicate a more compact
protein state for the complex compared with NS3 alone and correlate
with the activation of the protease because of complex formation with
the cofactor, as determined by HPLC activity assay following the pro-
tocol previously described (7). The kinetics of inhibition of the NS3
protease by the a-ketoacids were determined by stopped flow experi-
ments, as described by Narjes et al. (5).

Crystallization—The NS3 protein (1 mgzml21) was incubated (4 °C)
with the NS4A cofactor peptide, containing a solubilizing lysine tag at
its N and C termini (KGSVVIVGRIILSGRK) at a molar ratio of 1:2 and
concentrated by ultrafiltration to 290 mM. NS3J/4A crystals, with a
maximum size of 0.6 3 0.3 3 0.2 mm3, were obtained by both “hanging”
and “sitting drop” vapor diffusion methods, after 2 weeks at room
temperature, with 3.4 M NaCl, 4.8 mM cyclohexyl-pentyl-b-D-maltoside,
5 mM dithiothreitol, and 0.02% NaN3 in 0.1 M citrate buffer, pH 5.1. The
ternary complexes with inhibitors were prepared by adding to the
stabilized NS3J/4A crystals (in 4.5 M NaCl, 10 mM dithiothreitol, 0.1 M

citrate buffer, pH 5.1), 5 mM inhibitor I, or 2.5 mM inhibitor II and
equilibrated for 2–3 weeks before mounting. Inhibitor binding inside
the crystal was confirmed by mass spectrometry.

Structure Determination—The x-ray diffraction data were collected
at 100 K at beam lines X11 and X31 (EMBL, Deutsches Elektronen
Synchrotron, Hamburg, Germany) and ID14/EH3 (European Synchro-
tron Radiation Facility, Grenoble, France), using 30% glycerol as cryo-
protectant. Data were integrated and scaled with the HKL suite (8) and
with the CCP4 suite (9). Crystals belong to the space group P61 with two
molecules in the asymmetric unit. A summary of the diffraction data is
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presented in Table I. The noninhibited structure was solved by molec-
ular replacement with AMoRe (10), using the NS3BK/4A coordinates as
a search model, Protein Data Bank code 1JXP. The starting models of
the inhibited structures were obtained by rigid body refinement of the

refined native coordinates within AMoRe. In each case, the unique
inhibitor was built into the initial, clearly interpretable 2Fo 2 Fc and Fo

2 Fc density maps. Refinement, using a maximum likelihood target
function, was performed with REFMAC (11). All data were used (no s

FIG. 1. The a-ketoacid inhibitors bound to the NS3/4A complex. A, inhibitor I, a-ketoacid t, BOC-L, Glu-L, Leu-L(difluoro)aminobutyric
acid and inhibitor II, a-ketoacid Z-L, Ile-L, Leu-L(difluoro)aminobutyric acid. B, secondary structure diagram of the NS3 protease in complex with
the NS4A cofactor peptide and with the inhibitor I (stick model). Superimposed is also the inhibitor II (ball-and-stick model). Helices are colored
in red, sheets are in yellow, turns are in purple, and random coils are in green. Both inhibitors are colored by atom type (carbon is green, oxygen
is red, fluorine is light blue, and nitrogen is purple). N and C indicate the N and C termini of the protease domain, whereas N9 and C9 indicate the
N and C termini of the NS4A cofactor peptide. The catalytic Ser139 is also shown in a stick model colored by atom type. C, stereo view of the
hydrogen bond interactions of inhibitors I and II (darker green) bound to NS3. The NS3 residues and both inhibitors are shown as stick models and
colored by atom type. D, solid surface representation of NS3 active site with the bound inhibitor I (ball-and-stick model, colored by atom type). On
the protein surface, acidic residues are colored in red, basic residues are in light purple, hydrophobic residues are in lime green, and Ser139 is in
very light blue. B and D were created using Insight97.0 from Molecular Simulations, Inc., (San Diego, CA); C was created with BOBSCRIPT (24).
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cutoff) from 20 Å to the high resolution limit of each data set (Table I).
Modeling of solvent sites was executed with an automatic refinement
program, ARP (12). In the refinement, 5% of the data was set aside for
use as a cross-validation set (13). Refinement was continued inter-
spersed with manual model building with the program O (14). The final
statistics are given on Table I. The refined 2Fo 2 Fc electron density
maps for the inhibitors I and II and for the glycerol molecule are shown
in Fig. 2.

Coordinates—The coordinates of the three structures have been de-
posited in the Protein Data Bank (accession codes 1dxp, 1dy8, and
1dyg).

RESULTS AND DISCUSSION

NS3 Structure—Two crystal forms of the NS3/4A complex (H
and BK strains), have been reported (3, 4). Likewise, the
NS3J/4A complex contains a C-terminal domain (residues 94–
175) with a six-stranded b-barrel that ends with a C-terminal
helix. The N-terminal domain (NS3 residues 1–93 and NS4A
residues 21–34), also a b-barrel, contains eight b-strands, with
one of the two additional strands contributed by the N-terminal
region of the protease and the other by the NS4A cofactor (Fig.
1B). The cofactor assumes an extended conformation forming
main chain hydrogen bonds with the protease in an anti-par-
allel fashion. The N terminus is well ordered in both molecules
of the asymmetric unit, and, as such, it is similar to the
NS3BK/4A crystal structure (4). Conversely, in the NS3H/4A
structure (3), only one N terminus is ordered. Both inhibitors
bind at the active site (His57, Asp81, and Ser139) located at the
crevice between the two domains and are rather solvent ex-
posed (Fig. 1B). In one of the two molecules of the asymmetric
unit of the noninhibited enzyme, a glycerol molecule is bound
at the oxyanion hole through a hydrogen bonding system (Fig.
3A). This finding correlates with biochemical data showing
glycerol-induced stabilization of NS3/4A complex (15). At the

metal binding site, the Zn21 ion is present in the noninhibited
structure (Fig. 3B) and is coordinated to Cys97, Cys99, Cys145

and, via a water molecule, to the imidazole ring of His149. The
electron density at this site is very well defined. On the con-
trary, in the inhibited structures, the metal ion is absent or
present only with a low occupancy, and this site is quite disor-
dered. The absence of Zn21 is likely due to the presence of
dimethyl sulfoxide (;5%), necessary to dissolve the inhibitors.
This is the only region where there is a large root mean square
deviation (r.m.s.d.) for the C-a distance (;0.6–1.0 Å) between
the noninhibited and inhibited structures. Otherwise the
r.m.s.d. is within the coordinate experimental error. Perturba-
tions at the Zn21 site do not affect the NS3/4A complex and the
active site conformation in our crystal structures. This appears
to be in conflict with folding studies (6). Although, as of today,
it has not been formally shown that the removal of Zn21 from
the folded NS3 protease has an effect on the activity or the
structure.

Inhibitor Binding—The binding mode of the two inhibitors is
equivalent, forming an antiparallel b-sheet with the protease,
with one strand contributed by the inhibitor and one by the
protease (Fig. 1, B and C). Two pathways leading to different
conformations (Fig. 4) are possible, depending on the stereo-
chemistry of the nucleophilic attack at the carbonyl carbon of
the ketoacid by the serine OH group. In the x-ray crystal
structures of thrombin and trypsin complexed with p-amidino-
phenylpyruvate (16, 17) the attack is from the re-side (Fig. 4,
complex I). In the case of HCV NS3 protease, the carbonyl
carbon of the inhibitor is attacked from the si-side by the
catalytic serine, forming a covalent bond (1.44 Å) with the
inhibitor via the Og, resulting in the tetrahedral intermediate
shown in Fig. 4 (complex II). The carbonyl oxygen does not

TABLE I
Data collection and refinement statistics

Native 1Inhibitor I 1Inhibitor II

Data seta

a, b (Å) 92.980 94.352 93.820
c (Å) 81.805 82.374 80.950
Resolution (Å)b 2.4 (2.53–2.4) 2.1 (2.14–2.1) 2.4 (2.53–2.4)
Rmerge (%)c 7.1 (35.5) 3.5 (15.0) 13.7 (42.5)
,I/sI. 9.0 (2.2) 32 (3.2) 4.7 (1.7)
Number of measurements 126,238 66,924 55,295
Number of unique observations 15,786 23,960 15,872
Completeness (%) 100 (99.9) 98.2 (98.4) 99.8 (99.8)

Refinement statistics
Resolution (Å) 20–2.4 20–2.1 20–2.4
R-factord 0.195 0.207 0.215
Rfree

e 0.298 0.275 0.317
r.m.s.d. bond lengths (Å)f 0.010 0.010 0.009
r.m.s.d. bond angles (Å) 0.037 0.030 0.032
Overall B-factor (Å2) 46.78 43.5 45.4
fc angle distributiong

in core region 261 (88.6) 272 (91.3) 266 (89.3)
in additionally allowed

region
34 (11.4) 25 (8.4) 32 (10.7)

in generously allowed region 0 (0) 0 (0) 0 (0)
in disallowed region 0 (0) 1 (0.3) 0 (0)

Number of atoms
in structure 2,956 3,022 2,908
in NS3/4A 2,738 2,738 2,738
in inhibitor 0 70 74

Solvent 210 213 96
Other (zinc ion and glycerol) 2 (Zn ions), 6

(glycerol)
1 (Zn ion) 0

a l, data set 1, 0.91160 Å; data set 2, 0.9360 Å; data set 3, 1.1938 Å.
b Highest resolution of data set with highest resolution bin in parentheses.
c Rmerge 5 Shkl Si51

N u, Ihkl . 2 Ihklu / Shkl Si51
N Ii

hkl.
d R-factor 5 Sh uFo 2 Fcu / Sh uFou.
e Rfree is calculated from 5% of the data that were omitted during the course of the refinement.
f r.m.s.d. is the root mean square deviation from ideal geometry.
g As defined by PROCHECK (25), the percentage distribution is given in parentheses.
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point into the oxyanion hole, as observed for thrombin and
trypsin (16, 17), instead it is hydrogen bonded to the Ne2 of
His57. The two carboxyl oxygens point into the oxyanion hole:
one forms a hydrogen bond with Ser139 nitrogen, the other is
hydrogen bonded with Gly137 nitrogen. This different binding
mode may be influenced by the soaking conditions, although it
explains the remarkable discrepancy between the kinetics of
hemiketal formation in the p-amidinophenylpyruvate/trypsin
complex (18) compared with the kinetics of covalent bond for-
mation in the a-ketoacid/NS3 complexes (5). A biphasic kinetic
behavior, analogous to that reported for our inhibitors (5), was
observed for the reaction between trypsin and p-amidinophe-
nylpyruvate. In the latter case, the rate constants describing
the equilibrium between the initial complex and the covalent

resolution and contoured at 1.0 s, for the glycerol molecule and Ser139.
All panels were created with BOBSCRIPT (24).

FIG. 2. Refined 2Fo 2 Fc electron density maps. The final model
in a ball-and-stick representation is superposed on the maps and col-
ored by atom type (carbon is gray, oxygen is red, fluorine is light blue,
and nitrogen is purple). A, electron density map, at 2.1 Å resolution and
contoured at 1.2 s, for the inhibitor I covalently bound to Ser139. B,
electron density map, at 2.4 Å resolution and contoured at 1.0 s, for the
inhibitor II covalently bound to Ser139. C, electron density map, at 2.4 Å

FIG. 3. The hydrogen bond interactions of glycerol (Gol)
bound to NS3 active site (A) and view of the zinc binding site in
NS3 (B). A, all residues and the glycerol molecule are shown as stick
models and colored by atom type. The interaction between the glycerol
molecule and Lys136 is speculative, because the side chain of Lys136 is
not visible in the electron density of the noninhibited structure and has
been modeled based on the two inhibited structures. B, residues, in a
stick model, are colored by atom type; the zinc ion, in a CPK model, is
colored dark yellow; and a water molecule, in a CPK model, is colored
magenta. Both panels were created using Insight97.0 from Molecular
Simulations, Inc. (San Diego, CA).
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complex were determined to be 3.15 and 0.1 s21, respectively
(18). These data should be compared with 7.5 3 1023 s21 and
1.2 3 1025 s21, for the NS3-inhibitor I and to 5 3 1023 and
1.8 3 1025 s21, for the NS3-inhibitor II complexes, respec-
tively. Therefore, these results suggest a significantly larger
energy barrier for both the formation and the dissociation of
the covalent complex, in the case of the NS3 protease, and
correlate with the structural differences of the final covalent
complexes (Fig. 4).

Another characteristic of our structures is that His57 makes
two strong hydrogen bonds (ranging from 2.33 to 2.75 Å for all
three structures; Fig. 1C); one with its Nd1 to the Od2 of Asp81,
another with its main chain nitrogen to the Od1 of the same
aspartate. The presence of these particularly short hydrogen
bonds is consistent with the structure of the subtilisin protease
from Bacillus lentus, solved at 0.78 Å (19). More generally, the
existence of hydrogen bonds with a partially covalent character
has been demonstrated by a recent Compton scattering study
(20). The His57-Asp81 interaction is missing in the structures of
the noninhibited NS3 without the NS4A cofactor (21, 22),
whereas it is present in our noninhibited NS3/4A complex (Fig.
3A). The solvent exposed residue, Lys136, close to the active site
likely stabilizes the carboxylate bound at the oxyanion hole
(Fig. 1, C and D).

The P1 and P2 sites for both inhibitors are the same, (diflu-

oro)aminobutyric acid and Leu, respectively (Fig. 1, B and C).
The S1 pocket constitutes a small nonpolar depression on the
protease surface and is formed by Val132, Leu135, and Phe154,
which, together with the aliphatic part of Lys136, can make
lipophilic interactions, thus explaining the preference for a Cys
residue in the P1 position of substrates. The P1 residue of both
inhibitors, a chemically inert fluorocarbon group, mimics the
cysteine thiol of natural substrates (5) and makes hydrophobic
interactions with Val132, Leu135, the aliphatic part of Lys136,
and Phe154 (Fig. 1D). In addition, attractive interactions be-
tween the fluorine lone pairs and the aromatic C-H of Phe154

are possible. In the S2 region, Ala156 side chain together with
His57 and the aliphatic part of Arg155 provide a small hydro-
phobic patch on the protein surface (Fig. 1D). The side chains of
His57, Arg155, and Ala156 sterically limit the space available to
the P2 residue. Because of this steric hindrance, hydrophobic
b-branched amino acids cannot be accommodated in S2, hence
explaining the lower activity of inhibitors with Val or Ile in P2
(23), whereas Leu in P2 fits well. Inhibitor binding is further
reinforced through its main chain N1 and O3, which form
hydrogen bonds with the main chain carbonyl of Arg155 and the
main chain amide of Ala157, respectively (Fig. 1C).

The S3 surface, an extension of the S1 pocket, is formed by
the hydrophobic side chains of Ala157 and Cys159 and makes
lipophilic interactions with the nonpolar part of the P3 side

FIG. 4. Binding pathways of
p-amidinophenylpyruvate to trypsin
and thrombin (Refs. 16 and 17; com-
plex I) and of the a-ketoacid inhibi-
tors I and II to NS3 (complex II).
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chain of the inhibitors (Fig. 1D; Glu for inhibitor I and Ile for
inhibitor II). In the structure of NS3/4A in complex with inhib-
itor I, the carboxylate of Glu forms a salt bridge with the NZ of
Lys136 (Fig. 1C). Because of the bulky nature of the P3 side
chain of inhibitor II, Lys136 is sterically restricted and also
visible, whereas it is disordered in the noninhibited structure.
In addition, at the P3 position, a carbon-sulfur interaction with
the enzyme residue Cys159 is possible, thereby helping to sta-
bilize the inhibitor in an extended conformation. A hydrogen
bond is formed between the backbone N2 of the inhibitors and
the main chain carbonyl of Ala157 (Fig. 1C). The S4 site consists
of a solvent exposed hydrophobic patch, created by Arg123 and
Val158 (Fig. 1D). This small hydrophobic area should favor
hydrophobic amino acids. The preference for bulky hydrophobic
amino acids in P4, shown previously (23), can be explained by
the hydrophobic interaction of the P4 residue (tert-butyl in
inhibitor I and benzyl capping group in inhibitor II) with Arg123

and Val158 of the enzyme and by the intramolecular hydropho-
bic contact with Leu in P2 (Fig. 1D). To our knowledge, this is
the first report of the crystal structure of inhibitors bound to
the HCV NS3/4A complex and permits the interpretation of
structure/activity relationship data (5). These structures show
that even in the presence of an inhibitor, the substrate-binding
region remains largely featureless and solvent-exposed and
underscores the likely difficulties of developing small drug-like
inhibitors.

Acknowledgments—We thank C. Steinkühler and R. Cortese for
helpful discussions and critical reading of the manuscript; B. Gerlach
for contributing to the synthesis of one compound; U. Koch for the
initial modeled coordinates of the inhibitors; F. Bonelli for mass spec-
trometry and C. Capo for N-terminal sequencing; and M. Emili for help
with the art work. We especially thank the staff of European Synchro-
tron Radiation Facility (Grenoble, France) and of EMBL (Deutsches
Elektronen Synchrotron, Hamburg, Germany) for assistance in data
collection.

REFERENCES

1. Weiland, O. (1994) FEMS Microbiol. Rev. 14, 279–288
2. Bartenschlager, R. (1997) Intervirology 40, 378–393
3. Kim, J. L., Morgenstern, K. A., Lin, C., Fox, T., Dwyer, M. D., Landro, J. A.,

Chambers, S. P., Markland, W., Lepre, C. A., O’Malley, E. T., Harbeson,
S. L., Rice, C. M., Murcko, M. A., Caron, P. R., and Thomson, J. A. (1996)
Cell 87, 343–355

4. Yan, Y., Li, Y., Munshi, S., Sardana, V., Cole, J. L., Sardana, M., Steinkuehler,
C., Tomei, L., De Francesco, R., Kuo, L. C., and Chen, Z. (1998) Protein Sci.
7, 837–847

5. Narjes, F., Brunetti, M., Colarusso, S., Gerlach, B., Koch, U., Biasol, G.,
Fattori, D., De Francesco, R., Matassa, V. G., and Steinkühler, C. (2000)
Biochemistry 39, 1849–1861

6. De Francesco, R., Urbani, A., Nardi, M. C., Tomei, L., Steinkühler, C., and
Tramontano, A. (1996) Biochemistry 35, 13282–13287

7. Steinkühler, C., Biasol, G., Brunetti, M., Urbani, A., Koch, U., Cortese, R.,
Pessi, A., and De Francesco, R. (1998) Biochemistry 37, 8899–8905

8. Otwinowski, Z., and Minor, W. (1997) Methods Enzymol. 276, 307–326
9. Collaborative Computational Project, Number 4 (1994) Acta Crystallogr. D 50,

760–763
10. Navaza, J. (1994) Acta Crystallogr. A 50, 157–163
11. Murshudov, G. N., Vagin, A. A., and Dodson, E. J. (1997) Acta Crystallogr. D

53, 240–255
12. Lamzin, V. S., and Wilson, K. S. (1997) Methods Enzymol. 277, 269–305
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