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Genomic DNA replication requires helicases to processively
unwind duplexes. Although helicases encoded by positive-
strand RNA viruses are necessary for RNA genome replication,
their functions are not well understood. We determined struc-
tures of the hepatitis C virus helicase (NS3h) in complex with the
transition state ATP mimic ADP�AlF4

� and compared them
with the previous nucleic acid-associated ternary complexes.
The results suggested that nucleic acid binding promotes a
structural change of the spring helix at the transition state, opti-
mizing the interaction network centered on the nucleophilic
water. Analysis of ATP hydrolysis with and without conforma-
tional restraints on the spring helix further supported the
importance of its action for both nucleic acid-stimulated and
basal catalysis. We further found that an F238P substitution,
predicted to destabilize the helix, diminished viral RNA replica-
tion without significantly affecting ATP-dependent duplex
unwinding. The stability of the secondary structure, thus, seems
critical for additional functions of NS3h. Taken together, the
results suggest that the spring helix may be central to the coor-
dination of multiple modes of NS3h action. Further character-
ization centered on this element may help understand the
molecular details of how the viral helicase facilitates RNA repli-
cation. This new structural information may also aid efforts to
develop specific inhibitors targeting this essential viral enzyme.

Helicases are vital enzymes that perform highly diverse func-
tions in important biological processes (1, 2). They are ubiqui-
tous in cellular organisms and are also found in many viral
proteomes (1). Those encoded by positive-strand RNA viruses,
many of which are medically important pathogens, are believed

to function at different stages of virus life cycles (3). Studies of
several viral helicases have indeed implicated a convergent
theme regarding their potential roles in the action of replicase
complexes for genomic RNA replication, such as initial recruit-
ment of replication templates, and synthesis of negative-strand
RNA intermediates and positive-strand RNA genomes (4 – 8).
Although the enzymatic activities of the viral helicases are
somewhat similar to those of replicative DNA helicases, which
are well known to processively unwind DNA duplexes for
genome replication by utilizing ATP, the details of how the viral
enzymes participate in the assembly and function of RNA rep-
licase complexes remain mysterious. This has hampered our
understanding of the mechanisms of positive-strand genomic
RNA replication in general as well as the development of spe-
cific inhibitors targeting this class of important viral enzymes.

Positive-strand RNA viruses in the Flaviviridae family, such
as HCV3 and dengue virus, are responsible for widespread
global infection with significant public health and economic
impact (9). HCV chronically infects �3% of the world popula-
tion, causing liver disease including cirrhosis and liver cancer
(10). The virus encodes a superfamily (SF) 2 viral helicase in the
C-terminal portion of the NS3 protein (11). Its enzymatic activ-
ity is important for the virus life cycle, as mutations engineered
in motif II, the central element for metal ion binding and
(d)NTP hydrolysis, prevented detectable virus replication in
vivo (12). In a cell culture model, mutagenesis targeting the
helicase nucleic acid binding site reduced HCV RNA replica-
tion (13). In addition, the importance of NS3h in the HCV life-
cycle has also been demonstrated by mutagenesis of residues
with no known roles in enzymatic activity. For example, alter-
ation of residues involved in forming contacts in crystals
reduced viral RNA replication (14), and adaptive mutations in
NS3h greatly enhance replication of different HCV isolates in
cultured cells (15–18).

In vitro, HCV NS3h can unwind both DNA and RNA
duplexes, and the mechanism of its motion has been broadly
characterized. Nucleotide triphosphates, (d)NTPs, bind
between the two NS3h RecA-like domains to trigger closure of
the two domains (19, 20). Hydrolysis of one (d)NTP by NS3h
drives one-base translocation in the 3�-5� direction, allowing
NS3h to separate nucleic acid duplexes along its translocation
path (19 –22). Similar stepwise dynamics and analogous con-
formational changes have been described for cellular helicases
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and likely occur for most SF1 and SF2 helicases (2). Nucleic acid
binding stimulates HCV NS3h (d)NTP hydrolysis, a general
feature of most helicases (2, 23). Different mechanisms for this
observation have been proposed by comparing nucleic acid-
bound and unbound helicases (24 –26). However, no study until
the present one has compared transition-state mimic-captured
enzymes in the presence and absence of nucleic acids. Such a
comparison could provide new insight into a critical step along
the reaction pathway and help clarify the mechanistic details of
nucleic acid-stimulated catalysis.

HCV NS3h contains a spring �-helix in RecA-like domain 1.
This structural element is predicted in helicases encoded by
HCV-like non-primate hepaciviruses as well as the more dis-
tantly related pegiviruses and pestiviruses, suggesting conser-
vation of an important replicative function (20, 27, 28). We have
found that the HCV NS3h spring helix has to be structurally
flexible for catalysis, and meanwhile the �-helical form of this
element is important for virus replication. We think the spring
helix probably plays a central role in coordinating multiple
modes of NS3 action. Our results justify further investigation
on NS3h to understand the molecular details of viral RNA rep-
lication and aid discovery of potent and selective viral helicase
inhibitors that has thus far proven challenging.

Results

Nucleic Acid Binding Promotes Elongation of the Spring Helix
and an Associated Overall Conformational Change—DNA- or
RNA-stimulated nucleotide hydrolysis is a general feature of
most active helicases (2). In order to interrogate the molecular
basis of HCV NS3h-catalyzed nucleic acid-dependent (d)NTP
hydrolysis, we performed the first structural comparison of
transition-state mimic-captured NS3h complexes in the pres-
ence and absence of nucleic acids. We crystallized binary com-
plexes containing NS3h and transition-state ATP mimics
(ADP�AlF4

�), allowing comparison to the previously deter-
mined ternary complex structures that included NS3h and ATP
mimics as well as nucleic acids (20). Two complex structures
were determined at 2.1 Å resolution from a single crystallo-
graphic asymmetric unit (Table 1). The two binary NS3h-
ADP�AlF4

� complexes are similar to each other despite small
differences in conformation (root mean square deviation �0.84
Å for all the NS3h atoms). Complex A is better ordered than
complex B in the crystal, as its electron density (simulated
annealing composite omit map) exhibits more pronounced
structural features; different parts of the structure, especially
those in domain 1, are better ordered with lower temperature
factors (Fig. 1). We analyzed both binary complexes to reveal
the structural impact of the lack of nucleic acids.

Structural alignment of complex A and the NS3h-ADP�BeF3-
ssDNA ground-state complex revealed that the NS3h struc-
tures are largely superimposable, except that the Glu-291 resi-
due in motif II adopts different rotamers in the two structures
(Figs. 2, A and C, and 3, A–C). Comparison of complex A
and the NS3h-ADP�AlF4

�-ssDNA transition-state structure
revealed that domains 1 and 3 are arranged in different confor-
mations (Fig. 2B). The structural change of the spring helix and
shift of the motif II loop can only be crystallographically cap-
tured in the ternary complex with ssDNA (Fig. 2, C and D). This

suggests that ssDNA binding facilitates adoption of an appro-
priate structural arrangement of NS3h as ATP hydrolysis pro-
ceeds to the transition state. Further structural analysis of the
motif II loop revealed nucleic acid-dependent rotamer changes
of the essential residues Asp-290, Glu-291, and His-293 (Figs.
2C and 3, A–C). This is presumably important for remodeling
the (d)NTPase active site for catalysis.

Nucleic Acid Binding Facilitates Optimization of a Hydrogen-
bond Network—We analyzed the arrangement of the (d)NT-
Pase active site with and without ssDNA (Fig. 3, A–C). The
coordination of the ADP�AlF4

� moiety, magnesium ion, and
most water molecules (W3, W4, and W5) does not significantly
change upon ssDNA binding. The major differences are cen-
tered on the Glu-291 residue of motif II and the nucleophilic
water (W1). In the presence of ssDNA, the Glu-291 residue is
oriented to interact with His-293 (N�) (Fig. 3, A and C). In this
orientation, the two water molecules W1 and W5 approxi-
mately lie in the plane of the carboxylate group of Glu-291 (Fig.
3B). They are positioned in symmetry with respect to the Glu-
291 carbonyl bond and, therefore, are able to form linear hydro-
gen bonds simultaneously with the carbonyl oxygen (Glu-291
O�) (Fig. 3, A and B). In contrast, in the absence of ssDNA,
Glu-291 is not properly positioned to establish the hydrogen
bonding network.

We then analyzed the atomic coordination on the W1 water
molecule, which presumably acts as a nucleophilic water

TABLE 1
Crystallographic data and refinement statistics
Numbers in parentheses indicate the range of the highest resolution bin and statis-
tics for data in this resolution bin. NSLS, Brookhaven National Synchrotron Light
Source.

Complex NS3h-ADP�AlF4
�

PDB ID 5E4F
Data collection

Source NSLS X26C
Wavelength (Å) 1.0809
Resolution (Å) 50-2.1 (2.18-2.1)
Space group P21
Unit cell

a, b, c (Å) 95.5, 46.1, 109.1
�, �, � (°) 90, 104, 90

Observations 262,634 (16582)
Unique reflections 53,280 (5056)
Redundancy 4.9 (3.1)
Completeness (%) 98.1 (94.9)
Mean I/�I 17.3 (5.6)
Rmerge on Ia 0.05 (0.23)
Cut-off criteria I/�I �0.5

Refinement statistics
Resolution limits (Å) 50-2.1 (2.23-2.1)
Number of reflections 51,003 (7,087)
Completeness (%) 93.7 (83.5)
Cut-off criteria I/�I 0
Number of atoms

Protein 6,505
Ligand 66
Solvent 498

Rcrystb 0.214 (0.254)
Rfree (5% of data) 0.252 (0.306)
Bonds (Å)/angles (°)c 0.006/1.2
Mean B value (Å2) 25.6

Complex A 19.5
Complex B 31.0

Coordinate error (Å)d 0.26
a Rmerge � �hkl�i�I(hkl)i � �I(hkl)��/�hkl�i�I(hkl)i�.
b Rcryst � �hkl�Fo(hkl) � Fc(hkl)�/�hkl�Fo(hkl)�, where Fo and Fc are the observed

and calculated structure factors, respectively.
c Values indicate root mean square deviations in bond lengths and bond angles.
d Estimated coordinate error from cross-validated Luzzati Plot.
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involved in pentacoordination of the transition-state planar
�-phosphate. In binary complex A without ssDNA, the dis-
tances (2.63 and 2.92 Å) between W1 and the two coordinating
oxygen atoms (O� of Glu-291 and Gln-460) are longer and �0.3
Å different, whereas those in the ternary transition-state com-
plex are shorter and approximately equal (2.57 and 2.59 Å) (Fig.
3C). This suggests that in the nucleic acid-containing ternary
complex, the nucleophilic water is coordinated by symmetric
and stronger hydrogen bonds, which can appropriately orient
the activated water toward the �-phosphorus. The structural
analysis predicted that transition-state mimics should bind to
NS3h better in the presence of ssDNA. We, therefore, probed
the binding of GDP (BODIPY FL-labeled) and AlF4

� to NS3h by
measuring fluorescence polarization, which increases when
small fluorophores bind to macromolecules. In the presence of
ssDNA, fluorescence polarization increased, and the estimated
dissociation constant for GDP decreased �2-fold (�94.6 �M to
�39.1 �M), indicating enhancement of GDP�AlF4

� formation in
the (d)NTPase active site (Fig. 3D).

Probable Structural Transition in the Absence of Nucleic
Acids—Like complex A described above, complex B does not
exhibit elongation in the spring helix, and its overall conforma-
tion is different from the transition state ternary complex (Fig.
2B). However, complex B is also slightly different from the

ground state ternary complex (Fig. 2A). Although the central
Glu-291 residue of complex B is not properly oriented to inter-
act with His-293 and does not simultaneously form linear
hydrogen bonds with W1 and W5, it is arranged in a better
orientation than that of complex A (Fig. 3, A–C). In addition,
the distances between W1 and two coordinating oxygen atoms
approximate those in the transition state ternary complex and
only exhibit a 0.13 Å difference, smaller than the difference seen
in complex A (Fig. 3C). It is worth noting that complex B shows
more thermal mobility, especially in domain 1 (Fig. 1, A and B).
We speculate that complex B represents a snapshot of NS3h
approximating to the transition state with optimal structural
arrangements. In the absence of nucleic acids, this probably
occurs at low frequency.

The Action of the Spring �-Helix Is Essential for Nucleic Acid-
stimulated Nucleotide Hydrolysis—To examine the importance
of the structural transition of the spring helix, we conforma-
tionally restrained this structural element and analyzed the
impact on ssDNA-dependent ATP hydrolysis. We introduced
cysteine-pair mutations within the spring helix (CC1 and CC2
mutants) as well as an irrelevant helix (CCi) and cross-linked
the paired cysteines using 1,4 bismaleimidyl-2,3-dihydroxybu-

FIGURE 1. Structures of the NS3h-ADP�AlF4
� binary complexes. A and B,

schematic and surface presentation of the two NS3h-ADP�AlF4
� binary com-

plexes. The residues are color-coded by their B-factor values. Lower B factors
indicate lower vibration. The minimum and maximum values were set to be
10 (blue) and 60 Å2 (red), respectively, in the reference bar. C and D, the sim-
ulated-annealing composite omit electron density contoured at 1.0 � around
the ATP mimics. The ATP mimics are modeled by sticks. Water molecules (W)
and magnesium (Mg) ions are shown as spheres. The carbon atoms of com-
plex A are colored in yellow, whereas those of complex B are blue. The non-
carbon atoms are color-coded according to the elements defined in PyMOL.
Complexes A and B are noted in parentheses under each panel. The structure
presentations were prepared in PyMOL.

FIGURE 2. Comparison of the binary and ternary complexes. A, NS3h-
ADP�AlF4

� complex A (yellow) and B (light blue) aligned with NS3h-ADP�BeF3-
ssDNA (pink, PDB ID 3KQU) through domain 2 (residues 329 – 432 and 450 –
481). The NS3h proteins are presented by thin ribbons (�-helices) and arrowed
strands (�-strands). The spring helices are noted by arrows. B, complex A and
B aligned with NS3h-ADP�AlF4

�-ssDNA (green, PDB ID 3KQL) through domain
2. The structures are presented as those in A. C, close-up view of the motif II
elements. The residues in motif II (Asp-290, Glu-291, and His-293) are pre-
sented as sticks. Protein main chains are shown as tubes. D, close-up view of
the spring �-helices (tubes). The Tyr-241 residues and superimposed ADP
molecules are presented by sticks. The change of the spring helix in this pres-
entation does not represent the elongation distance. The two binary struc-
tures and two ternary structures were aligned through ADP in C and D. The
amino acid numbering is according to the NS3 sequence.
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tane (BMDB), a compound with two maleimides that can react
with sulfhydryl groups of cysteine residues (Fig. 4, A and B). No
native cysteine pairs seem to allow efficient cross-linking by
BMDB. Although adding BMDB to the wild-type or CCi
mutant protein did not change ssDNA-dependent ATP hydro-

lysis, cross-linking the cysteine pairs in the CC1 and CC2
mutants significantly suppressed the activity (Fig. 4C, Table
2). The suppression was not observed when the individual
cysteines in the CC1 and CC2 mutants were targeted by
N-ethylmaleimide (NEM), which contains a single maleim-

FIGURE 3. Active-site arrangement with and without ssDNA. A, active-site arrangement of the NS3h-ADP�AlF4
� complexes and NS3h-ADP�AlF4

�-ssDNA
ternary complex. The active-site residues and ATP mimics are modeled by sticks. The water molecules (W) and magnesium ions (Mg) are modeled by spheres.
The non-carbon atoms are color-coded according to elements defined in PyMOL. The carbon atoms are colored yellow (complex A), light blue (complex B), and
green (ternary complex). The yellow dashed lines represent probable atomic interactions. The three angles centered on the carbonyl oxygen are schematically
highlighted by black lines, with sizes of the angles noted. The Glu-291 carbonyl groups involved in water coordination are highlighted by spheres. B, comparison
of the carboxylate groups of Glu-291 in the presence and absence of ssDNA. The simulated annealing omit composite maps were contoured at 1.5 �. C,
coordination of the nucleophilic waters (W1). The structures in B and C are presented as those in A. D, binding of fluorophore-labeled GDP to NS3h. NS3h was
used to titrate BODIPY-labeled GDP in the presence of NaF, AlCl3, and MnCl2. To analyze the impact of nucleic acid enhanced transition-state mimic binding,
ssDNA (dT12) was added. Fluorescence polarization values derived from single measurements were plotted against NS3h concentrations.
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ide group and thus did not cross-link cysteine pairs (Fig. 4, B
and D, Table 2). The results suggest that covalent attach-
ment of small molecules on the spring helix or other struc-
tural elements containing exposed cysteines does not signif-
icantly affect nucleic acid-coupled ATP hydrolysis, whereas
the cross-linking-mediated conformational restraint on the
spring helix strongly suppresses enzymatic activity. It is
worth noting that the CC1 cross-linking covered the two
helical turns responsible for elongation, whereas CC2
seemed to cover only one (Figs. 2D and 4A). This may explain
the stronger suppression associated with the CC1 cross-link-
ing (Fig. 4C, Table 2), although different cross-linking effi-
ciencies cannot be ruled out.

The Action of the Spring Helix Is Also Required for Basal
(d)NTPase Activity—As the transition state ATP mimic can
bind in the (d)NTPase active site even in the absence of ssDNA,
we wondered whether the suboptimal active site arrangement
is sufficient for (d)NTP hydrolysis to proceed across the transi-
tion state barrier and also how the nucleic acid-independent
“basal” (d)NTP hydrolysis occurs. We, therefore, analyzed ATP
hydrolysis in the absence of ssDNA. When the cross-linking
reagent BMDB was used to conformationally restrain the
spring helix in the CC1 and CC2 mutants, the velocities of ATP
hydrolysis dramatically decreased. In contrast, the addition of
BMDB to the wild-type protein and CCi mutant did not change
ATP hydrolysis (Fig. 4E). The Km value for the CC1 cross-link-

FIGURE 4. The spring �-helix is important for enzymatic activity. A, design of cysteine pairs. NS3h in complex with ssDNA (dA6) (PDB ID 3KQH) is presented
in a schematic. The cysteine mutations are highlighted in yellow. The cysteine pairs designed for cross-linking are connected by black lines. CC1 and CC2
represent cysteine pairs designed within the spring �-helix. CCi represents a pair of cysteine mutations in an irrelevant �-helix. B, chemical structure of BMDB
and NEM. The two BMDB maleimide groups that can react with sulfhydryls are separated by �10.2 Å. The structures were prepared in Medchem Designer. C,
ssDNA dT12-stimulated ATP hydrolysis in the presence (red) and absence (blue) of BMDB. Averaged initial velocities (V, pmol of phosphate released/min/pmol
of enzyme) from three independent assays were plotted against increasing concentrations of ssDNA dT12. Error bars are S.D. D, ssDNA dT12-stimulated ATP
hydrolysis in the presence (red) and absence (blue) of NEM. The data are plotted as those in B. E, ATP hydrolysis in the absence of ssDNA. The velocities (V, pmol
of phosphate released/min/pmol of enzyme) at increasing concentrations of ATP were averaged from three independent reactions and plotted against the
ATP concentrations. The error bars represent S.D.
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ing was a little higher, allowing us to speculate a possible change
of ATP association in the active site leading to the stronger
suppression of the basal activity (Table 2). However, we think
that data-fitting might deviate because of the weak data points
derived from the extremely slow reactions at low concentra-
tions of ATP. Overall, the results indicate that the basal ATPase
activity is also dependent on the flexibility of the spring �-helix
and the associated overall conformational change; it is likely,
from inefficient autonomous structural transitions of NS3h in
the absence of ssDNA. We think the complex B structure prob-
ably highlights an initial step of the probable basal transition.
The results also suggest that the same structural change of the
spring helix should occur when NS3h translocates along
ssRNA, although a transition state structure with ssRNA has
not yet been determined (details under “Discussion”).

The �-Helical Structure of the Spring Helix Is Critical for
Virus Replication—As the spring helix is a critical structural
element for enzymatic activity, we tried to further characterize
its role in NS3h function. We selected Phe-238 in the spring
helix for mutagenesis analysis and assessment of virus replica-
tion capacity. This residue is located away from the (d)NTPase
and nucleic acid binding sites. It is also partially embedded
within the protein and should not be directly involved in poten-
tial surface contacts between NS3h and other factors (Fig. 5A).

We mutated Phe-238 to an alanine, leucine, and proline in
Jc1(p7-nsGluc2A), a replication competent reporter virus (29)
that expresses a secreted form of luciferase. After transfection
of RNA transcripts into Huh-7.5 cells, virus replication was
monitored by measuring luciferase activity in the culture
medium. The Phe-238 side chain is not essential, as mutation of
Phe-238 to alanine (F238A) did not affect virus replication, and
the F238L mutation only slightly diminished replication and
can be explained by possible steric effects between the leucine
side chain and the adjacent structural elements (Fig. 5B). How-
ever, when Phe-238 was substituted by a proline, which should
disrupt the main chain atomic interactions in the middle of the
helix and destabilize the secondary structure, virus replication
was largely diminished as early as 24 h, and weak signals were
detectable only 2–3 days post transfection (Fig. 5B). A similar
pattern was observed after the viral RNAs were introduced into
Huh-7.5 CD81low cells, which do not support virus spread and

allow quantification of RNA replication without complications
from effects on virion production and subsequent entry into
new cells (Fig. 5C). Thus, the F238P mutation strongly affected
the function of the helicase in the early stages of viral RNA
replication.

We wondered whether the block of virus replication was
associated with loss of the duplex unwinding activity of NS3h.
We, therefore, generated recombinant NS3h proteins harbor-
ing the Phe-238 single mutations and tested their activities with
a molecular beacon fluorescence assay, in which separation of
duplexes would lead to a decrease of fluorescence signals as
previously described in similar assays (30). Both the F238A and
F238L mutants unwound duplexes slightly faster than the wild-
type protein. The F238P protein also seemed to efficiently
unwind duplexes in the beginning, although the reaction
resulted in a slightly higher basal signal (Fig. 5D). One possibil-
ity is that the aberrantly flexible spring helix might allow the
F238P protein to convert some reaction products (blunt end
hairpins) back to fluorescent duplexes, slightly shifting the
equilibrium of the reaction. It is conceivable that mutations at
Phe-238 did not restrain the spring helix or compromise any
other structural elements involved in catalysis. We speculate
that the mutations might even render more flexibility in the
spring helix, making it more amenable to structural transitions
required for activity. Mutations that potentially enhanced the
helicase unwinding activity, such as F238A and F238L, did not
impact virus replication. The significant loss of virus replication
seen for the F238P mutant, therefore, seemed unlikely to be due
to the minor changes in the unwinding activity but was proba-
bly caused by the disruption or destabilization of the �-helical
structure of the spring helix, which may be critical for multiple
functions of NS3h in the early stages of replicase complex
assembly and function.

Discussion

We have shown that the elongation action of the spring helix
optimizes the coordination of the nucleophilic water at the
transition state. Nucleic acid binding can facilitate the confor-
mational change and, therefore, stimulate (d)NTP hydrolysis.
We have also found that destabilization of the helix strongly
diminished virus replication without significant impact on
ATP-dependent duplex unwinding, suggesting the importance
of the �-helical structure.

We speculate that the spring helix may remain conforma-
tionally stable and temporarily suppress the unwinding activity
of NS3h, allowing it to participate in the formation of putative
complexes required for viral RNA replication. The subsequent
(d)NTP hydrolysis triggers conformational changes, allowing
NS3h to modulate its dynamic associations with other complex
components and perform enzymatic activity-dependent func-
tions, such as remodeling ribonucleoprotein complexes by
translocating along single-stranded nucleic acids. Thus, the
spring helix may be a central element for switching between
different modes of action of NS3h. Previous studies suggest that
several viral and cellular factors may interact with the HCV
helicase and regulate its unwinding activity in vivo (31–33). It is
possible that the action of the spring helix may impact these
putative regulatory networks, altering the functions of NS3h.

TABLE 2
Kinetics of ATP hydrolysis

Enzymes

Nucleic acid-stimulated
ATPase Basal ATPase

kcat
a KNA

b kcat
a KATP

c

WT 822.4 	 51.1 47.4 	 6.8 32.29 	 4.60 0.14 	 0.06
WT
BMDB 882.4 	 99.3 65.2 	 14.7 33.01 	 5.35 0.11 	 0.05
CCi 776.2 	 51.9 55.1 	 8.0 31.82 	 4.71 0.13 	 0.06
CCi
BMDB 794.1 	 42.9 43.2 	 5.6 32.99 	 6.69 0.10 	 0.05
CC1 683.7 	 41.2 40.0 	 6.0 32.11 	 4.06 0.12 	 0.05
CC1
BMDB 125.5 	 17.1 73.9 	 19.2 8.79 	 0.41 0.80 	 0.15
CC2 697.7 	 69.6 42.9 	 10.4 32.57 	 6.47 0.11 	 0.06
CC2
BMDB 268.5 	 23.6 35.9 	 8.3 13.73 	 1.99 0.13 	 0.06

CC1 615.0 	 49.3 33.7 	 7.3
CC1
NEM 556.7 	 29.6 29.6 	 4.5
CC2 627.3 	 26.8 28.7 	 3.5
CC2
NEM 678.3 	 41.6 44.8 	 6.5

a Values are maximum turnover rates (pmol ATP hydrolyzed/min/pmol of
protein).

b Values are concentrations of dT12 (�M) at 50% of the maximum velocities.
c Values are concentrations of ATP (mM) at 50% of the maximum velocities.
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Further efforts to characterize the NS3h spring helix in multi-
protein complexes will help illuminate its role in viral RNA
genome replication.

To our knowledge this is the first comparison of helicase
complexes captured by transition state mimics in the presence
and absence of nucleic acids, which demonstrates the impor-
tance of the spring helix for nucleic acid-dependent catalysis of
(d)NTP hydrolysis. The helicases encoded by pegiviruses and
pestiviruses as well as the newly discovered HCV-like non-pri-
mate hepaciviruses likely contain spring helices (20, 27, 28).
These viruses and HCV may share many common principles in
helicase function and viral RNA replication. Recently, crystal
structures of NS3h encoded by classical swine fever virus from
the Pestivirus genus revealed a putative spring �-helix flanked
by motifs Ia and Ib (28). The flavivirus (genus Flavivirus) heli-
cases do not have spring helices, although they are similar to
HCV NS3h in overall structure and are also covalently linked to
viral serine proteases responsible for polyprotein processing
and membrane association (9, 20). Structural analysis of the
dengue virus helicase has shown that ATP binding does not
significantly change the conformation of this enzyme. RNA

binding seems to promote partial closure of two motor domains
and rearrangement of active site elements, especially the
P-loop, and thus facilitate catalysis (25). Compared with HCV
NS3h, the flavivirus enzymes exhibit at least one obvious func-
tional difference as they can act as triphosphatases involved in
viral RNA 5�-cap formation (9). Several structurally well char-
acterized cellular helicases also lack spring helices. The bacte-
rial SF1 PcrA helicase, which is essential for plasmid rolling-
circle replication and repair of DNA damage, has been shown to
make a conformational change to link DNA association to cat-
alytic ion binding and repositioning of the �-phosphate group
(26). The archaeal SF2 SWI2/SNF2 ATPase core, which is the
catalytic center of large complexes involved in chromatin
remodeling, can switch the DEXX motif into the active confor-
mation upon DNA binding, so that this motif can participate in
polarizing the nucleophilic water during ATP hydrolysis (24).
Although it is hard to predict whether other helicases with phy-
logenetically distant sequences have spring helices or not, fur-
ther structural and functional characterizations of those
enzymes may allow us to tell whether analogous structural ele-
ments exist in any other helicase clan.

FIGURE 5. The �-helical structure of the spring helix is important for virus replication. A, schematic presentation of the spring helices in the ground-state
(pink) and transition-state ternary complexes (green). The structures were aligned through amino acids 240 –245. Phe-238 targeted by mutagenesis and
Tyr-241 are modeled by sticks. B, replication of reporter HCV viruses in Huh-7.5 cells. The wild-type (wt) virus is Jc1(p7-nsGluc2A). The GNN strain is replication
incompetent due to asparagine substitution of two catalytic aspartate residues in motif VI of NS5B (the RNA dependent RNA polymerase). F238A, F238L, and
F238P were introduced in the NS3 helicase domain. Virus replication was measured by accumulation of secreted luciferase activities. Every data point was
averaged from three independent assays. The error bars represent S.D. C, replication of the same set of reporter HCV viruses in Huh-7.5 CD81 knockdown cells.
The data are plotted as those in B. D, duplex unwinding activities of the wild-type and mutant NS3 helicase proteins. The unwinding reactions were monitored
by fluorescence of a molecular beacon annealed in a duplex. Separation of the duplexes led to self-annealing of the molecular beacons and, therefore, a
decrease of fluorescence. Fluorescence intensities were measured every 2 min at 37 °C. The presented data sets, which were averaged form triplicate assays,
cover 15 min without ATP and 60 min with ATP. The error bars are S.D. The negative control used bovine serum albumin (BSA).
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The HCV helicase exhibits more potent unwinding activity
on DNA duplexes than RNA (33). Our previous study showed
that it is the flexible sugar backbone that allows ssDNA to asso-
ciate well with the helicase so that translocation can be coupled
to the catalysis of (d)NTP hydrolysis (20). Comparison of DNA-
and RNA-bound complexes has shown similar overall confor-
mational changes from the nucleotide-free state to the
ADP�BeF3-bound ground state (19, 20). There is, however, no
transition state structure with associated RNA for comparison,
and thus it is unclear whether a similar conformational change
would occur when the reaction proceeds into the transition
state. Nevertheless, our analysis of the basal (d)NTPase activity
of HCV NS3h supports an indispensable role for the action of
the spring helix in completion of catalysis, and therefore, the
transition state conformational change required for DNA
translocation likely also occurs when the helicase translocates
along ssRNA. In fact, other catalytically active helicases
encoded by positive-strand RNA viruses also seem to be non-
discriminating between DNA and RNA substrates (3). We pre-
dict that there is no significant difference between the translo-
cation events along DNA and RNA for all those helicases,
although further studies may be required to fully address this.

Like proteases and polymerases, viral helicases are attractive
drug targets. Specific helicase inhibitors would potentially be
potent antiviral agents and help probe the details of helicase
functions. The success in identifying compounds targeting a
helicase-primase protein encoded by herpes simplex virus has
stimulated strong interest in searching for inhibitors targeting
helicases encoded by other pathogenic viruses (34 –36). Drug
screens indeed have found several promising HCV NS3h inhib-
itors, although the potency and specificity remain relatively
low, and more evidence is required to define NS3h as the true
target in cells (37). Our study suggests that small molecules that
can interfere with the actions of critical structural elements or
block surfaces required for complex assembly may be effective
inhibitors even if they do not significantly inhibit the enzymatic
activity. To this end, it would be useful to design high-through-
put screens to probe direct ligand-protein interactions. One
such approach would be iterative computational small-mole-
cule docking and design. To increase the chance of success,
molecular dynamics simulation is required to approximate the
behavior of NS3h in solution when it contacts small molecules
for binding (38). The NS3h complex structures captured in dif-
ferent conformations, including the binary complexes here,
should allow better simulations of local structural fluctuations
at each conformational state and, therefore, help identify more
promising lead compounds.

Experimental Procedures

Recombinant Protein Production and Purification—The
recombinant HCV NS3h proteins (NS3 helicase domain, amino
acids 188 – 625, wild type and mutants) were produced in Esch-
erichia coli as described previously (20). Briefly, the coding
sequences of NS3h were PCR-amplified from the cDNA tem-
plates of Con1 virus genome and were engineered to fuse to the
C terminus of His6-tagged Smt3 (the yeast small ubiquitin-like
modifier protein) in the pET28a vector (Novagen). NS3h muta-
tions were introduced by PCR. The proteins were expressed in

E. coli and purified sequentially through nickel-affinity, ion-ex-
change, and gel-filtration columns (Ni-Sepharose 6 Fast Flow
resin, HiTrap Q HP 5 ml, and Superdex 200 10/300 GL, respec-
tively, from GE Healthcare). His6-SUMO was cleaved by the
Ulp1 protease (39). Pure NS3h fractions were pooled and con-
centrated to 20 mg/ml in 100 mM NaCl, 20 mM HEPES, pH 7.5,
and 5 mM dithiothreitol (DTT). Aliquots were flash-frozen in
liquid nitrogen and stored at �80 °C.

Crystallization, Data Collection, and Structure Deter-
mination—NS3h-ADP�AlF4

� binary complexes were reconsti-
tuted by mixing 0.2 mM NS3h with 1 mM ADP, 2.5 mM MgCl2,
10 mM NaF, and 1.5 mM AlCl3 (Sigma). The mixture was incu-
bated at room temperature for �2 h. Crystallization conditions
were identified through sparse matrix screens (Hampton
Research) followed by successive condition optimization
attempts. The complexes were crystallized at 4 °C in 20% (w/v)
polyethylene glycol monomethyl ether 550. Crystals appeared
as clustered thin plates. Single crystals were carefully isolated
from the clusters and briefly soaked in cryo-protection solution
(crystallization solutions supplemented with 5–10% (v/v) glyc-
erol, 1 mM ADP, 2.5 mM MgCl2, 10 mM NaF, and 1.5 mM AlCl3).
The crystals were flash-frozen in liquid nitrogen for diffraction
experiments.

Crystals were screened with a CuK� x-ray source (Rigaku/
MSC MicroMax-007HF). Datasets were collected with a syn-
chrotron x-ray source at the National Synchrotron Light
Source beamline X26C (Brookhaven National Laboratory,
Upton, NY). The datasets were processed with DENZO,
SCALEPACK, and CCP4 (40, 41).

Molecular replacement experiments were carried out with
both MOLREP and PHASER (CCP4 program suite, Ref. 40).
The domain 1 and 3 of NS3h from the NS3h-ssDNA complex
structure (PDB ID 3KQH) was used as a searching model in the
initial molecular replacement experiment. Domain 2 was
docked into the 2Fo � Fc electron density calculated in CNS
(42). Rigid body refinement and simulated annealing (42) were
carried out sequentially. Model building was done with the O
program (43).

ATPase Assay—To design the cysteine pair mutations, we
modeled the cysteine mutations in PyMOL and measured the
distances between the thiol groups. We made sure that all the
distances were close to the length of the cross-linking com-
pound BMDB and local protein dynamics would allow it to
easily fit between the cysteine pairs for efficient cross-linking.

Enzymes were prepared in the following way before assays.
Each version of NS3h (NS3h, CCi, CC1, and CC2) was diluted in
1400 �l of 20 mM NaCl to 0.5 �M. Tris pH 7.0 (1 M, 50 �l) was
added into the 1400-�l protein solutions. Each protein solution
was equally divided into 2 tubes (725 �l/tube). The BMDB com-
pound (7.25 �l of 0.2 mM) freshly prepared in DMSO (dimethyl
sulfoxide) was added into 1 tube of 725 �l of NS3h/CCi/CC1/
CC2, and 7.25 �l of DMSO was added into the other tube of 725
�l of NS3h/CCi/CC1/CC2. The proteins (�0.5 �M) with
BMDB (�2 �M) were incubated at room temperature for 45–50
min. Enzymes treated and untreated with NEM were prepared
in a similar way. A 10-fold molar excess of NEM was added to
the enzymes, and the mixed samples were incubated at room
temperature for 1 h. The reactions were quenched by �20 mM
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DTT. The final protein concentration was �0.48 �M for all
samples. The proteins were flash-frozen in liquid nitrogen as
�60-�l aliquots.

A previously described malachite green assay (44) was used
to measure the amount of phosphate released from HCV heli-
case-catalyzed ATP hydrolysis. MilliQ water was used to pre-
pare a 0.045 (w/v) % MG solution (malachite green hydrochlo-
ride (Sigma) in water), a 4.2 (w/v) % AM solution (ammonium
molybdate tetrahydrate (Sigma) in 4 N HCl), and a 2.3 (w/v) %
PVA solution (polyvinyl alcohol, Sigma, in water). Then, a MG-
AM-PVA solution was prepared by mixing MG, AM, and PVA
in a 24:8:1 volume ratio right before the assay. Finally, a 34%
(w/v) sodium citrate stabilization solution (trisodium citrate
dihydrate (Sigma) in water) was prepared. All solutions were
filtered before use.

Helicase-catalyzed nucleic acid-dependent ATP hydrolysis
assays were carried out in 10-�l reactions, which contained
�48 nM enzyme, ssDNA (0, 1.25, 2.5, 5, 10, 20, 40, 80 �M dT12)
(Integrated DNA Technology), 2.0 mM ATP (GE Healthcare),
1.35 mM MgCl2, 20 mM NaCl, 0.1 M HEPES, pH 7.0, and 2 mM

DTT. The reactions were incubated at 37 °C and stopped by 80
�l of MG-AM-PVA. Then, 10 �l of 34% sodium citrate was
added to stabilize color. The mixtures were incubated at room
temperature for �15 min before measurement of absorbance
values at 660 nM using an Omega FLUOstar plate reader (BMG
Labtech). Initial velocities of ATP hydrolysis with increasing
amounts of dT12 were measured from three independent reac-
tions, and the averaged values were plotted against the concen-
trations of dT12. The Michaelis-Menten equation was fitted to
the data in Qtiplot.

Helicase-catalyzed basal ATP hydrolysis assays were carried
out in 10-�l reactions containing 120 nM enzyme and increas-
ing concentrations of ATP (0.05, 0.1, 0.25, 0.5, 1, 2, 4 mM).
Released phosphate amounts were also measured in triplicate
assays, and the averaged data were plotted against the concen-
trations of ATP for curve fitting. The kcat, KNA, and KATP values
with standard errors were calculated from curve fitting and are
listed in Table 2.

Nucleotide Mimic Binding Assay—Because NS3h does not
have strong selection upon nucleotide bases and only BODIPY-
labeled GDP (Invitrogen) was commercially available, we
probed binding of BODIPY-GDP by following the change of
fluorescence polarization. Serial dilutions of NS3h were pre-
pared in a dilution buffer consisting of 100 mM NaCl, 20 mM

HEPES, 7.75, and 5 mM DTT. Components required for transi-
tion-state mimic formation were mixed and diluted in the same
dilution buffer to reach 40 nM BODIPY-GDP, 40 mM NaF, 4 mM

AlCl3, and 8 mM MnCl2. To measure binding in the presence of
nucleic acids, 0.2 mM ssDNA was added into the transition-
state mimic solution. Each diluted NS3h protein was mixed
with the same volume of the transition-state mimic solution.
The mixtures were incubated at room temperature for 30 min
before fluorescence polarization was measured in a BioTek
Synergy NEO plate reader. A quadratic equation (20) describ-
ing ligand binding was used to fit the data in Qtiplot.

HCV Plasmid Construction and in Vitro RNA Trans-
cription—A plasmid encoding a full-length HCV reporter
genome Jc1(p7-nsGluc2A) (29) was used to engineer mutations

in NS3. The mutations and insertions were introduced by PCR
and verified by sequencing a region between the SpeI and BsrGI
digestion sites. The verified fragments were then released by
SpeI and BsrGI and inserted into the wild-type construct to
generate the mutant constructs. The final constructs were ver-
ified by sequencing.

Viral RNA genomes were generated by in vitro transcription
as previously described (45). Transcribed RNA was purified by
using an RNeasy kit (Qiagen) and eluted in a 1 mM sodium
citrate solution pH 6.4 (Ambion). The yield was quantified by
absorbance at 260 nm, and the integrity was analyzed by aga-
rose gel electrophoresis and ethidium bromide staining. RNA
aliquots were then stored at �80 °C.

RNA Transfection and Luciferase Assay—Huh-7.5 and CD81
knockdown cells (Huh-7.5 CD81low) (46) were propagated in
Dulbecco’s modified minimal essential medium (Gibco) sup-
plemented with 0.1 mM nonessential amino acids and 10% heat-
inactivated fetal bovine serum, referred to below as “complete
medium.” Cells were grown at 37 °C in humidified 5% CO2.

Huh-7.5 or Huh-7.5 CD81low cells were transfected with viral
RNA as previously described (47). Transfection efficiency was
enhanced by centrifugation at 2000 rpm, 37 °C for 30 min. The
cells were then incubated at 37 °C in 5% CO2 for 5 h before 50 �l of
culture supernatant aliquots were harvested, and the medium was
replaced by complete medium. Culture supernatant aliquots were
further harvested at 24, 48, and 72 h post transfection. The lucif-
erase activities in the supernatant aliquots were determined by
using a Renilla luciferase assay system (Promega).

Duplex Unwinding Assay—Duplex unwinding activities of
the NS3h enzymes were measured using a modified molecular
beacon-based assay (30). A DNA duplex substrate with 3� sin-
gle-stranded tail was prepared by annealing 0.2 mM molecular
beacon strands (5�-GCCTGTTTGAGGCTTATTGCCTCT-
TACAGGC-3�) with complementary strands (5�-GCCTGT-
AAGAGGCAATAAGCCTCAAACAGGCTATTTGCCTCA-
GGC-3�). The enzymes and duplex DNA were diluted in a reac-
tion buffer (0.1 M HEPES, pH 7.0, 10 mM DTT, 2 mM MgCl2) to
reach 0.6 �M enzyme and 0.4 �M DNA, and 40 �l of the mixture
was added into a well of a 384-well black plate. The fluorescence
of protein-DNA mix without ATP was measured in a BioTek
Synergy NEO plate reader at 37 °C for 30 min (1 read every 2
min). The plate was taken out for the addition of 25 �l/well ATP
(�3 mM final concentration) to initiate the reactions, and it was
immediately put back to resume fluorescence measurement at
the same frequency.
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