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ABSTRACT: DECH-box proteins are a subset of DExH/D-box superfamily 2 helicases
possessing a conserved Asp-Glu-Cys-His motif in their ATP binding site. The conserved
His helps position the Asp and Glu residues, which coordinate the divalent metal cation
that connects the protein to ATP and activate the water molecule needed for ATP
hydrolysis, but the role of the Cys is still unclear. This study uses site-directed mutants of
the model DECH-box helicase encoded by the hepatitis C virus (HCV) to examine the
role of the Cys in helicase action. Proteins lacking a Cys unwound DNA less efficiently
than wild-type proteins did. For example, at low protein concentrations, a helicase
harboring a Gly instead of the DECH-box Cys unwound DNA more slowly than the
wild-type helicase did, but at higher protein concentrations, the two proteins unwound
DNA at similar rates. All HCV proteins analyzed had similar affinities for ATP and
nucleic acids and hydrolyzed ATP in the presence of RNA at similar rates. However, in
the absence of RNA, all proteins lacking a DECH-box cysteine hydrolyzed ATP 10−15
times faster with higher Km values, and lower apparent affinities for metal ions, compared
to those observed with wild-type proteins. These differences were observed with proteins isolated from HCV genotypes 2a and
1b, suggesting that this role is conserved. These data suggest the helicase needs Cys292 to bind ATP in a state where ATP is not
hydrolyzed until RNA binds.

Helicases are motor proteins that use ATP to separate the
complementary strands of the DNA double helix,

rearrange DNA or RNA secondary structures, or translocate
along nucleic acids. Cells need many different helicases to
survive and replicate, but the mechanism of action of only a
small fraction of these ubiquitous proteins has been studied at
the biochemical level. One of the most widely studied helicases
is encoded by the hepatitis C virus (HCV).1 The goal of this
study is to understand how a conserved cysteine in the HCV
helicase ATP binding site helps couple ATP hydrolysis to the
ability of the HCV helicase to unwind DNA.
For many years after HCV was discovered,2 there was no

model organism or cell culture system available to discover
therapies for treating the more than 150 million known HCV
patients. Instead, proteins encoded by HCV were intensely
studied as targets for structure-based rational drug design in
efforts that eventually led to Food and Drug Administration
approval of numerous highly effective direct acting antivirals
(DAAs).3 The HCV helicase is part of the HCV protein called
nonstructural protein 3 (NS3). The N-terminal third of NS3 is
a protease, which is a key DAA target that processes the HCV
polyprotein4 and cellular proteins needed to mount an antiviral
response.5 The remaining C-terminal part of NS3 (NS3h) is a
helicase that separates RNA duplexes, DNA duplexes, or
DNA:RNA heteroduplexes.6,7 NS3h requires a 3′ single-
stranded region to initiate unwinding, and it translocates in a
3′ to 5′ direction on a nucleic acid strand8 while displacing the
complementary strand.9,10 NS3h was one of the first helicases
to be structurally examined on an atomic level11−16 and one of

the first whose movements on DNA and RNA were observed
at the single-molecule level.17,18

HCV NS3h is a member of the DExD/H-box family of
helicases, which is part of helicase superfamily 2.19 This protein
family is named after the amino acid sequence of a conserved
motif present in a wide variety of nucleoside triphosphate-
fueled proteins, which was originally known as the “Walker B”
motif.20 In NS3h, the site-directed mutants lacking the Asp
bind a divalent metal needed to activate hydrolysis ∼100 times
weaker, and those lacking the Glu hydrolyze ATP ∼1000 times
slower.21 In NS3h structures, Glu291 and Asp291, together
with Ser211 of the Walker A motif, appear to interact with
water molecules that make up the coordination sphere of the
divalent cation bond to the nucleotide phosphates (Figure
1).15,16

At least 37 human DExD/H-box proteins have an Ala in the
third position and an Asp in the fourth position, and they are
therefore called “DEAD-box” proteins.22 A smaller set of
proteins possess Cys and His residues in these positions, and
they will here be termed DECH-box proteins. Three critical
human proteins called RIG-I-like receptors, which initiate the
antiviral immune response upon binding viral RNA epitopes,
are DECH-box proteins like HCV helicase.23,24 The first RNA
helicase isolated from a virus (the plum pox virus CI protein)
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is also a DECH-box protein.25,26 However, f laviviruses and
pestiviruses, which are more closely related to HCV than plum
pox virus, encode NS3 proteins with an Ala or a Tyr instead of
a Cys (Figure 1).
The observations that Cys is less conserved and points away

from ATP in the binding site (Figure 1) suggest that Cys292
might not be essential for HCV helicase action. However,
some prior site-directed mutagenesis experiments targeting the
Cys292 residue have suggested otherwise.27−29 Here, we
perform a more detailed biochemical analysis of HCV NS3
proteins lacking Cys292 and show how the conserved Cys is
needed to couple helicase-catalyzed ATP hydrolysis to nucleic
acid binding and the ability of the protein to unwind DNA.

■ MATERIALS AND METHODS
Materials. The genotype 2a(JHF1) “NS3h” proteins

studied here lack the NS3 protease region (amino acids 1−
165). The previously described plasmid pET24a-Hel_2a-
(JFH1)31 was used to express wild-type NS3h_2a(JFH1)
and as a template for site-directed mutagenesis using the
QuikChange II XL kit (Agilent Technologies). The following
oligonucleotides (Integrated DNA Technologies, Coralville,
IA) were used to introduce a thymine to guanine mutation
needed to encode NS3h_2a(C292G): C292G(+), CAT CAT
CAT ATG CGA TGA AGG CCA CGC TGT GGA TGC
TAC; C292G(−), 5′-GTA GCA TCC ACA GCG TGG CCT
TCA TCG CAT ATG ATG ATG-3′. Desired mutagenized
plasmids were identified by determining the DNA sequence of
the entire NS3h open reading frame (Genewiz, South
Plainfield, NJ). Proteins were expressed in BL21(DE3) cells
and purified as described by Hanson et al.32

Genotype 1b33 NS3h proteins (amino acids 166−632) were
expressed in BL21(DE3) cells using a modified pET32a vector
encoding a C-terminal polyhistidine tag. Cys to Ser substituted

variants were produced by site-directed mutagenesis as
described above for genotype 2a. Proteins, expressed in soluble
form at 25 °C, were first purified from clarified lysates,
postsonication, by immobilized metal affinity chromatography
(Roche) in Tris-buffered saline (pH 8) and then sized by high-
performance liquid chromatography using a G3000SWXL
column (Tosoh) in the Tris-HCl mobile phase. Monomeric
fractions were pooled and exchanged into storage buffer [25
mM Tris-HCl (pH 8), 1 mM EDTA, 1 mM dithiothreitol
(DTT), and 30% glycerol] and then stored frozen.

DNA Unwinding Assays. Molecular beacon-based heli-
case assays (MBHAs)34 were performed at 23 °C and
contained 25 mM MOPS (pH 6.5), 12.5 nM partially duplex
DNA substrate, 1.25 mM MgCl2, 0.025 mM DTT, 5 μg/mL
bovine serum albumin (BSA), 0.01% (v/v) Tween 20, and the
indicated concentrations of NS3h. After assays had been
performed as described by Hanson et al.,32 the observed Cy5
fluorescence (Fobs) after ATP addition was fit to a first-order
rate equation:

= + −−F A F Ae ( )kt
obs 0 (1)

where F0 is the fluorescence before ATP addition, k is a first-
order rate constant, t is the time (seconds), and A is the
reaction amplitude.
Initial reaction rates were calculated by multiplying k by A

and used to calculate a maximal velocity (Vmax) and a helicase
concentration yielding half-Vmax (K0.5) by fitting data using
nonlinear regression to

=
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DNA Binding Assay. The affinity of NS3h for a single-
stranded oligonucleotide was measured using the fluorescence
polarization assay described by Mukherjee et al.35 Assays (50
μL) contained 25 mM MOPS (pH 6.5), 5 nM Cy5-labeled 15-
nucleotide poly(dT) oligonucleotide, 1.25 mM MgCl2, 5 μg/
mL BSA, 0.025 mM DTT, 0.005% (v/v) Tween 20, and
varying concentrations of NS3h. The fluorescence polarization
was measured using a TECAN M1000 PRO instrument at 25
°C, exciting at 635 nm (5 nm bandwidth) and measuring the
total fluorescence intensity, parallel and perpendicular
polarized light at 667 nm (20 nm bandwidth). G factors
were calculated from wells with Cy5-dT15 alone. The observed
polarization (Pobs) was fit to total DNA concentration [D]T
and protein concentration [E]T and the polarization of free
DNA (PF) to estimate a dissociation constant (KD) and the
polarization of bound DNA (PB):

= [ ] − [ ] + [ ]P P P( DNA ED ) EDobs F T B

where

[ ] =
+ [ ] + [ ] ± + [ ] + [ ] − [ ] [ ]K K

ED
E D ( E D ) 4 D E

2
D T T D T T

2
T T

(3)

ATP Hydrolysis Assays. Helicase-catalyzed ATP hydrol-
ysis was monitored with a colorimetric assay based on
formation of a molybdate:phosphate:malachite green complex,
as described by Sweeney et al.36 Reactions (30 μL) were
initiated by adding 3 μL of ATP of a 10× MgATP2− solution
to 27 μL of assembled reagents, such that the final
concentrations were 25 mM MOPS (pH 6.5), 1.25 mM
MgCl2, 5 μg/mL BSA, 0.05% (v/v) Tween 20, 0.03 mM DTT,

Figure 1. DECH-box motif in RNA helicases. The DECH-box motif
in a crystal structure of HCV NS3h bound to the ground state ATP
analogue ADP·BeF3 [tan, Protein Data Bank (PDB) entry 3KQN]
and transition state analogue ADP·AlF4

− (blue, PDB entry 3KQL).15

Also shown are the Mg2+ ion (tan in PDB entry 3KQL) and Mn2+

ions (blue, from PDB entry 3KQL) that connect the DECH box to
ADP. Below is an alignment of the amino acids surrounding the
DECH box in selected DExD/H-box proteins. Residues are colored
on a red−blue gradient based on conservation (blue, conserved; red,
variable). RIG-I, MDA5, and LGP2 are cytoplasmic RNA receptors
that are key innate immune system components.30 PP C1 is an RNA
helicase from plum pox virus, YFV NS3 from yellow fever virus (the
namesake f lavivirus), and BVDV NS3 from a pestivirus called bovine
viral diarrhea virus ( f lavivirus, pestivirus, and hepacivirus are three
genera in the Flaviviridae family).
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10% DMSO, and 100 nM NS3h in the absence of RNA or 5
nM HCV helicase in the presence of RNA. After 15 min at 23
°C, reactions were terminated by adding 200 μL of a freshly
prepared malachite green reagent [3 volumes of 0.045% (w/v)
malachite green, 1 volume of 4.2% ammonium molybdate in 4
N HCl, and 0.05 volume of 20% Tween 20], followed
immediately by adding 30 μL of 35% sodium citrate. After 30
min, A630 was read, and the net amount of phosphate produced
was calculated from a phosphate standard curve after
subtracting values obtained from control reactions lacking
helicase. All assays were conducted under conditions where
rates were linear with time and enzyme concentration and
performed at least in triplicate.
To estimate the concentration of RNA needed to stimulate

ATP hydrolysis to a half-maximum rate (KRNA), observed rates
were divided by enzyme concentration and fit to RNA
concentration ([RNA]) and a first-order rate constant
describing enzyme turnover in the presence of a saturating
concentration of RNA and ATP (kfast):

[ ] =
[ ]
+ [ ]

v
k

K
/ E

RNA
RNAT

fast

RNA (4)

To estimate the concentration of ATP needed to stimulate
ATP hydrolysis to the half-maximum level in the absence of
RNA (Km), observed rates were divided by enzyme
concentration and fit to ATP concentration ([ATP]) and a
first-order rate constant describing enzyme turnover in the
absence of RNA (kslow):
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To estimate the concentration of ATP needed to stimulate
ATP hydrolysis to the half-maximum level in the presence of
RNA (Km*), observed rates were divided by enzyme
concentration and fit to ATP concentration ([ATP]) and a
first-order rate constant describing enzyme turnover in the
presence of saturating concentrations of RNA and ATP (kfast):
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To estimate the concentration of metal ions needed to
stimulate ATP hydrolysis to the half-maximum level in the
absence of RNA (Ka), observed rates were divided by enzyme
concentration and fit to metal ion concentration ([M]) and a
first-order rate constant describing enzyme turnover in the
presence of a saturating concentration of ATP (kslow):
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v
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To estimate the concentration of metal ion needed to
stimulate ATP hydrolysis to the half-maximum level in the
presence of RNA (Ka*), observed rates were divided by
enzyme concentration and fit to metal ion concentration
([M]) and a first-order rate constant describing enzyme
turnover in the presence of saturating concentrations of RNA
and ATP (kfast):
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[ ]
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Figure 2. Effect of the C292G substitution on helicase-catalyzed DNA unwinding. (A) Assay setup in which NS3h displaces a molecular beacon
annealed to a complementary strand with a 3′ single-stranded DNA tail. The beacon and its complement form hairpins upon separation, leading to
a decrease in the observed fluorescence. (B) MBHAs performed with various concentrations (nanomolar) of NS3_2a(JFH1). (C) MBHAs
performed with various concentrations of NS3_2a(C292G). In panels B and C, data obtained after ATP addition (points) were fit to eq 1 (solid
lines) yielding a rate constant (kobs) and amplitude (A). Initial velocities were calculated by multiplying these two values.32 (D) Initial velocities
obtained with NS3_2a(JFH1) (○) and NS3_2a(C292G) (□) fit to eq 2 (Materials and Methods) using the Vmax and K0.5 in the table (right).
Uncertainties in the table represent 95% confidence intervals for the nonlinear regression analyses performed with GraphPad Prism.
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■ RESULTS

To study the role of Cys292 in HCV helicase action, we started
with a truncated C-terminally His-tagged protein isolated from
the genotype 2a infectious clone JFH1.37 This NS3h_2a-
(JHF1) protein expresses at high levels in Escherichia coli and is
more active than NS3h isolated from other HCV strains.38

Attempts to express NS3h_2a(JHF1) with the conservative
substitution of Ser for Cys292 failed, but a plasmid encoding
genotype 2a(JHF1) HCV helicase harboring a C292G
substitution expressed a soluble protein, which will here be
termed NS3h_2a(C292G). Both wild-type and mutant
proteins were purified to apparent homogeneity using
immobilized metal affinity chromatography followed by gel-
filtration and ion-exchange chromatography.32 Purification of
NS3h_2a(C292G) yielded ∼5 mg of helicase from 2 L of
culture, which was approximately half the yield observed with
the same bacteria expressing the wild-type NS3h_2a(JHF1)
protein. Analysis of NS3h_2a(C292G) revealed that the
protein retained DNA helicase activity in a molecular
beacon-based helicase assay (MBHA)32,34 (Figure 2A). In
MBHAs, the wild-type (Figure 2B) and C292G (Figure 2C)
proteins separated the duplex to form hairpin molecules
leading to the subsequent decrease in the observed
fluorescence. In both cases, the rates of the fluorescence
decrease were dependent on protein concentration, and rates
could be fit to eq 2 to estimate a maximal unwinding rate
(Vmax) and a protein concentration yielding a half-maximal
unwinding rate (K0.5).
Although high concentrations of either protein separated

DNA at similar rates, careful analysis of the MBHAs revealed a
clear effect of the C292G substitution. Unwinding was
observed with the wild-type protein even at very low protein
concentrations. For example, with 0.488 nM (peach line) or
0.976 nM (dark green line) NS3h_2a(JHF1), there was a clear
decrease after ATP addition (Figure 2B). Similar rates of
unwinding occurred with only 31.2 nM (black line) or 62.5
nM (orange line) NS3h_2a(C292G) (Figure 2C). These
differences were reflected in the K0.5 value that was 15 times
lower for the wild-type enzyme. The Vmax values for the two
proteins in MBHAs were more similar. In fact, NS3h_2a-
(C292G) appeared to unwind DNA faster than the wild type
did at the highest protein concentration tested (Figure 2D).
The 14-fold difference in K0.5 values mentioned above

suggests that NS3_2a(C292G) might bind its DNA substrate
less tightly than NS3_2a(JFH1) does. Two different assays
were therefore performed to examine the affinity of the
proteins for DNA and RNA. In the first, the fluorescence
polarization of a Cy5-labeled oligonucleotide was monitored in
the absence of protein and in the presence of various
concentrations of each protein.35 At each concentration tested,
similar polarization values were observed with both NS3_2a-
(JFH1) and NS3_2a(C292G). Both proteins appeared to bind
the oligonucleotide stoichiometrically with a high affinity in
this assay with dissociation constants similar to those reported
previously (Figure 3A).15,35 The same assays were performed
with the DNA used for the MBHAs, and again no difference
between the two proteins was observed (data not shown). It is
well-established that the binding of ATP to HCV helicase
weakens the affinity of the protein for the nucleic acid.21,40−42

It is therefore possible that the different K0.5 values seen in
MBHAs might result from differences in the affinity of the
helicase for the nucleic acid in the presence of ATP. To

examine the effect of the C292G substitution on the ability of
HCV helicase to bind RNA in the presence of ATP, assays
were performed to monitor helicase-catalyzed ATP hydrolysis
in the presence of various concentrations of RNA. Poly(U)
RNA was used because it is the nucleic acid that stimulates
HCV helicase-catalyzed ATP hydrolysis to the fastest known
rate.43,44 The concentration of RNA yielding 50% maximal
helicase-catalyzed ATP hydrolysis (KRNA) can be used to
estimate the RNA affinity in these experiments. Such an
analysis revealed that approximately twice as much RNA was
needed to stimulate ATP hydrolysis catalyzed by NS3_2a-
(C292G) than by NS3_2a(JFH1), suggesting that the
substitution weakens nucleic acid binding by ∼50%. A smaller
difference was observed between the maximal rate of ATP
hydrolysis catalyzed by each protein, with the wild-type protein
hydrolyzing ATP with a turnover number that was 19% faster
than that of the C292G protein (Figure 3B).

Figure 3. Effect of the C292G substitution on the affinity of NS3h for
DNA and RNA. (A) The florescence polarization of Cy5′-dT15 (5
nM) was monitored in solutions containing the indicated
concentrations of either NS3_2a(JFH1) (○) or NS3_2a(C292G)
(□).35 Averages of three replicates are shown (points). Error bars are
standard deviations. Data were fit to a quadratic binding equation (eq
3) with the Kd values listed in the table. (B) Turnover rates of ATP
hydrolysis (micromoles of ATP cleaved per second per micromole of
enzyme) observed in reaction mixtures containing either helicase (5
nM) and the indicated poly(U) RNA concentrations (in micromoles
of nucleotides per liter). The initial ATP concentration in each
reaction was 10 mM, and hydrolysis was monitored by measuring the
concentration of orthophosphate liberated by the enzyme.36,39 Data
were fit to eq 4 with the constants listed in the table. Uncertainties in
the tables represent 95% confidence intervals for the nonlinear
regression analyses performed with GraphPad Prism.
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These data suggest that NS3_2a(JFH1) and NS3_2a-
(C292G) cleave ATP at similar rates when the enzyme is
saturated with ATP (Figure 3). However, they do not rule out
the possibility that Cys292 is needed for ATP binding or if
different affinities for ATP account for the observed differences
in helicase-catalyzed DNA unwinding (Figure 2). Additional
assays monitoring rates of ATP hydrolysis at various ATP
concentrations were therefore performed to examine if the
C292G substitution affects the ability of the helicase to bind
ATP. One set of assays was performed in the absence of RNA
(Figure 4A), and a second set was performed in the presence

of a saturating poly(U) concentration (Figure 4B). Major
differences between the enzymes were observed in the absence
but not in the presence of RNA.
In the absence of nucleic acids, HCV helicase hydrolyzes

ATP 10−100 times more slowly than when DNA or RNA is
present. However, unlike related proteins, HCV NS3h still
hydrolyzes ATP relatively fast in the absence of nucleic acids,
with reported turnover numbers as high as 2 s−1.40,43−47 In the
absence of nucleic acids, NS3_2a(C292G) cleaved ATP faster
than the wild-type protein did, and at the highest ATP
concentration tested, this difference exceeded 10-fold. The

apparent Km for ATP was also higher for NS3_2a(C292G).
Whereas the wild type was saturated with ATP at 1 mM, rates
of hydrolysis catalyzed by NS3_2a(C292G) were still not
saturated at the highest ATP concentration tested (5 mM),
suggesting a minimal 7-fold difference in Km. The kcat in the
absence of a nucleic acid (kslow) was 13 times higher for
NS3_2a(C292G) than for NS3_2a(JFH1) (Figure 3A).
In contrast to the rates of ATP hydrolysis observed in the

absence of RNA, only minor differences were observed
between reactions catalyzed by the two enzymes in the
presence of a saturating concentration of poly(U) RNA.
Turnover numbers in the presence of RNA (kfast) were the
same for each protein. The only differences were reflected in a
Km* that was 50% higher in reactions catalyzed by NS3_2a-
(C292G) than in the same reactions catalyzed by NS3_2a-
(JFH1) (Figure 4B).
Because both the Asp and Glu in the DECH box help

coordinate the divalent metal cation needed to assist NS3h
with ATP hydrolysis,15,21 it is possible that the C292G
substitution might influence the interaction of divalent metal
cations and NS3h. To examine this possibility, rates of ATP
hydrolysis were monitored in the presence of various
concentrations of Mg2+ and Mn2+. Prior work with wild-type
NS3h proteins has shown that both metals stimulate ATP
hydrolysis in the presence of RNA (or DNA) but only Mg2+

stimulates ATP hydrolysis in the absence of nucleic acids.48

Saturating concentrations of ATP (10 mM) were used in each
assay, so that maximal turnover rates (kfast) would be similar to
those seen in experiments in which the proteins were titrated
with RNA (Figure 3) or ATP (Figure 4). In the absence of a
nucleic acid, Mg2+ stimulated ATP hydrolysis catalyzed by
both NS3_2a(JFH1) and NS3_2a(C292G) but to vastly
different extents. The turnover rate (kslow) with NS3_2a-
(C292G) was 19 times faster than with NS3_2a(JFH1). The
constant describing the apparent affinity of the activating metal
cation (Ka) was also higher with NS3_2a(C292G), suggesting
that NS3_2a(C292G) bound Mg2+ 25 times weaker than the
wild type did (Figure 5A). In contrast, neither protein was
stimulated by Mn2+ in the absence of RNA, suggesting that the
amino acid substitution did not alter the metal ion specificity
(Figure 5B).
Only minor differences were observed between the two

proteins in the presence of a saturating concentration of
poly(U) RNA (300 μM). Mg2+ stimulated ATP hydrolysis
catalyzed by both proteins to the same extent and with the
same apparent affinity (Figure 5C). Mn2+ also stimulated both
proteins to the same extent, but less Mn2+ was required to
stimulate the wild type, suggesting that NS3_2a(C292G)
bound Mn2+ half as tightly as NS3_2a(JFH1) did (Figure 5D).
The experiments described above were performed with the

helicase from the HCV genotype 2a(JFH1) strain because
Mukherjee et al. observed that the JFH1 helicase enzyme was
more active than the analogous proteins isolated from other
HCV genotypes.38 Others have confirmed this observation and
have shown that NS3h_2a(JFH1) assumes a conformation not
seen with HCV helicases isolated from other genotypes,
suggesting that a structural difference accounts for its unusually
robust properties.49 To understand if the roles for Cys292
revealed above are retained in other HCV genotypes, its role in
HCV genotype 1b was explored. Unlike with genotype
2a(JFH1), a genotype 1b site-directed mutant could be
isolated in which Cys292 was substituted with a Ser
(C292S), which is a structurally more conservative substitution

Figure 4. Effect of the C292G substitution on the kinetics of NS3h-
catalyzed ATP hydrolysis. Helicase-catalyzed ATP hydrolysis was
monitored, as described in the legend of Figure 3B, in reaction
mixtures containing various amounts of MgATP2− and additional 1
mM MgCl2. (A) Rates of ATP hydrolysis observed in reaction
mixtures containing either helicase (100 nM) in the absence of RNA.
(B) Rates of ATP hydrolysis observed in reaction mixtures containing
either helicase (5 nM) and 300 μM poly(U) RNA. Data were fit to
(A) eq 5 or (B) eq 6 with the indicated values for kslow, Km, Kfast, and
Km*. Uncertainties in the tables represent 95% confidence intervals
for the nonlinear regression analyses performed with GraphPad Prism.
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than the Gly used in NS3h_2a(JFH1). NS3h_1b(C292S) was
compared with wild-type NS3h_1b(con1) and a variety of
other genotype 1b helicase constructs in which other cysteines
were replaced with serine. In addition, a variety of double
mutants were constructed in the genotype 1b background in
which the C292S substitution was combined with other
cysteine mutations (Figure 6A). Prior work showed that
NS3h_1b(con1) unwinds DNA more slowly than NS3h_2a-
(JFH1), but the two proteins hydrolyze ATP at similar rates in
the presence of RNA (see Figure 7 of ref 38). In the absence of
RNA, NS3h_1b(con1) catalyzed ATP hydrolysis faster than
NS3h_2a(JFH1) catalyzed ATP hydrolysis under the same
conditions. Despite these differences, replacement of Cys292
led to the same phenotype (Figure 6B); all proteins harboring
C292S hydrolyzed ATP faster than the wild type did (or
proteins lacking C292S), and the Km for ATP was ∼10 times
higher for the C292S proteins (Figure 6C).

■ DISCUSSION
The data presented above clarify the role of the Cys in the
DECH-box motif conserved in a subset of superfamily 2
helicases. The helicase needs the cysteine to stabilize an ATP
binding mode that is not ideal for hydrolysis, unless RNA is
present. In addition to what was learned about the HCV
helicase, the findings might be relevant to other clinically
important DECH-box enzymes such as the RIG-like receptors,
which are key proteins that modulate the cellular response to
viruses.24 NS3h proteins in which Cys292 was replaced with
other amino acids have been studied before, but prior results
had led to conclusions ranging from the idea that Cys292 is
indispensable for helicase activity to the idea that Cys292 is
not needed for helicase action.27−29 Our results show how such
conclusions could be made on the basis of how assays were set
up. They also reveal a more precise role for Cys292 in coupling
ATP hydrolysis to unwinding. These results might aid the
rational design of therapeutics that modulate the activity of
DECH-box proteins.
The role of Cys292 was first studied 20 years ago using

NS3h subcloned from the original HCV isolate, which is now
called genotype 1a.27 NS3h_1a(C292S) retained an ability to
bind RNA but lacked any detectable ability to separate duplex
RNA or hydrolyze ATP, suggesting that Cys292 is critical for
helicase action.27 However, another study at the time showed
that a different NS3h_1a(C292S) protein unwound RNA and
cleaved ATP almost as well as the same amount of wild-type
protein, suggesting that Cys292 was not needed for activity.28

In a third study that focused on a genotype 1b HCV isolate,
NS3h_1b(C292A) was shown to cleave ATP only 54% as fast
as the wild type and unwind DNA 18% more slowly than the
wild type, again suggesting a minor role for Cys292.29 Our
more detailed analysis using a wider variety of assay conditions
shows how one might conclude that Cys292 is dispensable
while others might conclude it is critical for ATP hydrolysis or
unwinding. For example, much smaller differences were seen in
assays performed at high enzyme concentrations than at low
concentrations (Figure 2), and very large effects on ATP
hydrolysis were observed only in the absence of RNA (Figures
3−6).
The statistical significance of each observed difference

between proteins was evaluated by examining all nonlinear
regression results with the standard tools provided in
GraphPad Prism (version 6). All pairs of data sets were tested
to determine if the best fit parameters differ between data sets

Figure 5. Role of Cys292 in the interaction of HCV helicase with
divalent metal cations. Rates of NS3_2a(JFH1)- and NS3_2a-
(C292G)-catalyzed ATP hydrolysis were monitored in reaction
mixtures containing 10 mM ATP and various concentrations of (A
and C) MgCl2 or (B and D) MnCl2. Reaction mixtures for panels A
and B contained 100 nM enzyme, and reaction mixtures for panels C
and D contained either enzyme (5 nM). Rates are expressed as
micromolar ATP cleaved per micromolar enzyme per second, and
data were fit to (A) eq 7 or (C and D) eq 8 with the indicated values.
Uncertainties represent 95% confidence intervals for the fit. Data in
panel B did not fit eq 7 because no stimulation by MnCl2 was
observed in the absence of RNA.
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using both an exact sum of squares F-test and Akaike’s
information criteria. In all cases, except for the polarization
assay used to determine the Kd for helicase and DNA (Figure
3A), the null hypothesis that one curve could fit both data sets
was rejected (P < 0.001).
Despite the statistical significance, care should be taken

when interpreting how the observed differences might impact
helicase function because a 10-fold change in an equilibrium
constant alters ΔG° by only 1.4 kcal/mol (i.e., the energy of a
hydrogen bond). The differences observed here on that scale
are the apparent Km, Ka, and the turnover rate of ATP
hydrolysis in the absence of RNA (Figures 4−6). On this basis,
our data imply that loss of Cys292 leads to a protein that
hydrolyzes ATP faster, and binds MgATP2− weaker, in the
absence of nucleic acids. This might explain why at low
concentrations, the C292G protein unwinds DNA poorly
compared to the wild type. In other words, an enzyme without
the DECH-box Cys is less processive. ATP binding weakens
the affinity of NS3h helicase for DNA (or RNA),40 and in such
a state, the helicase can translocate along the nucleic acid. ATP
cleavage returns the helicase to a tightly bound conformation
with respect to the DNA.41 If a mutant protein more rapidly
hydrolyzes ATP after RNA dissociates, then the protein might
have less time to translocate and unwind fewer nucleotides in
each step. Such a hypothesis could be tested by measuring the
number of base pairs unwound per ATP hydrolyzed using
transient state or single-molecule assays.

Another issue that should be addressed in future studies is
exactly which step in helicase-catalyzed ATP cleavage is
modulated by the DECH box. Helicase-catalyzed ATP
cleavage occurs in at least three steps: substrate binding, a
chemical step, and release of the two products, ADP and
inorganic phosphate. Because all ATPase assays here were
performed under steady state conditions, all rates are set by the
rate-limiting step. Wang et al. determined that the rate of
phosphate release is the same as that of each unwinding step
catalyzed by NS3,50 so it is likely that the loss of Cys292 is
structurally perturbing the release of phosphate rather than
ATP binding or hydrolysis. Such an idea could be tested using
transient state assays to measure the kinetics of phosphate
release.51

Although the structural basis for the role of the DECH-box
cysteine awaits a high-resolution structure of one of the
mutants described here, some ideas can be gleaned from data
obtained with wild-type NS3.15,16 When the various NS3h
structures in the Protein Data Bank are aligned along their
peptide backbones, clear movement of the DECH-box residues
can be seen upon the binding of ATP analogues (Figure 1).
Interestingly, the position of Cys292 differs the least,
suggesting that the residue acts as a pivot. For example, in a
structure of NS3h bound to the ground state ATP analogue
ADP·BeF3 (blue, Figure 1), Glu291 directly contacts that
divalent metal ion. However, in a structure with the transition
state analogue ADP·AlF4

− (tan, Figure 1), Glu291 interacts

Figure 6. Effect of an NS3 C292S substitution in the HCV genotype 1b genetic background. (A) All cysteine residues (magenta) highlighted in a
structure of the genotype 1b NS3h protein bound to DNA (blue) and the nonhydrolyzable ATP analogue ADP·AlF4 (PDB entry 3KQL).15

Residues targeted for site-directed mutagenesis are labeled. (B) Comparison of rates of helicase-catalyzed ATP hydrolysis at various ATP
concentrations as described in Figure 4. (C) Comparison of kslow values (left axis) and Km values (right axis) obtained with each protein listed on
the x-axis in assays monitoring ATP hydrolysis. In B and C, red points designate proteins harboring a C292S substitution, and in C, and error bars
represent 95% confidence intervals for the fit.
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with water molecules that make up the coordination sphere of
the magnesium ion. Thus, we speculate that in the absence of
RNA, Cys292 helps lock the protein in a conformation that
binds ATP but does not proceed to the transition state. In
other words, Cys292 makes for an ATP binding mode that is
not ideal for hydrolysis, unless RNA is present. Such an idea is
supported by the fact that the Km of ATP is higher with
C292G/C292S proteins, and the C292G mutation decreases
NS3h’s affinity for Mg2+ by 2 orders of magnitude.
Our lab’s interest in Cys292 started because we were trying

to develop antiviral agents that inhibit HCV helicase by
targeting critical cysteines. That project was inspired by the
fact that the cysteine modifier ebselen is a potent antiviral and
helicase inhibitor.38 The mutants described herein were
originally constructed to find ebselen-resistant HCV NS3h
variants. All proteins studied here are still as sensitive as the
wild-type protein to ebselen and its analogues, but this
observation does not rule out the possibility that specific
antivirals targeting Cys292 might be discovered. For example,
Kyono et al. have speculated that Cys292 might serve as the
target of antiviral mercuric reagents.52 Although numerous
effective direct acting antivirals for HCV are available, most of
the world’s HCV patients cannot afford their high cost. New
drug targets, like the ATP binding site of NS3,53 might also be
needed if HCV evolves to be resistant to present therapies
before it can be eradicated.
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