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RNA translocation and unwinding mechanism of
HCV NS3 helicase and its coordination by ATP
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Helicases are a ubiquitous class of enzymes involved in nearly all
aspects of DNA and RNA metabolism. Despite recent progress in
understanding their mechanism of action, limited resolution has
left inaccessible the detailed mechanisms by which these enzymes
couple the rearrangement of nucleic acid structures to the binding
and hydrolysis of ATP1,2. Observing individual mechanistic cycles
of these motor proteins is central to understanding their cellular
functions. Here we follow in real time, at a resolution of two base
pairs and 20ms, the RNA translocation and unwinding cycles of a
hepatitis C virus helicase (NS3) monomer. NS3 is a representative
superfamily-2 helicase essential for viral replication3, and there-
fore a potentially important drug target4. We show that the cyclic
movement of NS3 is coordinated by ATP in discrete steps of 11 6 3
base pairs, and that actual unwinding occurs in rapid smaller
substeps of 3.6 6 1.3 base pairs, also triggered by ATP binding,
indicating that NS3 might move like an inchworm5,6. This ATP-
coupling mechanism is likely to be applicable to other non-
hexameric helicases involved in many essential cellular functions.
The assay developed here should be useful in investigating a broad
range of nucleic acid translocation motors.

NS3 is a key component of the hepatitis C virus (HCV) RNA
replication machinery and lies in a membrane-bound complex with
other proteins7,8. NS3 is an NTPase with 3

0
to 5

0
helicase activity9,10,

and it has been structurally characterized in various contexts11. We
have developed a single-molecule12–16 assay for directly following the
movement of full-length NS3 on its RNA substrate. Specifically, we
use optical tweezers to apply a constant tension between two beads
attached to the ends of a 60-base-pair (bp) RNA hairpin (Fig. 1a) and
monitor the end-to-end distance change of the RNA as it is unwound
by NS3. To establish the basis for interpretation of the enzymatic
activity, we initially characterize the mechanical unfolding of the
substrate in the absence of enzyme. The substrate unfolds at a force
of 20.4 ^ 0.2 pN (Fig. 1b). When the substrate is held at a constant
force below 19 pN with the instrument’s force feedback mechanism,
no unfolding takes place over periods of several minutes. Substrate
unfolding at external forces below 19 pN must therefore be helicase-
catalysed.

To follow NS3-catalysed unwinding, we flow NS3 (1–90 nM) and
ATP (0.05–1 mM) together in buffer U (see Methods). We then hold
the RNA substrate at a constant force of between 5 and 17 pN. NS3
loads on its substrate by means of a 3 0 single-stranded RNA
loading site. As NS3 unwinds the hairpin, the bead separation
increases so as to hold the force on the molecule constant
(Fig. 1b). The bead separation can be converted, at that force, into
the number of RNA base pairs unwound as a function of time by
using the worm-like-chain model of RNA elasticity17. The molecular

geometry results in the release of two nucleotides (nt) for each base
pair unwound, thereby amplifying the unwinding signal. The hairpin
loop facilitates substrate reformation, allowing several unwinding
traces to be collected with each RNA substrate. Unless otherwise
noted, data are collected at 22 ^ 1 8C, 20 nM NS3, 1 mM ATP and
17 pN.

A rich variety of strictly ATP-dependent NS3 behaviours is
observed throughout the unwinding traces obtained (N . 1000;
Supplementary Fig. 1). The extension increases in sharp bursts of
rapid strand separation (steps) followed by periods of constant
extension (pauses) (Fig. 1c). A histogram of pairwise distances
among all extensions of a given trace reveals that the distances
between pauses are not randomly distributed but occur with well-
defined periodicity (Fig. 1d). A Fourier analysis over each histogram
yields an apparent unwinding step size of 11 ^ 3 bp (Supplementary
Discussion) over more than 100 traces under identical conditions.

LETTERS

Figure 1 | Assay with optical tweezers for assessing the mechanistic cycle
of NS3. a, Experimental design and attachment of the RNA substrate. Not
to scale. b, Stages of an unwinding experiment: the substrate is first unfolded
and refolded with mechanical force (green), next brought to a constant force
chosen between 5 and 17 pN to monitor NS3-catalysed unwinding (red),
then brought to 30 pN to probe its state (blue), and finally brought to 2 pN
to allow refolding (yellow; 50% of traces, as this one, display incomplete
substrate refolding because of NS3 binding). c, Representative trace of
extension against time unwinding (15 pN, from b). d, Pairwise distance
distribution for the unwinding trace in c (1-bp bins).
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This step size appears to be intrinsic to NS3 because it is independent
of substrate mechanical unfolding pattern and sequence, applied
force, ATP concentration and NS3 concentration (Supplementary
Figs 2 and 3)18. We observe rarer apparent backward15,16 steps by NS3,
corresponding to stepwise refolding of the substrate after complete or
partial unwinding (Supplementary Fig. 1c, d). It is possible that NS3
moves backwards (5

0
to 3

0
) on the same strand19, or continues

forwards (3 0 to 5 0) on the other strand, for example after turning
around the tetraloop (Supplementary Fig. 1c). The backward step
size, 12 ^ 3 bp, is statistically indistinguishable from that of forward
unwinding steps.

The direct observation of helicase unwinding steps confirms the
cyclical movement deduced from bulk measurements of several
helicases (for example refs 1, 20, 21). More importantly, it gives
direct access to individual mechanistic cycles of a helicase during
translocation and unwinding and their coupling to ATP binding. To
investigate the role of ATP in coordinating the mechanistic cycle of
NS3, we measured the dependence of the cycle on [ATP]. We varied
[ATP] below and above the Michaelis–Menten constant, Km

(160 ^ 6mM for the helicase domain of NS3 (ref. 22)). We observe
two effects of [ATP] on the stepping behaviour of NS3 (Fig. 2a). First,
the mean pause duration of NS3 decreases with increasing [ATP],
from 3.9 s at 0.05 mM ATP to 0.6 s at 1 mM ATP (Fig. 2b), indicating
that exit from a pause requires ATP binding. The shapes of the pause
duration distributions obtained between 0.05 and 1 mM ATP (Sup-
plementary Fig. 4) indicate that ATP binding might not be the sole
rate-limiting event required for pause exit. Rather, the data indicate a
possible two-step kinetic mechanism to exit from the pause state,
only one of which involves ATP binding. Globally fitting the data
to such a mechanism reveals the rates of ATP binding
(kb ¼ (9.9 ^ 1.0) £ 103 M21 s21)23 and of an [ATP]-independent
step2 (ko ¼ 1.9 ^ 0.1 s21) during pause. Second, the stepping veloc-
ity of NS3 between two pauses (that is, the slope of the steps in Fig. 2a)
increases with [ATP], from 19 ^ 18 bp s21 at 0.05 mM ATP to
51 ^ 26 bp s21 at 1 mM ATP (Fig. 2c). Dependence of the stepping

velocity on [ATP] implies that each step observed here is not one
elementary event with a constant velocity but is made up of substeps,
each of which requires ATP binding. The dependence of the stepping
velocity of NS3 on [ATP] (Fig. 2d) follows Michaelis–Menten
kinetics with Vmax ¼ 51 ^ 3 bp s21 and Km ¼ 93 ^ 21 mM. Thus,
ATP binding must also take place during each step, strongly indicat-
ing that each unwinding step may be composed of substeps, which is
consistent with the free energy of hydrolysis of one ATP molecule not
being sufficient to melt 11 bp.

Indeed, more than 50% of unwinding traces collected at 0.05 mM
ATP show substeps that appear within the 11 ^ 3-bp step (Fig. 3,
arrows). Substeps are visible even under saturating [ATP] conditions,
although with lower frequency. The fact that the motor is observed to
take substeps in a wide range of [ATP] indicates that its fundamental
mechanism of operation is conserved through all [ATP]. Increasing
[ATP] simply decreases the time spent between substeps and thus the
probability of observing them. Most substeps are between 2 and 5 bp
(3.6 ^ 1.3 bp; Supplementary Fig. 5), indicating the possible exist-
ence of three substeps per step on average. A Poisson analysis of
stepping times at 0.05 and 0.1 mM ATP confirms that each step is
indeed composed of three substeps (Supplementary Fig. 5c). The
presence of substeps suggests that in a full mechanistic cycle,
unwinding is achieved not in a single motion by the helicase but
in discrete smaller motions coordinated and triggered by ATP
binding.

How many translocation and unwinding cycles can NS3 perform
before dissociating from its substrate? The processivity of NS3 was
not found to be significantly dependent on either [ATP] or [NS3]
(Supplementary Fig. 6). However, the processivity of NS3 is strongly
dependent on force16 (Fig. 4a): whereas an average of 18 bp are
unwound at 5 pN before the enzyme dissociates, an average of 53 bp
are unwound at 17 pN. In contrast, force does not affect the pause
duration or stepping velocity of NS3 (Fig. 4b), indicating that NS3
might be limited not by strand separation but rather by transloca-
tion. Alternatively, the rate of strand separation might not be affected
by force either because of protection of the RNA by NS3 or because
the strand separation reaction coordinate in the presence of NS3 is
orthogonal to the external force. Taken together, these results imply

Figure 2 | [ATP] affects both NS3 pauses and steps. a, Representative
traces of extension against time unwinding with 5 nM NS3 at 1mM ATP
(black), 0.1mM ATP (red) and 0.05mM ATP (blue). Traces are displaced
along the time axis to avoid overlap. b, Histograms of pause durations (0.4-s
bins) at 1mM ATP (grey; 102 traces), 0.1mM ATP (red; 52 traces) and
0.05mMATP (blue; 50 traces). c, Histograms of stepping velocities (5 bp s21

bins) for the data used in b. d, Stepping velocity as a function of [ATP] with
Michaelis–Menten fit. Error bars show s.d.

Figure 3 | NS3 steps are composed of substeps. Number of base pairs
unwound over time for representative steps observed with 5 nM NS3 at
1mM ATP (a), 0.1mM ATP (b) and 0.05mM ATP (c and d, displaying
different numbers of substeps). Arrows point to substeps. About 90% of the
steps observed at 1mM ATP show no visible substeps within the step.
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that the applied force increases the average time that NS3 remains
bound to its substrate (Fig. 4a, b). These results indicate a possible
competition between strand reannealing and NS3 binding and that
NS3 might be a processive single-strand translocase in the absence of
competition from strand reannealing. Future experiments will probe
to what extent NS3 uses a brownian ratchet mechanism and an active
duplex-melting mechanism. The differential effects of force on NS3
velocity and processivity indicate that the forward movement and
dissociation of NS3 are biochemically distinct events.

There are important similarities and differences between the NS3
activities reported here and those observed in previous bulk experi-
ments. Kinetic features are similar: for example, the stepping velocity
at saturating [ATP] is 35 ^ 4 bp s21 in bulk measurements and
51 ^ 3 bp s21 as measured here, and Km is 160 ^ 6 mM in bulk
measurements with the helicase domain of NS3 (ref. 22) whereas
the apparent Km measured here is 163 ^ 10 mM (Supplementary
Discussion). However, previous measurements of step size
(18 ^ 2 bp)20 are larger than reported here (11 ^ 3 bp). This differ-
ence probably stems from the fact that different NS3 oligomeric
states are monitored in the two types of experiment (Supplementary
Discussion). During single-cycle bulk assays of RNA unwinding, the
functional species studied is an NS3 dimer. This dimer requires long
3

0
single-stranded (ss) RNA overhangs (at least 14 nt) for initiation

and displays a strictly concentration-dependent unwinding ampli-
tude20; moreover, it has a second-order rate constant for the kinetics
of functional complex formation9 (V.S. and A.M.P., unpublished
observations). In the present assay, the active species is an NS3
monomer that initiates unwinding within seconds at short 3 0 over-
hangs (4 nt or longer; Supplementary Fig. 7) and shows no concen-
tration dependence of pause duration, stepping velocity or
processivity (Supplementary Figs 6b and 8). In a different bulk
assay we show that the NS3 monomer indeed has ATP-dependent
helicase activity in the absence of force, and that it unwinds with
processivity below that observed at 5 pN in the single-molecule assay
(data not shown), consistent with force increasing the processivity of
the NS3 monomer.

The similarities between the activities of an NS3 monomer and
dimer provide a perspective on the role of helicase dimerization for
NS3, and perhaps other helicases. Although multimeric helicase
assemblies may benefit from an increased unwinding processivity24,
oligomerization does not itself seem to introduce new features in the
unwinding mechanism. The NS3 monomer may be the engine of the
dimer, whose processivity can be increased by assistance either from

another NS3 molecule (and perhaps even from a different protein
species) or by external force. The basis for the observed difference in
step size of an NS3 monomer and of a dimer is not currently well
understood.

One possible model among others (Supplementary Discussion) to
account for the observed 11-bp periodicity and its substep structure
is shown in Fig. 4c, in which each NS3 monomer has two RNA-
binding sites and in which ATP binding coordinates both transloca-
tion and unwinding in the fashion of an inchworm5,6 (Supplementary
Discussion). We designate one site as the translocator and the other
as the helix opener: for each mechanistic cycle, the translocator
moves by an 11-bp step to contact double-stranded (ds) RNA
ahead25,26 of the fork, and the helix opener moves by substeps of
2–5 bp. A lower rate of ATP binding during a pause
((9.9 ^ 1.0) £ 103 M21 s21; Supplementary Fig. 4) than before sub-
sequent substeps (at least 5 £ 104 M21 s21, Supplementary Fig. 5a)
indicates that these two ATP-binding events might be distinct and
that ATP binding might be required both for translocator movement
(blue ATP in Fig. 4c) and for strand separation by the helix opener
(red ATP in Fig. 4c; Supplementary Discussion).

With unprecedented spatial and temporal resolution, the present
strand displacement assay provides a powerful new method of
investigating individual mechanistic cycles of many other enzymes
that separate nucleic acid strands in the course of their cellular
functions, such as ribosomes and polymerases.

METHODS
RNA substrate. The hairpin substrate sequences were cloned into the EcoRI and
HindIII sites of pBR322 (NEB). To generate the hairpin DNA fragment, four
oligonucleotides (65–100 nt each) were sequentially annealed. After cloning,
double digestion of the circular construct by NcoI (designed at the hairpin loop)
and StyI yielded two DNA fragments, each containing half of the hairpin
sequence. The two fragments were gel purified and sequenced separately,
confirming the full hairpin sequence. A transcription template (pBR322 bases
3821–628 with hairpin insert) was obtained by polymerase chain reaction (PCR)
with a T7 promoter-appended primer, and transcribed in vitro (Ambion). The
1,287-nt RNA product was annealed to pBR322-based DNA handles (Fig. 1a);
the 599-bp handle had a 5 0 biotin group (added through a PCR primer) and the
535-bp handle a 3

0
digoxigenin group (added with exo-Klenow fragment (NEB)

after 3
0

recessed end-generation by EcoRI). The RNA sequence between the
handles consisted of a 20-nt single-stranded spacer (shortened to 0 nt without
effect), both arms of the 60-bp hairpin (underlined) separated by a tetraloop,
and a 19-nt single-stranded spacer for NS3 loading (shortened to 4 nt without
effect): 5 0 -UCUCAUGCAGGACAGUCGGAGGGAGCACUACGUUCGGAC
UAGUGUACUCUGACUUGAGACUACUGACAUCCAGAUCUCCCCCAUGG

Figure 4 | Effect of force on the behaviour of
NS3, and proposed model of action. a, Fraction
of duplex RNA of different lengths that are
unwound processively at different forces. The
mean processivity of NS3 is 18, 20, 33, 46, 48 and
53 bp at 5, 9, 11, 13, 15 and 17 pN (21, 69, 64, 62,
69 and 67 traces, respectively; 1-bp bins). b,
Stepping velocities (red squares; means ^ s.d.)
and pause duration (blue circles; means and 95%
fit confidence intervals) in 5 nM NS3 at 9, 11, 13,
15 and 17 pN (18, 35, 19, 53 and 39 traces,
respectively). Pause durations plotted here were
determined from a single-exponential fit of the
pause duration histograms (Supplementary
Fig. 4). c, Proposed model of NS3 translocation
and unwinding. The helix opener site (red ellipse)
unwinds the substrate in substeps of 2–5 bp (x
and y designate substep sizes) triggered by ATP
(Vmax, Km). The translocator (blue circle)
contacts dsRNA every 11 bp, and possibly
elsewhere during the cycle as well, which requires
ATP binding (kb) and an [ATP]-independent
kinetic step (ko).
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GAGAUCUGGAUGUCAGUAGUCUCAAGUCAGAGUACACUAGUCCGAAC
GUAGUGCUCCCAGGAGCUCAGCUAUCAGAA-3 0 .

Unless otherwise mentioned, the above sequence (RNA1) was used. The
pairing, geometry and attachment of the substrate were confirmed (Supplemen-
tary Discussion). Substrates of different sequences (RNA2, RNA3 and RNA4;
Supplementary Fig. 2) were synthesized as above. Substrates had two helicase-
loading sites, namely the ssRNA regions located 3 0 to the hairpin and the 535-bp
DNA/RNA handle. However, the extension change resulting from DNA/RNA
unwinding was one-tenth of that for hairpin unwinding. Replacing the hairpin
by a 29-nt ssRNA region resulted in no unwinding detection under standard
conditions.
NS3 protein. Full-length NS3 from HCV genotype 1a was expressed (pQE40
plasmid, N-terminal His6 tag) and purified with a protocol described else-
where27, with small modifications. [NS3] was measured with the Bradford assay.
Although some earlier bulk measurements were done with NS3 genotype 1b20, all
bulk measurements stated here refer to NS3 genotype 1a unless otherwise
mentioned.
Experiments with optical tweezers. We used a dual-beam optical tweezers
instrument28 to manipulate individual RNA molecules. Molecule characteriz-
ation was performed as described elsewhere29. The RNA was unfolded and
refolded by moving (200 nm s21) the 2.2-mm streptavidin-coated bead
(Spherotech), connected to a piezoelectric stage through a micropipette, relative
to the 2.9-mm anti-digoxigenin-coated bead30, held in the laser trap. The distance
between the folded state and the transition state29 of the 60-bp hairpin was large
(more than 10 nm), resulting in a narrow force range over which unfolding took
place. Force-catalysed unfolding at 1.4 pN or more below the mean unfolding
force was not observed. Buffer U consisted of 20 mM MOPS, 30 mM NaCl, 0.9%
v/v glycerol, 0.75 mM MgCl2, 0.1% Tween 20, 2 mM dithiothreitol, pH 6.5 at
22 8C. Data were collected at 60 Hz and the force detector signal was smoothed
with anRCfilter with a time constant of 14 ms. In constant-force feedback mode,
force was constant to 0.1 pN. In the absence of NS3, two standard deviations in
extension covered 1.4 nm at 60 Hz, which translates to a 2-bp resolution under
our molecular geometry at 17 pN tension (Supplementary Discussion). Data
were collected in the 10 min after injection of NS3 and ATP (Supplementary
Discussion). Putative unwinding was confirmed by pulling the substrate after the
constant-force period (Fig. 1b): a shortened mechanical unfolding transition or
its absence indicated partial or full unwinding, respectively. For each RNA
molecule attached between beads, we collected an average of ten unwinding
traces.
Data analysis. The worm-like chain model17 was used with a ssRNA contour
length of 0.59 nm per nucleotide and a persistence length of 1 nm (ref. 29). NS3
binding to ssRNA did not significantly change its contour and persistence
lengths (Supplementary Discussion). The step size was the spatial frequency
with the highest power (Fourier analysis) of a pairwise distance distribution
from a single trace. An identical step size was obtained if the power spectra of
individual pairwise distance distributions were summed (Supplementary Fig. 2f)
and the highest power was identified. Steps were detected by scanning for
maxima in the slope of the unwinding curve within a running-window
(MATLAB custom-written programs). The window size was larger than step
durations, and data points within maximal-slope windows were cropped on the
basis of the mean and standard deviation of constant-extension regions. Pause
durations were taken as the intervals between two successive steps and the
velocity of a step was its best linear-fit slope (of the raw data). As [ATP]
decreased, the number of data points per step increased and the best linear-fit R2

decreased. The maximum velocity that the constant-force feedback could
follow was 172 ^ 17 nm s21, well above the maximum observed NS3 velocity.
Substeps were required to belong to a previously detected step and were detected
with a smaller running window than steps, whereas subpauses (periods between
substeps within a step) were required to be longer than 80 ms.
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