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Single–Base Pair Unwinding and
Asynchronous RNA Release by the
Hepatitis C Virus NS3 Helicase
Wei Cheng,1* Srikesh G. Arunajadai,2 Jeffrey R. Moffitt,3 Ignacio Tinoco Jr.,4 Carlos Bustamante4,5*

Nonhexameric helicases use adenosine triphosphate (ATP) to unzip base pairs in double-stranded
nucleic acids (dsNAs). Studies have suggested that these helicases unzip dsNAs in single–base
pair increments, consuming one ATP molecule per base pair, but direct evidence for this
mechanism is lacking. We used optical tweezers to follow the unwinding of double-stranded
RNA by the hepatitis C virus NS3 helicase. Single–base pair steps by NS3 were observed, along
with nascent nucleotide release that was asynchronous with base pair opening. Asynchronous
release of nascent nucleotides rationalizes various observations of its dsNA unwinding and may
be used to coordinate the translocation speed of NS3 along the RNA during viral replication.

Nonhexameric helicases belonging to su-
perfamilies I and II are ubiquitous mo-
lecular motors essential for almost all

aspects of nucleic acid metabolism (1, 2). These
enzymes use the free energy released in the
hydrolysis of adenosine triphosphate (ATP) to
generate the mechanical work needed to unzip
base pairs in double-stranded nucleic acids
(dsNAs). Structural (3–6), transient kinetic (7, 8),

and single-molecule fluorescence studies (9) of
these proteins have suggested that these helicases
unzip dsNAs in single–base pair (1-bp) incre-
ments, consuming one ATP per bp. However,
there has been no direct evidence of 1-bp steps
in the context of duplex unwinding, nor of the
number of ATPs consumed per bp unzipped.
The hepatitis C virus (HCV) encodes NS3, an
RNA helicase that is essential for viral RNA
replication (10) and particle assembly (11). NS3
is a superfamily II helicase (12, 13) and shows
structural resemblance to other nonhexameric
helicase proteins (14). Although dimerization of
NS3 is important for processive RNA helicase
activity in vitro (15), several studies have shown
that the NS3 monomer by itself has helicase
activity (16–19). Thus, monomeric NS3 is a sim-
ple model system to understand the unwind-
ing mechanisms of nonhexameric helicases in
general.

Previous studies ofNS3 that used optical tweez-
ers revealed a cyclic movement of the helicase in
discrete bursts of 11 bp, which at 50 mM ATP
consists of smaller steps, 3.6 bp on average (20).
Because the instrument resolution was 2 bp, it
was not possible to directly observe 1-bp steps of
the helicase. Tomeasure the number of base pairs
unzipped in each elementary cycle of the motor,
we used a dual-trap optical tweezers instrument
that can resolve angstrom-level displacement on
a subsecond time scale (21, 22) to follow the
unwinding of a single RNA hairpin held between
two optically trapped polystyrene beads (Fig. 1A).
We operated the instrument without force feed-
back, holding the trap positions constant to reduce
noise. Use of an RNA hairpin substrate with a
homopolymericG-C sequence (16) minimized the
potential effect of sequence-dependent step sizes
(20) and slowed the helicase unwinding speed
(16, 23, 24), facilitating the detection of the
elementary steps of the helicase.

After assembling a tether between two poly-
styrene beads, we flowed in NS3 together with
ATP in buffer U (19). An NS3 concentration of
0.2 nM ensures that 98% of NS3 protein exists
as a monomeric species in solution (19). When
the RNA hairpin was held at an initial tension
(15 to 21 pN) well below its unfolding force (16),
NS3 bound spontaneously to a single-stranded
RNA (ssRNA) loading sequence (10 bases) and
unzipped the RNA hairpin. The increase in the
end-to-end extension of the tether and the cor-
responding drop of the applied tension across the
RNA molecule were recorded in real time. We
used the worm-like chain (WLC) model (25) of
RNA elasticity to convert the measured exten-
sion to the number of single-stranded nucleo-
tides released by NS3, which indicates the number
of base pairs opened at the hairpin junction.
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