
In: Bacterial DNA, DNA Polymerase and DNA Helicases ISBN 978-1-60741-094-2 
Editor: Walter D. Knudsen and Sam S. Bruns, pp. © 2009 Nova Science Publishers, Inc. 

 
 
 
 
 
 
 

Chapter 13 
 
 

Effect of Substrate Traps on Hepatitis C 
Virus NS3 Helicase Catalyzed DNA 
Unwinding: Evidence for Enzyme 

Catalyzed Strand Exchange 
 
 

Ryan S. Rypma, Angela M. I. Lam and David Frick∗ 
Department of Biochemistry and Molecular Biology 

New York Medical College 
 
 

Abstract 
 

The helicase encoded by the hepatitis C virus (HCV) is shown in this chapter to 
catalyze homologous DNA strand exchange. Single-stranded DNA oligonucleotides 
complementary to either the short or long strand of a partially duplex DNA substrate 
affected the rate and extent of unwinding catalyzed by either the full-length HCV NS3 
protein fused to a portion of HCV NS4A, or a truncated NS3 protein lacking the protease 
domain. The oligonucleotides did not, however, sequester HCV helicase and prevent it 
from separating the original duplex after a single binding cycle. Furthermore, when DNA 
oligonucleotides were pre-incubated with HCV helicase, they did not prevent subsequent 
duplex separation, indicating that the enzyme catalyzes strand exchange. The protease 
portion of NS3 was not needed for this strand exchange. Fluorescent DNA substrates 
were further used to directly monitor both this ssDNA assisted unwinding and 
homologous strand exchange, and the effect of a protein trap (poly(U) RNA) on HCV 
helicase-catalyzed strand exchange was examined. The results demonstrate that HCV 
helicase can simultaneously bind at least three DNA strands and imply that HCV NS3 
helicase could play an important role not only in viral RNA unwinding, but also in the 
folding of the HCV genome.  
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Abbreviations 
 
BHQ2 Black hole quencher 2; 
Cy3  cyanine 3;  
FRET fluorescence resonance energy transfer;  
HCV hepatitis C virus;  
Ls  long strand;  
LsT  long strand trap;  
ssDNA single stranded DNA;  
Ss  short strand;  
SsT  short strand trap;  
Poly(U) poly(U)ridylic acid. 
 
 

Introduction 
 
The propensity of complementary DNA and RNA chains to anneal rapidly makes the 

measurement of helicase activity challenging. Normally, helicase unwinding assays are 
performed at very low DNA (or RNA) concentrations with excess helicase proteins. The low 
nucleic acid concentrations and excess protein make annealing of the newly single-stranded 
DNA (ssDNA)1 chains less likely. Although such assays can probe basic properties of 
helicases, determined rates only measure the rate of the slowest step in the unwinding process 
and not the actual rate of helicase-catalyzed strand separation.  

To better understand the action of a helicase in unwinding assays, a trap that sequesters 
protein molecules not initially bound to the duplex substrate can be added at the start of the 
reaction. Such “pseudo-first order” reaction conditions have been used as the basis for most 
current models explaining the helicase-catalyzed unwinding reactions [1, 2]. The trap can be a 
negatively charged protein like heparin or nucleic acids. An ssDNA oligonucleotide that is 
complementary to one strand of the helicase substrate is also sometimes included in such 
assays to prevent the dissociated strands from annealing before they are analyzed. In theory, 
the presence of the DNA trap should not affect the rate of unwinding by the proteins 
originally bound to the substrate DNA; it should only prevent other enzyme molecules from 
binding additional substrate molecules or rebinding partially unwound substrate to which they 
were once bound. This study examines the effects of substrate traps on reactions catalyzed by 
a helicase encoded by the hepatitis C virus (HCV).  

Hepatitis C (HepC) is a disease that affects about 170 million people worldwide [3] and 
is frequently called a “silent” killer because it causes few symptoms while the pathogen 
slowly destroys the liver. After a few decades of infection, during which time patients might 
unknowingly transmit the blood-borne (+)RNA virus to others, many HepC patients develop 
fibrosis, cirrhosis, or liver cancer. At this late stage of the disease, a liver transplant is the 
only option for survival, and as a result, HCV infection is presently the most common cause 
for liver transplantation in America. Current HCV therapies combine pegylated interferon 
alpha and ribavirin, but they are costly, produce debilitating side effects, and are not fully 
effective against many common HCV strains.  
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HCV vaccines and treatments have been delayed because the virus is extraordinarily 
difficult to work with in the laboratory. HCV was first identified almost two decades after 
either hepatitis A or B viruses, and it was only 2005 when HCV could be reliably cultivated 
in cell culture [4]. The HCV genome is a single long open reading frame that encodes an 
~3,000 amino acid long protein that is cleaved into mature structural (core, E1, E2) and non-
structural proteins (p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B). The non-structural 
proteins are responsible for replication and packaging of the viral genome into capsids formed 
by structural proteins. Four enzymatic activities reside in the HCV non-structural proteins. 
NS5B is an RNA–dependent RNA polymerase that synthesizes new viral RNA, and there are 
two proteases that cleave the polyprotein, the NS2/NS3 autocatalytic protease and the NS3-
NS4A serine protease. NS3 is as a helicase capable of unwinding both DNA and RNA. 
Several compounds that influence the activity of the NS3 protease and the NS5B RNA-
dependent RNA polymerase are currently in clinical trials, but after almost 15 years in 
development none are yet on the market.  

The HCV helicase most likely assists RNA replication by tracking along RNA and 
resolving double stranded intermediates that form either as secondary structures in a single 
strand or between (+) sense and (-) sense RNA molecules [5]. There are also other possible 
roles for HCV helicase, such as in assisting translation, protein processing, or packaging 
RNA into virions. Regardless of its precise role, knocking out helicase with genetics [5], 
antibodies [6], RNA aptamers [7], or small peptides [8] prevents HCV from replicating in 
cells.  

The mature NS3 protein comprises 5 domains: the N-terminal 2 domains form the serine 
protease along with the NS4A cofactor, and the C-terminal 3 domains form the helicase. The 
helicase portion of NS3 can be separated from the protease portion by truncating at a peptide 
linker, but the resulting protein (called NS3h) is somewhat less active than the NS3-NS4A 
complex [9]. Removing the protease allows one to express much higher levels of NS3h as a 
more soluble protein in E. coli. At the heart of HCV helicase is a “Walker-type” ATPase fold 
[10]. ATP most likely binds near Lys210 in the “Walker A-site” with Asp290 in the “Walker 
B-site” binding a bridging divalent metal cation [11]. The Walker site and a conserved 
catalytic base (Glu291 in NS3) [11] are packed in a cleft formed by two motor domains, each 
of which structurally resembles the E. coli RecA protein [12]. In HCV helicase, the two 
RecA-like motor domains correspond to NS3h domains 1 and 2. Unlike most related proteins, 
HCV helicase can separate RNA [13] and DNA [14] duplexes. One strand of nucleic acid 
binds between the motor domains and domain 3 [15, 16]. Most current models explaining 
HCV helicase action speculate that ATP binding and/or its hydrolysis regulates domain 2 
movements which in turn, leads to movement of the protein along RNA. Our previous work 
has shown that Arg393 on domain 2 clamps onto RNA while a beta-loop extending from 
domain 2 splits the helix [17] and the protein is propeled via electrostatic interactions with the 
nucleic acid [18, 19].  

Many studies have used ssDNA traps to calculate the rate at which the hepatitis C virus 
(HCV) helicase unwinds DNA [16, 20-23] and RNA duplexes [24]. In those reports, ssDNA 
traps terminated the reaction after a single cycle lasting only a few seconds. In contrast, 
several studies from our lab have shown that the addition of ssDNA oligonucleotides up to 
1,000 times in excess of the helicase:DNA complex do not terminate unwinding after a single 
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enzyme-DNA binding event. Rather, the HCV helicase catalyzed reactions continue to 
progress long after original enzyme-DNA complexes should have dissociated [9, 17, 18].  

In this chapter, we have investigated this peculiar phenomenon and have found that the 
sequence of the trap DNA affects both the rate and extent of HCV helicase-catalyzed DNA 
unwinding, suggesting that the ssDNA is not simply sequestering excess enzyme, but 
participates in the reaction. We also show that HCV helicase actively exchanges one strand of 
a double helix for a third strand. Strand exchange occurs even in the presence of a true 
enzyme trap that does not participate in the reaction. Most interestingly, when reactions are 
initiated with most enzyme molecules bound to ssDNA (not the duplex substrate), strand 
exchange still proceeds. The data suggest that, like similar superfamily 2 (SF2) helicases 
involved in recombination, HCV helicase can bind three strands of nucleic acid and exchange 
one strand of the duplex for another.  

 
 

Experimental Procedures 
 
Materials– DNA oligonucleotides were purchased from Integrated DNA Technologies 

(Coralville, IA), and their concentrations were determined from provided extinction 
coefficients. All but one of the recombinant proteins utilized in this study have been described 
previously [9, 25]. Note that the truncated NS3 protein containing the helicase domain 
flanked by a C-terminal polyhistidine tag, designated here as “NS3h,” is the same protein that 
was described previously by our lab as Hel-1b [25].  

The single chain full-length NS3-NS4A protein (scNS3-4A) used here was similar to that 
described in reference [26] except that it was derived from the HCV genotype 1b J4 strain 
[27]. In scNS3-4A, a Ser-Gly-Ser linker region joins the protease-activating region of NS4A 
to the N-terminal portion of NS3. PCR was used with pJ4L6S [27] as the template to generate 
the scNS3-4A expression plasmid. The sequence of the upstream PCR primer was 5'-GAT 
ATA CAT ATG GGT TCT GTT GTT ATT GTT GGT AGA ATT ATT TTA TCT GGT AG 
TGG TAG TAT CAC GGC CTA CTC CCA A-3', which encodes for an NdeI restriction 
enzyme site, NS4A residues G21-G33, a SGS linker, and P2 of the NS3 protein. The 
downstream primer (5'-GCG CGC GAA TTC GGT CAA GTG ACG ACC TCC AGG TCA 
GCC GAC ATG C-3') contained an EcoRI site. The resulting DNA amplicon was cloned into 
the multiple cloning site of pET28a (Novagen). The resulting plasmid was sequenced and 
designated p28scNS3-4A. The plasmid-encoded scNS3-4A also encodes an N-terminal 21-
amino acid long His-tag bearing sequence (MGS SHH HHH HSS GLV PRG SHM).  

NS3 proteins were purified as described previously [9, 25, 26]. With scNS3-4A, its 
protease activity was monitored (using the EnzoLyteª 490 HCV Protease Assay Kit, Anaspec, 
San Jose, CA) and its helicase activity (using the FRET-based assay below) was monitored 
throughout the purification to ensure neither activity was lost during purification. Final 
protein concentrations were determined by using A280 with the following extinction 
coefficients calculated from the Trp, Tyr, and Phe content of each protein: NS3h, 42.4 mM-1 
cm-1; scNS3-4A, 68.4 mM-1 cm-1. 
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Table I. Oligonucleotides and unwinding substrates 
 
Name Sequence 
Ls 5’-TAGTACCGCCACCCTCAGAACCTTTTTTTTTTTTTT-3’ 
ss (LsT) 5’-GGTTCTGCGGGTGGCGGTACTA-3’ 
ssT 5’-TAGTACCGCCACCCTCAGAACC-3’ 
T18 5’-TTTTTTTTTTTTTTTTTT-3’ 
[5'-F]Ls Cy3-TAGTACCGCCACCCTCAGAACCTTTTTTTTTTTTTT-

3’ 
[3'-Q]Ss ([3'-Q]LsT) 5’-GGTTCTGCGGGTGGCGGTACTA-BHQ2 
[5'-F]Ss Cy3-GGTTCTGCGGGTGGCGGTACTA-3’ 
[3'-Q]SsT 5’-TAGTACCGCCACCCTCAGAACC-BHQ2 
Ls:Ss  5’-GGTTCTGCGGGTGGCGGTACTA-3’ 

3’-TTTTTTTTTTTTTTCCAAGACTCCCACCGCCATGAT-5’ 
[5'-F]Ls:[3'-Q]Ss  5’-GGTTCTGCGGGTGGCGGTACTA-BHQ2 

3’-TTTTTTTTTTTTTTCCAAGACTCCCACCGCCATGAT-
CY3 

Ls:[5'-F]Ss  Cy3-GGTTCTGCGGGTGGCGGTACTA-3’ 
3’-TTTTTTTTTTTTTTCCAAGACTCCCACCGCCATGAT-5’ 

[5'-F]Ls:Ss  5’-GGTTCTGCGGGTGGCGGTACTA-3’ 
3’-TTTTTTTTTTTTTTCCAAGACTCCCACCGCCATGAT-
BHQ2 

 
Gel-Based Helicase Assay– To generate substrates for helicase assays, two synthetic 

oligonucleotides (Table I) were annealed by heating them to 95 °C and allowing them to cool 
slowly to room temperature. Before annealing, the shorter strand was labeled using [γ32P]ATP 
and polynucleotide kinase. The DNA substrate (4 nM) and 100 nM HCV helicase were 
incubated in reaction buffer (25 mM MOPS, 3 mM MgCl2, 0.1% Tween-20) with 200 nM of 
SsT or LsT (Table I). Reactions were initiated by the addition of 3 mM ATP, terminated at 
various times with 20 mM EDTA and 0.5% SDS, and analyzed using a 10% non-denaturing 
polyacrylamide gel.  

FRET-based Unwinding/Strand Exchange Assays– Fluorescent helicase substrates were 
based on those described by Boguszewska-Chachulska et al. [28]. Reactions were carried out 
using substrates of identical sequence to that used in the gel-based helicase assay and that 
were labeled either with Cy3 or BHQ2 (Table I). Reactions were performed in 25 mM MOPS 
(pH 6.5), 5 mM MgCl2, 25% glycerol, 0.1% Tween-20, 1 mM DTT, 3 mM ATP, substrate, 
and helicase. All reactions were conducted at 37 °C in a reaction volume of 100 µL. 
Fluorescence was measured using a Varian Cary Eclipse fluorescence spectrophotometer with 
excitation and emission wavelengths set for 550 and 570 nm, respectively, and slit widths set 
to 10 nm for both the excitation and emission. Initial velocities were calculated using linear 
regression with datasets pruned of values outside the linear range. Non-linear regression was 
performed using Prism 4 (GraphPad Software, Inc.).  
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Results 

 
In unwinding assays performed under single turnover conditions, HCV helicase has been 

shown to rapidly unwind typical DNA substrates (20-40 bp) in only a few seconds [16, 21, 
23]. However, when trying to repeat some of these studies, we were surprised to note that 
HCV helicase-catalyzed DNA (and RNA) unwinding reactions performed in the presence of 
excess ssDNA continued for several minutes [9, 17, 18]. The difference between our studies 
and those of other labs is that the oligonucleotide we used as a trap was complementary to 
one strand of the helicase substrate. Experiments with other helicases have shown that 
addition of a trap complementary to the substrate normally prevents helicase recycling and 
slows steady-state unwinding rates (for example see Figure 3 of reference [29]). However, 
since this was apparently not the case with HCV helicase, we initiated this study to 
investigate this peculiar phenomenon more carefully. 

Free ssDNA strands influence HCV helicase-catalyzed unwinding reactions– Figure 1A 
shows a typical assay using a full-length NS3 protein with the portion of NS4A needed to 
activate the NS3 protease fused to the N-terminus of NS3 (scNS3-4A). ScNS3-4A unwinds 
RNA, DNA, and cleaves peptides at rates indistinguishable from those catalyzed by full-
length NS3/NS4A complexes expressed and purified from baculovirus-infected insect cells 
[9, 26]. The assay shown in Figure 1A monitors the unwinding of a partially duplex DNA 
made of a long strand and a [32P]short strand.  

 

 

Figure 1. Time course of HCV helicase catalyzed unwinding of a [32P]DNA substrate as analyzed using 
native polyacrylamide gels. Reactions contained either full-length NS3 with protease cofactor NS4A 
peptide covalently linked to the N-terminus of the native NS3 (scNS3-4A, panels A and B) or truncated 
NS3 lacking the protease region (NS3h, panels C and D). Either a short strand trap (SsT) 
complementary to the short strand of the substrate (A and C) or a long strand trap (LsT) (B and D) was 
used to observe differences in product formation. Reactions terminated at various times are indicated. 4 
nM DNA substrate was pre-incubated with 20 nM enzyme and initiated by adding both 3 mM ATP and 
200 nM oligonucleotide trap in all reactions.  
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When annealed, the long strand forms an ssDNA tail. This substrate was annealed, 
diluted to 4 nM in reaction buffer and mixed with 20 nM scNS3-4A. The reaction was 
initiated with 3 mM ATP and 200 nM of a DNA oligonucleotide complementary to the short 
strand of the substrate (short strand trap, SsT). As shown by native polyacrylamide gel 
analysis, the product of the reaction is double stranded DNA where the long strand was 
exchanged with the complement of the short strand (Figure 1A). When the reaction in Figure 
1A was repeated without the SsT, no unwinding was observed, suggesting the reaction 
products annealed to reform the substrate before or during gel analysis.  

To test the idea that the SsT simply prevents the long and short oligonucleotides from 
annealing after separation by the helicase, an oligonucleotide complementary to the long 
strand was substituted (long strand trap, LsT). The SsT and LsT are the same length and 
reverse complements of each other (note that LsT is simply the short strand lacking a 
radiolabel). As shown in Figure 1B, reactions containing LsT yielded a labeled single-
stranded short oligonucleotide. Interestingly, however, reactions containing LsT proceed 
notably more slowly than those containing SsT (compare 1A and 1B).  

It is possible that the protease portion of NS3 is responsible for the difference seen in 
reaction rates with either SsT or LsT. Perhaps the protease domain blocks LsT from annealing 
with the long strand. To examine this possibility, we repeated the assays using truncated NS3 
lacking the protease domain from HCV helicase genotype 1a [9], and NS3h protein from 
genotype 1b and genotype 2a [25]. All recombinant HCV helicase proteins yielded similar 
results. Unwinding in the presence of SsT proceeded more rapidly than unwinding in the 
presence of LsT. Reactions with NS3h (genotype 1b(J4)), which has the same sequence as 
scNS3-4A but lacks the protease, are shown in Figure 1 panels C and D.  

Since the concentrations of SsT and LsT in the reactions shown in Figure 1 exceeded the 
protein concentration by 10-fold, one might suspect that the reactions occurred under single-
turnover conditions. In other words, the trap (SsT or LsT) should prevent the enzyme from re-
cycling after it falls from the substrate to which it was initially bound. If this were the case, 
then reactions containing either SsT or LsT would proceed with the same rates to reach the 
same final amplitudes, reflective of the amount of helicase initially bound to the substrate and 
the processivity with which it travels along the DNA. The gels in Figure 1 reveal that single 
tunrnover conditions are not achieved because all the SsT and LsT reactions proceed at 
different rates and all reacting proceed almost to completion.  

Effect of ssDNA oligonucleotides in continuous FRET-based unwinding assays– A 
detailed examination of the effect of traps using gel-based helicase assays is difficult because 
only a limited number of time points can be analyzed and because traps must always be added 
during electrophoresis to prevent the strands from re-annealing in the gels. Therefore, to 
explore this “trap-assisted” unwinding in more detail, a FRET-based unwinding assay was 
used to monitor unwinding. To this end, a Cy3 fluorescent probe was attached to the 5'-end of 
the long strand and a black hole quencher 2 (BHQ2) was attached to the 3'-end of the short 
strand. With this substrate, fluorescence from Cy3-labeled long strand ([5'-F]Ls) is quenched 
when it is annealed to the short strand labeled with BHQ2 ([3'-Q]Ss), and unwinding can be 
continuously monitored in a fluorescence spectrophotometer [28]. Using gel-based helicase 
assays, oligonucleotides containing the Cy3 and BHQ2 probes were unwound at the same 
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rates by HCV helicase as those lacking modifications (data not shown). Also, binding of 
HCV helicase to [5'-F]Ls does not significantly affect Cy3 fluorescence.  

 

 

Figure 2. Effect of ssDNA on helicase unwinding as monitored using a FRET-based helicase assay. A, 
Time course for unwinding of 20 nM of the [5'-F]Ls:[3'-Q]Ss substrate (sequence above plot) in 
reactions initiated with 3 mM ATP and 200 nM SsT using various HCV helicase concentrations as 
indicated. Data are fit to a first order rate equation (F=Fmax(1-e-kt)). B, Plotted are the residuals 
(difference between the data and model) of the 20 nM enzyme trace in panel A. The inset shows a linear 
relationship between enzyme concentration and initial velocity (Vo). C, Increasing SsT trap 
concentrations as shown on the right to stimulate rates of unwinding on 20 nM [5'-F]Ls:[3'-Q]Ss 
substrate nu 20 nM NS3h. D, Various concentrations of SsT are added with ATP to initiate reaction 
(squares) or pre-incubated with the enzyme (circles) have similar effects on initial velocity of the 
unwinding reaction.  

Figure 2A shows the results of five typical unwinding assays using [5'-F]Ls:[3'-Q]Ss. 
Each was performed at different concentrations of NS3h. Reactions were initiated with ATP 
(3 mM) and the SsT (200 nM). In each case, fluorescence increases at a rate proportional to 
the amount of enzyme in solution. Gel electrophoresis of the substrate at 8 time points 
confirmed that the fluorescence is reflective of the percent of DNA unwound. A fully 
unwound substrate yields a fluorescence of about 300 arbitrary units (a.u.).  

If SsT were acting to trap excess enzyme after it initially falls from the substrate, then the 
data in Figure 2A should fit to a first-order rate equation [30]. However, when the data are fit 
to a model assuming single turnover conditions with amplitudes proportional to the amount of 
enzyme in solution, the fit is poor (see lines in Figure 2A), and the data systematically deviate 
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from the model as seen by plotting the residuals (Figure 2B). The initial rates of the reaction 
are, nevertheless, linear with enzyme concentration (Figure 2B insert).  

To further test the possibility that SsT was not acting as an enzyme trap, 10 nM of 
helicase was incubated with 20 nM of [5'-F]Ls:[3'-Q]Ss substrate, and unwinding was 
initiated with ATP in the presence of different concentrations of SsT (Figure 2C). If the SsT 
is not an active participant in the reaction, then increasing concentrations of SsT above what 
is needed to prevent [3'-Q]Ss from annealing to the [5'-F]Ls (i.e. 20 nM) should not affect 
reaction rates and should decrease the final reaction amplitude (since it would prevent 
helicase recycling). The data (Figure 2C) reveal that SsT accelerates initial reaction rates, and 
even at concentrations exceeding 20-times that of the helicase, SsT does not decrease the final 
reaction amplitude. Furthermore, if SsT were acting as an enzyme trap, then pre-incubating 
SsT with the enzyme before initiating the reaction should inhibit DNA unwinding (because 
less helicase would be available to bind the substrate). In the reactions in Figure 2C, SsT was 
added with ATP to initiate the reaction. The initial velocities for the resulting unwinding are 
plotted in Figure 2D (squares). Virtually identical reaction rates were seen if both substrate 
and SsT were pre-incubated with the enzyme before adding ATP (circles, Figure 2D). The 
data indicate that SsT is acting as a reaction participant, not as a trap. In other words, the data 
suggest HCV helicase is catalyzing strand exchange rather than unwinding. 

Strand exchange under multiple-turnover conditions– It is often assumed that the rate of 
signal change in FRET-based helicase assays reflects only the rate of helicase-catalyzed 
unwinding. The data above, however, suggest that the rate of signal change depends not only 
on the amount of helicase, but also on the amount of DNA trap (SsT). One explanation for 
this could be that HCV helicase is actively replacing one strand of a double helix with another 
strand, i.e. replacing the long strand with SsT. Unfortunately, the signal obtained with the [5'-
F]Ls:[3'-Q]Ss substrate results from strand dissociation, not exchange. Therefore, two 
additional substrates were constructed that allow the direct analysis of exchange of SsT and 
LsT into a duplex substrate (Table I, Figure 3).  

The substrates used to continually monitor strand exchange consisted of a labeled long or 
short strand annealed to an unlabeled strand. In one, Ls:[5'-F]Ss, the short strand was labeled 
with Cy3. In the other, [5'-F]Ls:Ss, the long strand was labeled with Cy3. Unwinding of either 
substrate alone does not result in a change in fluorescence. However, if one of the strands is 
annealed to a strand with an appropriately positioned quencher, fluorescence will decrease. 
Therefore, if strand exchange limits the unwinding rates seen with [5'-F]Ls:[3'-Q]Ss, then the 
same rates of fluorescence change should be observed with the substrates lacking the 
quencher in the presence of traps labeled with a quencher.  

Figures 3A and 3C show typical reactions performed with the [5'-F]Ls:[3'-Q]Ss substrate. 
The two figures again highlight the differences in relative unwinding rates when two different 
trap sequences of equal length are used – one complementary to the short strand (SsT) (Figure 
3A) and one complementary to the long strand (LsT) (Figure 3C). As shown in the previous 
gel-based helicase assay (Figure 1), use of the trap complementary to the short strand results 
in enhanced unwinding rates. Each figure plots three different enzyme concentrations to show 
that initial rates are dependent upon enzyme concentration and that SsT supports faster 
reactions than LsT.  
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Figure 3. Comparison of HCV helicase catalyzed reactions in FRET-based unwinding and strand 
exchange assays. Trap-assisted unwinding assays (panels A and C) are compared with strand exchange 
assays (panels B and D). In each set of reactions, 10 nM substrate was incubated with enzyme 
concentrations as shown on each panel, and reactions were initiated with 3 mM ATP and 200 nM 
oligonucleotide trap. The substrate and ssDNA trap used are shown above each panel. Unwinding 
reactions in A and B include SsT, while LsT is included in reactions in C and D.  

To perform a reaction in which fluorescence changes upon strand exchange in the 
presence of SsT, the Ls:[5'-F]Ss substrate was incubated with HCV helicase, and the reactions 
were initiated by adding [3'-Q]SsT and ATP. When the analogous strand separation reactions 
shown in Figure 3A are performed with the Ls:[5'-F]Ss substrate (Fig 3B), a decrease in Cy3 
fluorescence is observed as the enzyme anneals [5'-F]Ss with [3'-Q]SsT. When converted to 
percent DNA unwound vs. time, the rates obtained in this “reverse” assay are virtually 
identical to those obtained in the “forward” fluorescence assay and the gel-based assay when 
performed under the same conditions. The [5'-F]Ls:Ss substrate was used to directly monitor 
the exchange of [3'-Q]LsT for the short strand. To this end, the [5'-F]Ls:Ss substrate was pre-
incubated with HCV helicase and the duplex substrate, and the reaction was initiated with 
ATP and [3'-Q]LsT. A decrease in Cy3 fluorescence was observed that was proportional to 
enzyme concentration (Figure 3D). These rates were essentially the reciprocals of those seen 
when LsT was included in reactions using the [5'-F]Ls:[3'-Q]Ss substrate (Figure 3D). Again, 
the differences in fluorescence signal reduction over time in Figures 3B and 3D suggest that 
apparent rates are greater in the presence of SsT than they are in the presence of LsT. In fact, 
the percent difference using the two traps in Figures 3B and 3D is similar to the percent 
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difference using the two traps with the [5'-F]Ls:[3'-Q]Ss substrate (Figures A and C), as 
measured by relative change in fluorescence at 10 minutes. 

Strand exchange in the presence of a protein trap– The above data suggest that the 
apparent rates of DNA unwinding depend mainly on the ability of HCV helicase to exchange 
one strand of a duplex for another. This discovery is surprising because it implies that HCV 
helicase can bind at least three strands at once. We therefore explored if and how the reaction 
would proceed in the presence of a true enzyme trap that does not participate in the 
unwinding reaction.  

First, we monitored the unwinding of the [5'-F]Ls:[3'-Q]Ss substrate in the presence of 
excess enzyme in the absence of any added oligonucleotides (Figure 4A). In the absence of 
any trap, the enzyme has unlimited access to other substrate molecules with which it can bind 
and unwind. Furthermore, because unwound duplex DNA can spontaneously anneal under 
assay conditions in the absence of excess complementary ssDNA traps that would prevent 
such re-annealing, varying amounts of enzyme can achieve varying levels of equilibrium 
states of substrate duplex separation. Greater amounts of enzyme in the presence of constant 
substrate concentrations enhances product formation, and hence, higher final amplitudes 
using the labeled substrate. The curves in Figure 4A are therefore composites of the 
spontaneous substrate rewinding (signal degrading) and enzyme unwinding activity (signal 
enhancing).  

 

 

Figure 4. Effect of poly(U) RNA on HCV helicase catalyzed unwinding. A, Various enzyme 
concentrations (noted) were incubated with 10 nM [5'-F]Ls:[3'-Q]Ss substrate and reactions were 
initiated with ATP. B, Two traces of fluorescent signal generation over time are shown with ATP 
addition at 5 minutes for both, while 320 mM poly(U) is added to one reaction at 15 minutes (black 
line), and 200 nM SsT is added to the other at 15 minutes (gray line). C, Signal traces using increasing 
amounts of helicase as shown on the right. In each case, enzyme was incubated with substrate, and 
reactions were initiated with 3 mM ATP and 160 mM poly(U). D, The maximum amplitude (burst) of 
fluorescence increase after ATP addition plotted versus enzyme concentration. Points are the means of 
data from panel C, and two identical repeat experiments, with error bars depicting standard deviations. 
The data are fit to a one-site binding model. E, A model depicting how poly(U) serves as an enzyme 
trap once the pre-bound substrate is unwound. Decreasing signal ensues as a result of spontaneous 
substrate re-annealing under experimental conditions. 
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We next examined the effect of traps on reactions containing 10 times more helicase than 
DNA (100 nM helicase, 10 nM [5'-F]Ls:[3'-Q]Ss substrate). When polymers that were not 
complementary to either strand were added, such as poly(U) RNA (average length 2500 nt), 
the long and short strands spontaneously re-annealed, and a quenching of fluorescence was 
observed (black line, Figure 4B). On the other hand, when SsT was added at the same time to 
an identical reaction, fluorescence levels increased (gray line, Figure 4B).  

As there is nothing inherent in the ability of poly(U) to promote or enhance spontaneous 
duplex DNA formation, we can conclude the poly(U) was effective as an enzyme trap to 
prevent or severely inhibit the enzyme’s ability to bind and unwind additional substrate 
duplexes (Figure 4E). Conversely, addition of excess SsT served to drive equilibrium towards 
product formation as fluorescence signal increased. Because the addition of poly(U) to the 
reaction mixture can reveal spontaneous duplex reformation as shown in the previous 
experiment, the amplitude of a single turnover event should be measurable if poly(U) is added 
with ATP at initiation of the reaction. Indeed, as shown in Figure 4C, various initial bursts of 
fluorescence intensities are observable at different enzyme concentrations. These bursts are 
transient, however, as the enzyme can no longer rebind to additional substrate. What follows 
is a steady decline in signal intensity as the two strands re-anneal. A plot of enzyme 
concentration versus the initial burst amplitude observed (Figure 4D) reveals an apparent Kd 
of 200 ±100 nM, which represents a composite of the affinity of the enzyme for the DNA at 
each step as it unwinds the duplex.  

Reactions were then performed using poly(U) as an enzyme trap to simulate single 
turnover reactions. In these reactions, 100 nM of HCV helicase was pre-incubated with 10 
nM substrate, and the reactions were initiated with ATP and poly(U). As seen in Figure 4C, 
under these conditions the amount of DNA separated in a single turnover event was observed 
as a burst. Then, fluorescence decreased as the complementary strands re-associated. If SsT 
and LsT simply prevent re-annealing, then no additional substrate should be unwound in the 
presence of poly(U) and SsT (or LsT). Surprisingly, however, addition of either SsT (Figure 
5A) or LsT (Figure 5B) both prevented the re-annealing of the substrate after the first 
turnover and allowed for additional substrate to be unwound. When oligonucleotides not 
complementary to either the short or long strands are added with ATP and poly(U), no effect 
was seen on the re-annealing of the DNA substrate, and no additional unwinding was 
observed (Figure 5C). As would be expected, none of the oligonucleotides affected the 
amount of DNA unwound in the first turnover, and the burst amplitudes were similar 
regardless of whether an oligonucleotide was added with the ATP and poly(U).  

The ability of SsT and LsT to participate in strand exchange was calculated using 
equation 1 

 
Vs.e = Vobs- Vanneal        Eq. 1 
 

where Vobs is the rate of fluorescence change in a reaction from 1 to 3 min after initiation with 
ATP, and Vanneal is the rate of change over the same period of time in the absence of added 
oligonucleotide. Such an analysis reveals that SsT stimulates strand exchange to a level 
almost twice that stimulated by LsT (Figure 5D). 
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Figure 5. HCV-helicase catalyzed strand exchange in the presence of poly(U). All reactions contained 
10 nM [5′-F]Ls:[3′-Q]Ss substrate which was pre-incubated with 100 nM helicase for 10 minutes. 
Reactions were initiated with 3 mM ATP, 160 mM poly(U) as enzyme trap, and varying concentrations 
of SsT (A), LsT (B), or T18 (C) as shown on the right of each panel. D, Rates of strand exchange (Vs.e.) 
versus oligonucleotide concentration. Vs.e. was calculated with Equation 1 and data were fit to the 
Michaelis-Menten equation. Error bars depict standard deviation from three identical repeat reactions.  

The single turnover experiments were then repeated, but instead of simultaneously adding 
oligonucleotide trap and ATP, the trap was pre-mixed with the enzyme and duplex substrate. 
One might expect that if SsT were pre-mixed with enzyme in the absence of ATP, the 
helicase would bind SsT tightly and not bind the duplex substrate when subsequently added. 
If enzymes bind only SsT, then they should bind the poly(U) upon reaction initiation and not 
unwind any substrate. Pre-mixing of either SsT (Figure 6A), LsT (Figure 6B), or T18 (Figure 
6A), in fact, decreases the amount of DNA unwound in a single turnover. If burst size is 
plotted versus oligonucleotide concentration (Figure 6D), they all act like competitive 
inhibitors with similar Ki’s (~20 nM). However, the fact that HCV helicase starts a reaction 
bound to SsT or LsT, does not prevent the helicase from exchanging the strand on which it is 
bound for one of the strands of [5'-Cy3]Ls:[3'-BHQ]Ss (Figure 6A, B). In fact, the strand 
exchange velocities are similar to those seen when SsT or LsT is added with poly(U) and 
ATP (compare Figures 5D and 6E). Even more remarkably, under these conditions, some 
strand exchange was observed when the enzyme was initially bound to an oligonucleotide not 
complementary to either the long or short strands (ex. T18, Figure 6C). However, such 
complexes were unstable and after a few minutes, the [5'-Cy3]Ls:[3'-BHQ]Ss substrate re-
annealed. The presence of a control oligonucleotide (T18) has little effect on the rate of 
annealing of [5'-Cy3]Ls:[3'-BHQ]Ss after the enzyme has been sequestered after a single 
turnover (Figure 6F).  
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Figure 6. Helicase catalyzed unwinding in the presence of poly(U) when the enzyme is pre-incubated 
with ssDNA oligonucleotides. All reactions were performed using 10 nM [5′-F]Ls:[3′-Q]Ss substrate 
pre-incubated with 100 nM helicase and varying concentrations of either SsT (A), LsT (B), or T18 (C) 
and initiated with 3 mM ATP and 160 uM poly(U). D, Initial amplitude of unwinding reactions from 
panels A-C are plotted versus oligonucleotide substrate trap concentration and fit to a one-site 
competition model. E, The rate of strand exchange (Vs.e.) is plotted as a function of the free 
oligonucleotide. The data were fit to the Michaelis-Menten equation. F, Annealing rates of [5′-F]Ls:[3′-
Q]Ss 9-11 minutes after reaction initiation plotted as a function of T18 concentration. Error bars in 
panels D-F depict standard deviation from three separate reactions.  

 
Conclusion 

 
The unwinding of duplex DNA and RNA substrates by HCV helicase has been 

extensively studied. It is clear that HCV helicase binds to one strand of a duplex and moves in 
a 3' to 5' direction to displace a complementary strand. Behind the helicase, the duplex can re-
anneal if it does not remain bound to HCV helicase or other proteins (Figure 4E). For this 
reason, no unwinding can be observed unless either the amount of HCV helicase greatly 
exceeds the amount of DNA (or RNA) in the assay or ssDNA complementary to one strand of 
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the substrate is added. We show here that this “trap” strand does not simply prevent substrate 
annealing, but is rather actively exchanged into the original duplex. In other words, HCV 
helicase, like RecA [31] and other related proteins, catalyzes homologous DNA strand 
exchange (Figure 7). HCV NS3-catalyzed strand exchange occurs not only in multiple 
turnover conditions, but also in the presence of a protein trap that prevents the helicase from 
re-binding substrates.  

It should be noted that for an unwinding event to be monitored with the [5'-F]Ls:[3'-Q]Ss 
substrate, all that is required is the physical separation of the strands. On the other hand, with 
the use of the Ls:[5'-F]Ss or [5'-F]Ls:Ss substrate, not only must the strands be fully 
separated, but annealing to the a third strand bearing the quencher must also occur for 
fluorescence to change. Since, all the bases of all substrates used in Figure 3 are identical, and 
the only differences between the reaction pairs is the position of the Cy3 and BHQ2 probes, 
the data reveal that strand exchange is the rate-limiting step in the FRET-based helicase 
assays performed in the absence of a protein trap.  

Because there have been so many HCV helicase structures published [15, 16, 32-35], it is 
tempting to speculate on how HCV helicase can simultaneously bind at least three nucleic 
acid strands in order to catalyze strand exchange. The enzyme appears to interact with both 
SsT (or LsT) and [5'-F]Ls:[3'-Q]Ss, because even when HCV helicase is initially bound to 
SsT (or LsT), it can somehow find the substrate [5'-F]Ls:[3'-Q]Ss and exchange the trap for 
one of the DNA strands. How the enzyme coordinates the action of three strands is still a 
mystery given that only one DNA binding site has been visualized on the enzyme [15], which 
most likely represents the site that initially binds the ssDNA region of the duplex, i.e., 3'-tail 
of the long strand of the substrates used here. There are two basic possibilities. The first is 
that the enzyme is a functional oligomer and that two monomers coordinate their actions with 
one subunit bound to the duplex and one to the ssDNA (Figure 7). The other possibility is 
that, like similar SF2 helicases that function in recombination, an NS3 monomer of can bind 
more than two strands of DNA. Such an arrangement has been seen in a crystal structure of 
the related recG protein [36]. 

 

 

Figure 7. Model for helicase catalyzed strand exchange. A, Steps required for annealing of a strand 
complementary (SsT) to the short strand of the helicase substrate. A, Steps required for annealing of a 
strand complementary (LsT) to the long strand of the helicase substrate.  

Regardless of how the strands are coordinated on the enzyme, the differences seen 
between the exchange of the SsT and LsT is enlightening. The data reveal that HCV helicase 
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more readily anneals a third strand to the short strand that is released (Figure 7A). This 
observation supports the notion that the enzyme moves along the long strand as it unwinds the 
DNA, and implies that enzyme protomers could cooperate in strand exchange, with one 
subunit moving along the substrate and the other along the SsT. The slower exchange of the 
LsT may occur because of a lack of subunit cooperation or because the enzyme must fall from 
the long strand before LsT exchange can occur (Figure 7B).  

It is important to note that strand exchange occurs at a rate several orders of magnitude 
slower than the maximum rate at which HCV helicase can unwind a duplex substrate. As seen 
in the single-turnover reactions (Figures 5 and 6), an enzyme complex bound only to [5'-
F]Ls:[3'-Q]Ss unwinds bound substrate very rapidly. The time between reaction initiation and 
first observation in the reactions (Figures 5 and 6) was typically about 20 seconds. It was not 
possible to observe the accurate burst rates using our available equipment, but others have 
[16, 20-24], and the rapid bursts observed here are consistent with such previously published 
reports. We have not yet attempted to define precisely the mechanism of HCV helicase-
catalyzed homologous DNA strand exchange. The protein must bind DNA strands, search for 
homology, form a joint molecule, migrate the branch, and release the displaced strand(s).  

At present, we may also only speculate on the role HCV helicase-catalyzed strand 
exchange may play in viral replication. We used DNA simply for convenience and because 
HCV helicase unwinds DNA even better than RNA. However, we have repeated most of the 
assays shown here using RNA substrates and the scNS3-4A protein and seen few significant 
differences between RNA and DNA substrates. Many helicases related to HCV NS3 function 
as chaperones to fold RNA [37-40], and the HCV core protein has been recently shown to 
promote RNA annealing [41]. Perhaps HCV core and NS3 work together to manipulate the 
HCV genome in ways that are yet to be elucidated. 
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