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ABSTRACT: Helicases are motor proteins that are involved in DNA and RNA metabolism, replication,
recombination, transcription, and repair. The motors are powered by ATP binding and hydrolysis. Hepatitis
C virus encodes a helicase called nonstructural protein (NS3). NS3 possesses protease and helicase activities on
its N-terminal and C-terminal domains, respectively. The helicase domain of NS3 is termed NS3h. In vitro,
NS3h catalyzes RNA and DNA unwinding in a 3'—35 direction. The directionality of unwinding is thought to
arise in part from the enzyme’s ability to translocate along DNA, but translocation has not been shown
explicitly. We examined the DNA translocase activity of NS3h by using single-stranded oligonucleotide
substrates containing a fluorescent probe on the 5’ end. NS3h can bind to the ssDNA and in the presence of ATP
move toward the 5" end. When the enzyme encounters the fluorescent probe, a fluorescence change is observed
that allows translocation to be characterized. Under conditions that favor binding of one NS3h per DNA
substrate (100 nM NS3h and 200 nM oligonucleotide), we find that NS3h translocates on ssDNA at a rate of
46+ 5 nucleotides/s, and that it can move for 230 £ 60 nucleotides before dissociating from the DNA. The
translocase activity of some helicases is responsible for displacing proteins that are bound to DNA. We studied
protein displacement by using a ssDNA oligonucleotide covalently linked to biotin on the 5’ end. Upon addition
of streptavidin, a “protein block” was placed in the pathway of the helicase. Interestingly, NS3h was unable to
displace streptavidin from the end of the oligonucleotide, despite its ability to translocate along the DNA. The
DNA unwinding activity of NS3h was examined using a 22 bp duplex DNA substrate under conditions that
were identical to those used to study translocation. NS3h exhibited little or no DNA unwinding under single-
cycle conditions, supporting the conclusion that NS3h is a relatively poor helicase in its monomeric form, as has
been reported. In summary, NS3h translocates on ssDNA as a monomer, but the translocase activity does not
correspond to comparable DNA unwinding activity or protein displacement activity under identical conditions.

Helicases are nucleic acid-dependent ATPases that are invol-
ved in several processes such as DNA replication, repair, trans-
cription, translation, RNA maturation, splicing, and nuclear
export processes (/—4). Helicases have been divided into different
superfamilies such as SF1—SF4 on the basis of sequence analy-
sis (5). The functional forms of helicases include oligomers (such
as hexamers, trimers, or dimers) and monomers (6—10). In vitro,
DNA helicases translocate along single-stranded DNA in a
reaction that is coupled to ATP binding and hydrolysis. Upon
encountering duplex DNA, DNA can unwind; however, the
specific relationship between translocation and DNA unwinding
has not been made clear for most helicases. Helicases that unwind
DNA can displace proteins from nucleic acids while translocating
along the DNA (//—14). Mutations in helicase genes lead to
genomic instability which results in diseases such as Blooms syn-
drome, Werner syndrome, and cancer (15).
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A fundamental question regarding helicase activity is the
degree to which DNA unwinding is coupled to translocation
activity (16). For example, DNA unwinding might be a conse-
quence of translocation. In such a mechanism, DNA unwinding
occurs due to strong interaction with one of the strands of the
duplex (the translocase or bound strand) and steric displacement
of the complementary strand (displaced strand) (17—19). Alter-
natively, specific protein—nucleic acid interactions might result in
DNA melting so that DNA unwinding might be uncoupled from
translocase activity (20). Dillingham et al. developed a fluore-
scence stopped-flow assay to study translocation on single-
stranded DNA (ssDNA) by the Bacillus stearothermophilus PcrA
helicase (21). Later this method was modified and used by Fischer
et al. to characterize the kinetic mechanism of UvrD transloca-
tion along ssDNA using global nonlinear least-squares (NLLS)
analysis of the kinetic time courses (22—26). These studies
demonstrated that Escherichia coli UvrD and Rep translocate
progressively in the 3'—5' direction on ssDNA (23, 26). However,
there is not a direct relationship between translocase activity and
DNA unwinding for UvrD and Rep helicases. Under single-cycle
conditions with respect to the DNA substrate, an oligomeric
form of UvrD helicase unwinds double-stranded DNA (dsDNA)
whereas a monomer is capable of translocating along ssDNA (22).
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The monomeric form of UvrD does not produce ssDNA under
single-cycle conditions (22). Similar results have been reported
for PcrA (25) and Rep (26) helicases based on global NLLS
analysis, indicating that oligomerization strongly stimulates
DNA unwinding activity but is not required for translocase
activity. However, a truncated form of Rep does unwind dsDNA
as a monomer, and interactions between PcrA and Rep with
other DNA binding proteins strongly stimulate the DNA un-
winding activity in vitro (26). Therefore, the relationship between
DNA unwinding and translocase activity can vary depending on
the mechanism of the particular helicase, the form of the helicase,
and the presence or absence of appropriate binding partners.

An activity associated with helicase translocation is the
removal of proteins from DNA as a result of movement of

the enzyme along the DNA (//—14). For example, PcrA
and UvrD can displace RecA protein filaments from
ssDNA (27, 28). A method for measuring protein displacement
has been developed in which biotin-labeled oligonucleotides
are labeled with streptavidin to create protein blocks on the
end of the DNA. Displacement of streptavidin can be mea-
sured as a result of directionally biased movement of a helicase
on ssDNA (12, 13).

Hepatitis C virus (HCV) nonstructural protein 3 (NS3) is a
SF2 helicase (29). The 180 N-terminal amino acids constitute a
serine protease, and the 450 C-terminal amino acids make up the
helicase (30). NS3 catalyzes RNA and DNA unwindingina 3'—5
direction as judged by the need for a 3’ single-stranded overhang
attached to the duplex (29, 30). Displacement of streptavidin
from the 3’ end of biotin-labeled oligonucleotides by NS3 also
supports the 3'—5' directionality on ssDNA (/4).

Full-length NS3 is capable of interacting with itself in vitro.
Tackett et al. have reported that multiple NS3 molecules binding
to the single-stranded region of a partial duplex DNA substrate
were required for optimal DNA unwinding activity in vitro (3/).
Sikora et al. demonstrated optimal DNA unwinding activity by
an oligomeric species of NS3 based on DNA unwinding, chemi-
cal cross-linking, and biophysical approaches (32). Serebrov and
Pyle reported that NS3 unwinds RNA as a dimer with an 18 bp
kinetic step size (33). The helicase domain of NS3is termed NS3h;
however, it does not readily interact with itself, based on bio-
chemical and biophysical studies (32).

The mechano-chemical mechanism(s) of helicase stepping and
coupling of ATP hydrolysis to DNA or RNA unwinding has
received much attention (10, 16, 21, 23, 33, 34). Dumont et al.
reported NS3 functions as a monomer in optical trap experiments
with an 11 bp step size which consisted of smaller physical steps of
2-3 bp (35). Single-molecule fluorescence energy transfer mea-
surements supported a “spring-loaded” mechanism for NS3,
whereby two or three small steps of one nucleotide are taken
which builds up tension in the molecule leading to simultaneous
unwinding of 2—3 bp (36). Levin et al. have studied NS3h binding
and unwinding of DNA and concluded that the enzyme functions
as a Brownian motor in which binding of ATP causes the enzyme
to enter a loosely bound state in which the helicase is free to
diffuse forward or backward by Brownian motion (37). Inter-
action with the ssDNA—dsDNA junction facilitates ATP hydro-
lysis, resulting in a forward “power stroke” for the proposed
Brownian motor.

Optimal DNA unwinding by NS3 and NS3h requires that
multiple molecules of enzyme be bound to the substrate (31, 32, 38).
However, recent work indicates that a single-stranded binding
(SSB) protein can substitute, at least to some degree, for the need
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for multiple helicase molecules because monomeric NS3h was
found to be able to unwind DNA when coupled with an SSB (39).
Hence, DNA unwinding and RNA unwinding by NS3 and NS3h
have received much attention, and their respective mechanisms
are of interest as model systems as well as in relation to hepatitis C
viral replication. In contrast to DNA and RNA unwinding,
translocation of NS3 or NS3h on a single-stranded nucleic acid
has not been directly demonstrated.

In this report, the fluorescence stopped-flow assay using
labeled oligonucleotides and global NLLS analysis was used to
study translocation on ssDNA by the hepatitis C virus NS3
helicase domain. Experiments were performed under single-cycle
conditions that favor binding of monomeric NS3h to the DNA
substrate to determine the rate constants, kinetic step size,
directionality, and processivity of NS3h using global NLLS
analysis. DNA unwinding and streptavidin displacement were
also investigated under identical conditions to compare the
different activities associated with NS3h.

EXPERIMENTAL PROCEDURES

Materials. ATP (disodium salt), streptavidin, phosphoenol-
pyruvate (tricyclohexylammonium salt), pyruvate kinase/lactate
dehydrogenase (in glycerol), heparin (sodium salt), poly(dT),
sodium dodecyl sulfate (SDS), potassium acetate, magnesium
acetate, bromophenol blue, and xylene cyanol were obtained from
Sigma. [y-**p]ATP was obtained from Perkin-Elmer Life Sciences.
DNA oligonucleotides were purchased from Integrated DNA
Technologies, purified by denaturing polyacrylamide gel electro-
phoresis, and stored in 10 mM Hepes (pH 7.5) and I mM EDTA.
Purified oligonucleotides were quantified by UV absorbance at
260 nm in 0.2 M KOH by using extinction coefficients. Recombi-
nant full-length NS3 was derived from the HCV Con 1B replicon
consensus sequence and purified as described previously (37).
NS3h was also derived from the HCV Con 1B replicon consensus
sequence and purified as described previously (40).

Heparin was dialyzed against Milli-Q water using 3500 Da
molecular mass cutoff dialysis tubing. The heparin stock solution
concentration was determined by barbital buffer and titration
with Azure A using previously published protocols (27—25).

Assay buffer contains 25 mM MOPS (pH 7.0), 50 mM NaCl,
0.1 mM EDTA, 2 mM fS-mercaptoethanol (BME), and 0.1 mg/mL
bovine serum albumin (BSA). For dissociation experiments, the
same assay buffer was prepared without BSA.

DNA Unwinding. The substrate used to monitor NS3 and
NS3h unwinding was prepared by annealing a 37-mer with a
22-mer resulting in a 37-mer-22-mer partial duplex containing a
T15 single-stranded overhang and 22 bp. The sequence of the
loading strand was 3'-TTTTTTTTTTTTTTTAGGACAGTC-
GGATCGCAGTCAG-5 (also termed translocase or bound strand
in some reports), and the displaced strand was 5'-TCCTG-
TCAGCCTAGCGTCAGTC-3'. The trapping strand was com-
plementary to the 22-mer displaced strand (5-GACTGACGC-
TAGGCTGACAGGA-3). Oligonucleotides were purified by
preparative gel electrophoresis. Crude oligonucleotide was mixed
with 90% formamide (1:1) and resolved on a 7 M urea—20%
polyacrylamide gel (Hoeffer Scientific instruments). Oligonucleo-
tide was excised from the gel by visualization under UV followed
by electroelution of the sliced gel using a Schleicher and Schull
elutrap apparatus. Oligonucleotides were then desalted on a
Waters Sep-Pak C,g column and lyophilized overnight using a
Savant Speed-Vac. Lyophilized oligonucleotides were suspended
in 10mM Hepes (pH 7.5) and I mM EDTA, and the concentration
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was determined by measuring the absorbance at 260 nm in 0.2 M
KOH using calculated extinction coefficients. To prepare a
partial duplex substrate, a 1:2 mixture of 37-mer to 22-mer was
mixed, heated at 95 °C for 10 min, and allowed to cool to room
temperature. The mixture of partial duplex was resolved on a
native 20% acrylamide gel, electroeluted, desalted, and quanti-
fied as described above.

The purified 37-mer- 22-mer partial duplex was radiolabeled at
the 5 end with [y-"PJATP by T4 polynucleotide kinase. The
substrate was incubated for 1 h at 37 °C, followed by heat
denaturation of the enzyme at 70 °C for 10 min. Then unlabeled
complementary oligonucleotide to 22-mer was added to the
5-radiolabeled substrate. Excess [y->>PJATP was removed when
the substrate was passed through two 1 mL Sephadex G-25 sping
columns. The mixture (5'-radiolabeled and unlabeled comple-
mentary oligonucleotide) was heated to 95 °C and slowly cooled
to room temperature. To prepare higher substrate concentrations,
unlabeled partial duplex DNA was added to radiolabeled sub-
strate, heated to 95 °C, and slowly cooled to room temperature.

DNA unwinding experiments were conducted using a KinTek
rapid chemical quench-flow instrument maintained at 37 °C with
a circulating water bath. All concentrations listed are final
concentrations after mixing. Unwinding assay buffer contained
25 mM MOPS (pH 7.0), 50 mM NaCl, 0. mM EDTA, 2 mM
BME, and 0.1 mg/mL BSA. All unwinding experiments were
conducted under single-cycle conditions with respect to the DNA
substrate by including heparin as a protein trap. For experiments
in the presence of excess enzyme over DNA substrate, a “two-
step” mixing procedure was applied. DNA (37-mer-22-mer,
2 nM) was incubated with NS3 or NS3h (500 nM) for 20 s prior
to initiation of unwinding by addition of 5mM ATP and 10 mM
MgCl,. The DNA annealing trap (60 nM) and heparin (4 mg/mL)
were added along with ATP and MgCl, to prevent protein
rebinding to the DNA and to prevent reannealing of the ssDNA
products. After the solution had been rapidly mixed, the reaction
was quenched with 200 mM EDTA and 0.7% SDS. A 25 uL
aliquot of quenched reaction mixture was added to 5 uL of
loading buffer (30% glycerol, 0.1% bromophenol blue, and 0.1%
xylene cyanol), and products were electrophoresed on a 20%
acrylamide gel at 22 mA for 2.5 h. The gel was exposed to a
phosphor storage screen, and the quantity of ssDNA and dsDNA
was determined by using ImageQuant. To determine the effi-
ciency of heparin as a protein trap, DNA substrate (2 nM) and
heparin (4 mg/mL) were incubated together prior to rapid
addition of NS3h (500 nM). After 20 s, the unwinding reaction
was initiated by addition of ATP (5 mM), MgCl, (10 mM), and
annealing trap (60 nM). For experiments conducted under
conditions of excess substrate concentration relative to enzyme
concentration, DNA (37-mer-22-mer, 200 nM) was incubated
with NS3 or NS3h (100 nM) prior to initiation of unwinding with
5SmM ATP and 10 mM MgCl,, 4 mg/mL heparin, and the DNA
annealing trap (2 uM). To determine the efficiency of heparin as a
protein trap under conditions of excess substrate concentration,
DNA substrate (37-mer-22-mer, 200 nM) was incubated with
4 mg/mL heparin, 5 mM ATP, 10 mM MgCl,, and 2 uM DNA
annealing trap prior to initiation of DNA unwinding by addition
of NS3h (100 nM). The reaction was quenched; loading dye was
added, and products were separated by electrophoresis and
quantitated as described above.

Streptavidin Displacement. This assay was performed by
using two 5'-biotinylated oligonucleotides in which biotin label
(Biotin dT) was incorporated into the DNA. The sequence of the
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5'-bio-30-mer (29 nucleotides with Biotin dT) was 5'-GX(T)»g-3,
and the sequence of the 5'-bio-60-mer (59 nucleotides with Biotin
dT) was 5-GX(T)ss-3, where X indicates placement of the biotin
label in the DNA sequence. Streptavidin (50 M) was prepared in
buffer containing 25 mM Hepes (pH 7.5), 20% glycerol, and
10 mM NaCl. The solution was quick-frozen in liquid nitrogen
and stored at —80 °C. Prior to use, streptavidin was diluted to
5 uM in buffer consisting of 25 mM Hepes (pH 7.5), 0.1 mg/mL
BSA, 0.1 mM EDTA, and 1 mM BME. Oligonucleotide (10 or
200 nM) was incubated in reaction buffer [25 mM MOPS
(pH 7.0), 12.5 mM Mg(OAc),, 150 mM KOAc, 4 mM PEP,
| mM BME, and 0.1 mg/mL BSA] with 5 mM ATP, 300 nM
streptavidin, and PK and LDH (10.8 and 16.6 units/mL,
respectively) at 37 °C for 3 min. For experiments that utilized
200 nM oligonucleotide, 6 uM streptavidin was included rather
than 300 nM streptavidin, to maintain the same ratio of DNA to
streptavidin in all the experiments. The streptavidin displacement
reaction was initiated by addition of helicase. At various times,
10 uL aliquots were removed from the reaction mixture and
mixed with 10 4L of quench solution [0.6% SDS, 200 mM EDTA
(pH 8.0), 10 uM poly(dT), 0.08% xylene cyanol, 0.08% bromo-
phenol blue, and 10% glycerol]. Samples were analyzed by
electrophoresis on a 15% polyacrylamide gel. Radiolabeled
DNA bands were visualized by using a phosphorimager, and
the quantity of radioactivity in the bands corresponding to free
oligonucleotide and streptavidin-bound oligonucleotide in each
sample was determined by using ImageQuant. The fraction of
free oligonucleotide in samples was calculated with a correction
for the free oligonucleotide in the blank sample by using the
following equation.

FD, _  FD,
FDC’[ _ FD, ‘l‘ SD, FFD?b ‘l‘ sDb
~ FDp + SDy

FD,, is the fraction of free oligonucleotide corrected for the
amount of free oligonucleotide in the blank sample, FD, is the
radioactivity of free oligonucleotide DNA for each sample at
time ¢, SD; is the radioactivity of streptavidin-bound oligonu-
cleotide DNA at time ¢, and FDy, and SDy, are the radioactivities
of free oligonucleotide DNA and streptavidin-bound oligonu-
cleotide DNA, respectively, in the blank (b) at time zero.

Dissociation of NS3h from ssDNA. Dissociation experi-
ments were performed as described previously (22, 25). Briefly,
dissociation kinetics were determined by an increase in NS3h
tryptophan fluorescence (Ae, = 280 nm, and Ay, = 345 nm). The
dissociation rate constant (kq) was measured during NS3h
translocation on ssDNA [poly(dT)].

Translocation of NS3h on ssDNA. Translocation experi-
ments were performed in assay buffer [25 mM MOPS (pH 7.0),
50 mM NaCl, 0.1 mM EDTA, 1 mM f-mercaptoethanol, and
0.1 mg/mL bovine serum albumin] at 37 °C using an SX18MV
stopped-flow instrument (Applied Photophysics Ltd., Surrey,
U.K.). During translocation experiments, 100 nM NS3h was
preincubated with 200 nM ssDNA and the reaction was initiated
by the addition of 5 mM ATP, 10 mM MgCl,, and 4 mg/mL
heparin. These are final concentrations after mixing in the stop-
ped-flow instrument. NS3h translocation was assessed as des-
cribed previously (22). Briefly, fluorescence change was measured
upon arrival of NS3h at the 5’ end of ssDNA using 5'-F-(dT); (Aex =
492 nm, and A, > 520 nm).
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Analysis of Kinetic Translocation Data. The multiple time
courses for NS3h monomer translocation on DNA, each corres-
ponding to a different length of DNA, were analyzed globally
using eq 1 (derived from Scheme 1) or eq 2 (derived from Scheme 2)
and standard nonlinear least-squares (NLLS) algorithms to
obtain estimates of the translocation kinetic parameters (22—26).
In these equations, the variables ki, kg, ke, ki, kena, m, d, B, C, 1,
and rn were constrained to be global parameters (independent of
DNA length); the A variables were allowed to float for each time
course (23—26). The multiple time courses for NS3h monomer
translocation on poly(dT), each corresponding to a different
solution concentration of heparin, were analyzed separately using
eq 3. AIl NLLS and linear least-squares analyses were performed
using Conlin (41), kindly provided by J. Williams. The software
library CNL50 (Visual Numerics Inc., Houston, TX) was used
for the numerical calculation of the inverse Laplace transform.

RESULTS

DNA Unwinding with the Enzyme Concentration in
Excess of the Substrate Concentration. To investigate the
relationship between translocation on ssDNA and unwinding of
dsDNA for NS3h and for NS3, we sought conditions that could
be applied to each type of measurement and to each form of the
enzyme. NS3 exhibits a large kinetic step size as well as relatively
low processivity. A DNA substrate was prepared that would
be short enough to exhibit a single kinetic step (and therefore
more product) but was stable enough to use at 37 °C. The
substrate contained 15 nucleotides of a ssDNA overhang and
22 bp (37nt:22bp). To evaluate the substrate, we performed
standard DNA unwinding experiments in which the helicase
concentration exceeded the DNA substrate concentration. Typi-
cal experiments for measuring DNA unwinding by a helicase are
conducted by incubating the helicase with the DNA substrate,
followed by rapid mixing with ATP and Mg>" to initiate the
reaction. However, we found that this protocol does not work
well with NS3h when the helicase concentration is in excess of the
DNA substrate concentration due to ATP-independent DNA
unwinding (42).

DNA unwinding by NS3h has been studied extensively by
using a “double-mixing” approach as described by Levin et al.
(38). We applied this approach to compare DNA unwinding by
NS3h and NS3 under identical conditions (Figure 1). Helicase is
rapidly mixed with DNA substrate and allowed to incubate for
20 s, which is too little time for ATP-independent melting to
occur. After the 20 s incubation time, ATP and Mg”" are intro-
duced in a second rapid mixing step, followed by varying reaction
times before the reaction is stopped with quencher. Using this
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Ficure 1: Unwinding of the 37-mer-22-mer partial duplex by NS3
and NS3h in the presence of heparin (used as a protein trap) with the
enzyme concentration in excess of the DNA substrate concentration.
A “double-mixing” experimental protocol was performed as des-
cribed in the text. Unwinding products were resolved on a 20%
polyacrylamide gel, visualized using a Phosphorlmager, and quanti-
tated by using ImageQuant. (A) Representative gel image showing
unwinding of 2 nM partial duplex by 500 nM NS3. The blank sample
(B) shows the partial duplex DNA substrate prior to unwinding, and
the heated sample (H) shows the DNA after it has been heated to
95 °C for 10 min. (B) Representative gel image showing unwinding of
2 nM partial duplex by 500 nM NS3h. (C) To determine the efficiency
of heparin as a protein trap, we mixed the partial duplex substrate
(2 nM) with heparin (4 mg/mL) prior to initiating the reaction upon
mixing with NS3h (500 nM). Little or no unwinding was observed.
(D) Fraction of product formation for unwinding of 2 nM partial
duplex by 500 nM NS3 (circles), 500 nM NS3h (squares), and 500 nM
NS3h under conditions where heparin and partial duplex DNA were
mixed together prior to initiation of the reaction by addition of
enzyme. Enzyme-catalyzed unwinding was fit to a single exponential
followed by a steady state rate, resulting in amplitudes of 0.19 £ 0.03
and 0.17 £ 0.01 nM, rate constants of 0.62 £ 0.3 and 0.61 £ 0.1 s~ !,
and steady state rates of 0.005 £ 0.001 and 0.004 & 0.001 nM/s for
NS3 and NS3h, respectively. The control experiment in which
heparin was added to the DNA substrate prior to addition of NS3h
was fit to a linear equation, resulting in a rate of 0.004 4+ 0.001 nM/s
(diamonds).

approach, we were able to directly compare DNA unwinding by
NS3 and NS3h under identical conditions. NS3 or NS3h (500 nM)
was rapidly mixed with DNA (2 nM) followed by a second rapid
mixing step in which ATP and MgCl, were added. To prevent
reannealing of ssDNA products, a 22-mer DNA annealing trap
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was included with the ATP and MgCl,, which was complemen-
tary to the 22-mer of the 37-mer-22-mer DNA substrate. To
maintain single-cycle conditions, heparin was also added to
“trap” protein that dissociated from the DNA substrate. The
efficiency of heparin as a protein trap was tested via addition of
heparin to the DNA substrate prior to the first mixing step.
Under these conditions, a small amount of DNA unwinding was
observed, which indicated heparin as a good but not perfect
protein trap under these conditions (Figure 1C). NS3 and NS3h
unwind DNA almost identically, producing ~20% ssDNA
product when incubated with substrate for only 20 s prior to
initiation of the unwinding reaction (Figure 1D). In contrast,
NS3 unwinds nearly 80% of a 30 bp DNA substrate when
incubated for at least 10 min prior to initiation of the reaction
(29-31, 40). Therefore, the incubation time between NS3 and
DNA can affect the level of DNA unwinding, which has been
reported for NS3 unwinding of RNA (43). The slow phase for
DNA unwinding following the initial burst of product formation
is likely due to slight leakage of the protein trap based on similar
rates for the slow phase compared to the control experiment
(Figure 1D).

DN A Unwinding with the DN A Substrate Concentration
in Excess of the Enzyme Concentration. Translocation on
ssDNA has been best studied under conditions that favor binding
of one molecule of helicase per one molecule of substrate (16). To
achieve these conditions, the concentration of oligonucleotide
substrate must be in excess of the helicase concentration. DNA
unwinding experiments were conducted under these conditions,
in which the DNA substrate concentration (200 nM) exceeded
the enzyme concentration (100 nM). NS3h has been shown to exist
as a monomer in the presence and absence of ssDNA (32, 44)
(Figure 1 of the Supporting Information). When NS3h is
preincubated with the DNA substrate under these conditions,
no ATP-independent unwinding was observed (K. A. Reynolds
and K. D. Raney, manuscript in preparation). Therefore, only
one mixing step was necessary for unwinding experiments to be
performed. NS3 or NS3h (100 nM) and DNA (200 nM) were
incubated prior to initiation of unwinding by addition of ATP,
MgCl,, heparin, and annealing trap (Figure 2). Under single-
cycle conditions, little or no unwinding was observed (Figure 2A,
B.,D). The efficiency of the heparin as a protein trap was tested
under these conditions by incubating DNA with ATP, MgCl,,
heparin, and annealing trap prior to initiation of unwinding with
NS3h which led to no observable unwinding over background,
indicating that heparin functions as an excellent protein trap
under these conditions (Figure 2C,D).

Protein Displacement by NS3 and NS3h. Helicase activ-
ities are not limited to melting duplex DNA. Helicases can also
displace proteins from DNA during DNA unwinding. Displace-
ment of streptavidin from biotin-labeled oligonucleotides has
been used to measure protein displacement activity on ssDNA. A
5'-bio-29-mer and a 5'-bio-59-mer were examined for the com-
parison of the protein displacement activities of NS3 and NS3h
on ssDNA. The reaction was initiated by the addition of NS3 or
NS3h to the biotin-labeled DNA substrate (10 nM) in the
presence of ATP, Mg>", and excess biotin which served to trap
streptavidin. Aliquots were removed and quenched at various
times, followed by native polyacrylamide gel electrophoresis to
separate free oligonucleotide from streptavidin-bound oligonu-
cleotide (Figures 3 and 4). The magnitude of the gel band due to
streptavidin-bound oligonucleotide decreased during the 60 min
incubation with NS3 for the 5'-bio-29-mer and 5-bio-39-mer,
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F1GURE 2: Unwinding of the 37-mer-22-mer partial duplex by NS3
and NS3h with the DNA substrate concentration in excess of the
enzyme concentration. Unwinding products were resolved by elec-
trophoresis on a 20% native polyacrylamide gel, visualized using a
PhosphorImager, and quantitated by using ImageQuant. (A) Repre-
sentative gel image showing unwinding of 200 nM partial duplex
DNA by 100 nM NS3. The blank sample (B) shows the DNA sub-
strate prior to unwinding, and the heated sample (H) shows the
substrate after being heated to 95 °C. (B) Representative gel image
showing unwinding of 200 nM partial duplex DNA by 100 nM NS3h.
(C) Heparin (4 mg/mL) was mixed with the partial duplex substrate
(200 nM) prior to initiation of the reaction by mixing with NS3h
(100 nM) to determine the ability of heparin to serve as a protein trap.
(D) Fraction of ssDNA product formed after quantitation of gel
images by using ImageQuant. Unwinding of 200 nM 37-mer-22-mer
DNA by 100 nM NS3 (circles), 100 nM NS3h (squares), and 500 nM
NS3h under conditions where heparin and partial duplex DNA were
mixed together prior to initiation of the reaction by addition of
enzyme (diamonds).

indicating the displacement of streptavidin from biotin-labeled
oligonucleotide (Figure 3A,B). Similarly, the streptavidin dis-
placement reaction was also performed by the addition of 1 uM
NS3hto 10 nM substrate; however, no streptavidin displacement
was observed in the presence of NS3h (Figure 4A,B).

To mimic the conditions used for translocation assays (descri-
bed below), we conducted streptavidin displacement experiments
by adding 100 nM NS3h to 200 nM substrate prior to the
reaction. No product was observed with either substrate (5'-bio-
29-mer or 5'-bio-59-mer) during the 60 min incubation, which
indicated no streptavidin displacement under these conditions
(Figures 3C,D and 4C,D). In summary, NS3 was capable of dis-
placing streptavidin from both DNA substrates under conditions
in which the helicase concentration greatly exceeded the substrate
concentration. However, when the NS3 concentration (100 nM)
was less than the substrate concentration (200 nM), no strepta-
vidin displacement was observed during the 60 min incubation
(Figure 3). NS3h was unable to displace streptavidin from either
biotin-labeled oligonucleotide, regardless of the relative concen-
trations of enzyme and substrate (Figure 4). Hence, the DNA
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FI1GURE 3: NS3-catalyzed streptavidin displacement from 5'-bio-30-
mer and 5'-bio-60-mer oligonucleotides. (A) NS3 (1 uM) was in-
cubated with 5'-bio-30-mer (10 nM) in reaction buffer. Samples were
removed at varying times and added to a quencher solution (0.6%
SDS, 200 mM EDTA, 0.08% xylene cyanol, 0.08% bromophenol
blue, and 10% glycerol) followed by separation of streptavidin-bound
oligonucleotide from free oligonucleotide on a 15% native poly-
acrylamide gel. (B) NS3 (1 uM) was incubated with 10 nM 5’'-bio-60-
mer in reaction buffer and treated as described for panel A. (C) NS3
(100 nM) was incubated with 200 nM 5'-bio-30-mer under identical
conditions as described for panel A, and samples were analyzed by
15% native polyacrylamide gel electrophoresis. (D) NS3 (100 nM)
was incubated with 200 nM 5'-bio-60-mer under identical condi-
tions as described for panel A. (E) Displacement of streptavidin
from different lengths of biotin oligonucleotides catalyzed by NS3.
Results were obtained by quantitation of gels in panels A—D.
Streptavidin displacement over time is shown in the presence of
NS3 (I uM) incubated with 10 nM 5'-bio-30-mer (circles),
NS3 incubated with 10 nM 5-bio-60-mer (diamonds), NS3
(100 nM) incubated with 200 nM 5'-bio-30-mer (squares), and
NS3 (100 nM) incubated with 200 nM 5'-bio-60-mer (triangles).

unwinding properties of these two helicases are similar when
measured under identical conditions; however, their protein
displacement activities are quite different.

We have added a new experiment in which NS3h dissociation
was assessed on a biotin-labeled substrate in the presence or
absence of streptavidin (Figure 6 of the Supporting Information).
NS3h dissociates at a similar rate on each substrate. This indi-
cates that when NS3h encounters streptavidin, it dissociates just
as it would as if reaching the end of ssDNA. This result is in
contrast to the result with Dda helicase, which was found to
remain bound to ssDNA upon colliding with streptavidin (49).
Previous results with other helicases indicated no difference
between the BioTeg and Biotin dT linkers. In this paper, we
used Biotin dT, and we mention this in Experimental Procedures.

Matlock et al.
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FiGURE 4: NS3h-catalyzed displacement of streptavidin from 5'-bio-
30-mer and 5'-bio-60-mer oligonucleotides. (A) NS3h (1 uM) was
incubated with 5'-bio-30-mer (10 nM) in reaction buffer (describe).
Samples were removed at varying times and added to a quencher
solution (0.6% SDS, 200 mM EDTA, 0.08% xylene cyanol, 0.08%
bromophenol blue, and 10% glycerol) followed by separation of
streptavidin-bound oligonucleotide from free oligonucleotide on a
15% native polyacrylamide gel. (B) NS3h (1 uM) was incubated with
10 nM 5'-bio-60-mer in reaction buffer and treated as described for
panel A. (C) NS3h (100 nM) was incubated with 200 nM 5'-bio-30-
mer under identical conditions as described for panel A, and samples
were analyzed by 15% native polyacrylamide gel electrophoresis. (D)
NS3h (100 nM) was incubated with 200 nM 5'-bio-60-mer under
identical conditions as described for panel A. (E) Displacement of
streptavidin from different lengths of biotin oligonucleotides cata-
lyzed by NS3. Results were obtained by quantitation of gels in panels
A—D. Streptavidin displacement over time is shown in the presence
of NS3h (1 uM) incubated with 10 nM 5'-bio-30-mer (circles),
NS3h incubated with 10 nM 5'-bio-60-mer (diamonds), NS3h
(100 nM) incubated with 10 nM 5'-bio-30-mer (squares), and NS3h
(100 nM) incubated with 10 nM 5'-bio-60-mer (triangles).

However, it is theoretically possible that different linkers might
cause a difference. Examining the structural models of strepta-
vidin bound to biotin-labeled DNA and considering the mole-
cular structure of NS3h, we found it is difficult to imagine
how NS3h might evade the streptavidin molecule during trans-
location.

NS3h Is a 3—5" Directionally Biased Single-Stranded
DNA Translocase. The translocation of NS3 and NS3h along
single-stranded DNA was monitored in a stopped-flow spectro-
meter using a previously established technique (20—23). This
approach measures the change in fluorescence that occurs as a
helicase translocates toward or away from a fluorescent label
on ssDNA. The dependence of the observed time courses of
fluorescence on the length of the oligonucleotide allows one to



Article

determine the directionality and the kinetic parameters that
govern translocation. We used a series of (dT); molecules (L =
40—100 nucleotides) labeled at the 3’ or 5 end with fluorescein
[5-F-(dT); or 5-(dT);-F] since the binding of enzyme to fluo-
rescein results in a quenching of the fluorescence of the fluoro-
phore (Figure 6). The protein trap heparin was also included in
these reactions to ensure that any free enzyme in solution at the
start of the reaction and any enzyme that dissociates during
translocation will be unable to rebind the DNA and reinitiate
translocation (22—25).

Multiple attempts to examine translocation of NS3 using
different lengths of oligonucleotides labeled with fluorescein failed
to produce interpretable data (Figure 2 of the Supporting In-
formation). NS3 can exist as an oligomer containing multiple
subunits. Preliminary experiments using DNA footprinting tech-
niques indicate that NS3 binds along the entire length of the
ssDNA due to protein—protein interactions (V. M. Raney and
K. D. Raney, manuscript in preparation). This mode of binding
precludes the study of translocation using the fluorescein-labeled
substrates under conditions reported here, so alternative methods
will be needed to examine translocation of this enzyme on ssDNA.
Therefore, additional experiments were performed only with NS3h.

As shown in Figure 5A, when fluorescein is at the 3’ end of the
ssDNA, only an increase in the fluorescence of the fluorophore is
observed. Furthermore, the qualitative features of the time
courses were independent of the length of the DNA. In contrast,
when the fluorophore is at the 5" end of the DNA, the observed
time courses of fluorescence do depend upon the length of the
DNA and are multiphasic; an initial rapid decrease in the
fluorescence of the fluorophore is followed by a slow increase
in fluorescence (Figure 5B). Taken together, these data support
the conclusion that NS3h is a 3'—5 directionally biased single-
stranded DNA translocase (/4).

Kinetic Analysis of NS3h Translocation along ssDN A
Using Fluorescein-Labeled DNA. The fluorescence time
courses resulting from stopped-flow experiments obtained with
5'-F-(dT); (L = 40, 60, 72, 88, and 100) are shown in Figure 6.
These experiments were conducted at 37 °C in assay buffer at a
final heparin concentration of 4 mg/mL. The time courses of
single-stranded DNA translocation by NS3h are qualitatively
similar to those previously observed for single-stranded DNA
translocation by the E. coli UvrD (22), B. stearothermophilus
PcrA (25), and E. coli Rep (26) helicases, which suggests that a
similar model for single-stranded DNA translocation may be
applicable. It is worth noting, however, that there is evidence of a
very fast initial phase in the time courses of single-stranded DNA
translocation by NS3h occurring on a time scale faster than the
first 50 ms of the reaction. The magnitude and duration of this
fast phase, associated with a rapid increase in the fluorescence of
the fluorophore, were independent of the length of the DNA,
suggesting that it corresponds to a physical process conducted by
proteins already bound close to the fluorophore before the
addition of ATP. However, since the measurements of fluoro-
phore fluorescence associated with these early time scales had
large uncertainty, we did not attempt to model this phase directly.
This omission will not affect our subsequent estimates of the
kinetic parameters associated with the translocation of NS3h
along single-stranded DNA since, as stated, the magnitude and
duration of this phase were not dependent on the length of the
single-stranded DNA.

The model for the mechanism of single-stranded DNA trans-
location by NS3h is shown in Scheme 1. In this model, an NS3h
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FIGURE 5: NS3h translocation kinetics monitored by stopped-flow
experiments with fluorescein-labeled ssDNA. NS3h (100 nM) was
preincubated with 200 nM ssDNA in assay buffer, and translocation
was initiated by the addition of ATP (5 mM), MgCl, (10 mM), and
heparin (4 mg/mL). (A) Fluorescence time courses obtained with
5'-(dT)4-F (blue) and 5-(dT)gp-F (red). (B) Fluorescence time
courses obtained with 5'-F-(dT)4g (blue) and 5'-F-(dT)g (red).

monomer with an occluded site size of » nucleotides and a contact
size of d nucleotides binds with polarity to a single-stranded DNA
that is L nucleotides long. The contact size, d, represents the
number of consecutive nucleotides required to maintain all
contacts with the protein and is less than or equal to the occluded
site size of the protein. In this model, we assume that the protein
utilizes its full contact size even when bound to the ends of the
DNA (i.e., no dangling protein) (22). The NS3h monomer is
initially bound i translocation steps from the 5 end, with a
concentration /;. The number of translocation steps, i, is con-
strained (1 < i < n), where n is the maximum number of
translocation steps needed for a translocase bound initially at
the 3’ end to move to the 5’ end of a DNA that is L nucleotides
long. We assume that the binding of NS3h to the single-stranded
DNA is random, but uniform, so that there is an equal proba-
bility of binding to any position along the single-stranded DNA
with the exception of the ends of the DNA, which have a different
probability of binding.

Upon addition of ATP, the NS3h monomer moves with direc-
tional bias (from 3’ to 5') along the DNA via a series of repeated
rate-limiting translocation steps each associated with the same
rate constant, k.. The rate constant for protein dissociation
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FiGure 6: NS3h translocation kinetics monitored by stopped-flow
experiments with fluorescein-labeled ssDNA. NS3h (100 nM) was pre-
incubated with 200 nM ssDNA labeled at the 5’ end with fluorescein
[5-F-(dT) ] at 37 °C in assay buffer, and translocation was initiated
by the addition of ATP, Mg>", and heparin to final concentra-
tions of 5 mM, 10 mM, and 4 mg/mL, respectively. Fluorescence
time courses at short (A) and long (B) time scales obtained with
5'-F-(dT)4 (red), 5'-F-(dT)g (blue), 5'-F-(dT)7, (green), 5'-F-(dT)gg
(purple), and 5'-F-(dT),go (light blue). The solid lines are simula-
tions using eq 1 and the best-fit parameters obtained from the global
NLLS analysis of the time courses using eq 1.

during translocation is k4. The finite processivity of translocation
along the single-stranded DNA is thus defined as
k
P=—
kq + Kkt

Between each rate-limiting translocation step, the protein moves
m nucleotides and the product mk, is the macroscopic transloca-
tion rate and has units of nucleotides per second. Inclusion of a
protein trap prevents any free protein that dissociates during
translocation from rebinding to the DNA (22, 25, 26). When the
protein reaches the 5 end of the DNA (I, in Scheme 1) it
dissociates from the DNA through a two-step process with
associated rate constants k. and keq.

We note that, in general, k, represents the rate constant for the
rate-limiting step that occurs within each repeated translocation
cycle and does not necessarily correspond to the rate constant for
physical movement of the protein along the DNA (22). Similarly,
the average number of nucleotides translocated between two succe-
ssive rate-limiting steps, defined as the translocation “kinetic step
size” (m), might be larger than the smallest length of DNA traversed
during a single physical movement of the enzyme along the DNA.
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On the basis of Scheme 1, the expressions in eq 1 can be
derived (22, 25) for the time-dependent accumulation of protein

s Cend

{kd +rki+s— (ﬁ) [rky + (r —rn)(ka + Sﬂ})

(1)

Sy =L

/{(kc + 8)(kg + 5)[1 + (n —1)r + ]}

In these equations, L~ is the inverse Laplace transform ope-
rator, s is the Laplace variable, and ki, kq, k¢, keng, and n are as
defined above. The variable A4 is a scalar factor incorporating
both the initial concentration of protein bound to the single-
stranded DNA and the fluorescence signal change associated
with protein being bound at the 5’ end of the DNA (in the I, state
in Scheme 1). The variable Bis the ratio of the fluorescence signal
change associated with a protein completing the second step of
the two-step dissociation process to the fluorescence signal
change associated with the protein being bound at the 5" end of
the DNA. The variable r is the ratio of the initial probability
(before the addition of ATP) of the enzyme being bound to any
other position (other than the 3’ or 5 end) on the single-stranded
DNA to the initial probability (before the addition of ATP) of the
enzyme being bound to the 5" end of the DNA (22). The variable
rn is the ratio of the initial probability (before the addition of
ATP) of the enzyme being bound to the 3’ end of the single-
stranded DNA to the initial probability (before the addition of
ATP) of the enzyme being bound to the 5’ end of the DNA. As
shown in eq 2, we can relate n to the kinetic step size of trans-
location (1) and the interaction size of the enzyme on the DNA
(d) (21, 22, 25, 26).

L—d

T @)

Dissociation of NS3h from Internal Regions of ssDNA.
Previous studies of the single-stranded DNA translocation
activity of several bacterial helicases have relied upon indepen-
dent measurements of the rate of dissociation from internal
regions of the DNA (the k4 variable in Scheme 1 and eq 1) as a
constraint in the NLLS analysis of the kinetic time courses
(22, 25, 26, 46). In an attempt to mimic this procedure, we moni-
tored the dissociation kinetics of NS3h through changes in the
intrinsic tryptophan fluorescence of the enzyme following its
dissociation from poly(dT) and subsequent binding to heparin.
NS3h (50 nM) was prebound to poly(dT) (5 uM nucleotide) in
assay buffer, and dissociation was initiated by mixing with buffer
containing 5 mM ATP, 10 mM Mg(OAc),, and various con-
centrations of heparin. The observed time courses (shown in
Figure 7) are clearly biphasic and described well by simple two-
exponential fits (eq 3). The results of linear least-squares fitting of
the data in Figure 7 to eq 3 are listed in Table 1.

f(t) = Ay + Aye M 4+ dpe ™R (3)

The analysis of these time courses indicates that no further
changes in the kinetics of NS3h translocation, dissociation, and
heparin binding occur beyond a heparin concentration of 2 mg/mL.
This is consistent with our experimental results indicating that a
heparin concentration of 2 mg/mL was sufficient to trap free
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NS3h under these solution conditions (Figure 5 of the Supporting
Information). However, the biphasic nature of all of the time
courses in Figure 7 (including those obtained in the absence of
heparin) and the observation that the associated rate constants
(k1 obs and k, ops in Table 1) decrease with an increase in heparin
concentration make interpretation of the traces difficult. The
second phase may represent photobleaching of NS3h over the
time frame of the experiment. A control experiment was per-
formed in the absence of ATP, and the decrease in fluorescence
was similar to that observed in the presence of ATP (Figure 3 of
the Supporting Information). The observation of a decrease in
fluorescence in the absence of ATP indicates that the second
phase is not likely related to translocation and may indeed be
photobleaching. For this reason, we have analyzed the data in
two ways. The value of kq was allowed to float in the NLLS
analysis, and the value was fixed according to the first observed
rate constant obtained in Figure 7.

Mechanism of Single-Stranded DNA Translocation by
NS3h. Estimates of the kinetic parameters in Scheme 1 were
obtained through the global nonlinear least-squares analysis of
the time courses in Figure 6 using eq 1. In this analysis, ky, kq, ke,
kenas M, d, B, r, and rn were floated as global parameters (i.e.,
constrained to be the same for all single-stranded DNA lengths),
whereas the 4 parameters were allowed to float independently for
each single-stranded DNA length. The best-fit parameters obtai-
ned from global NLLS analysis of time courses in Figure 6 were
as follows: k = 28 + 4 steps/s, kq = 0.2 £ 0.06 s hhke=6+1s"",
keng=1.8£0.1s7", and m = 1.7 £ 0.2 nucleotides (summarized
in Table 2). For comparison, rate constants obtained when the
kq value was fixed are reported in Table 2 of the Supporting
Information. The macroscopic rate constant for translocation
(mky) was determined to be 43 nucleotides/s when the value for
kq was allowed to float and 46 nucleotides/s when the value was
fixed.

An equally probable representation of the kinetic mechanism
for single-stranded DNA translocation by NS3h is shown in
Scheme 2, and the associated equation for the fluorescence is eq 4.

S(@) = LA/ + o+ r(n = 1)](ki +9)})
[C + (ki{kd + ke + 5 — [kt/(kd+kt+s)])l[rkl

(=) (ko + )N/ ka + ks + 9] (4)

In Scheme 2, the NS3h monomer is initially bound in a state
that is not competent for processive DNA translocation (the I;*
concentrations in Scheme 2). The variable ; in this scheme and
eq 4 is the rate constant for the translocation initiation process
that occurs after the binding of ATP; the variables ki, kg, keng, 71,
d, r,and rn in Scheme 2 and eq 4 are as defined for Scheme 1 and
eq 1. The variable C is the ratio of the fluorescence signal change
associated with an enzyme bound at the 5’ end of the DNA in the
preinitiation state (the I,* concentration in Scheme 2) to the
fluorescence signal change associated with an enzyme bound at
the 5 end in the postinitiation state (the I, concentration in
Scheme 2). The best-fit parameters obtained from global NLLS
analysis of time courses in Figure 6 according to Scheme 2 (eq 4)
are as follows: k, = 30 £ 6 steps/s, kq = 0.2 + 0.06 s ko=6+
157 kepa = 1.8 £ 0.1 57", and m = 1.4 + 0.3 nucleotides
(summarized in Table 2). The fits of the data in Figure 6 using eq
4 overlay perfectly with the fits obtained using eq 1 (as indicated
by the identical variance of the fit in Table 2).
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FIGURE 7: NS3h translocation along poly(dT) monitored by
stopped-flow fluorescence spectroscopy of the intrinsic trypto-
phan fluorescence of NS3h for short (A) and long (B) time scales.
NS3h (50 nM) was prebound to poly(dT) (5 uM nucleotide) in
assay buffer, and translocation was initiated when the sample was
mixed with buffer containing ATP (5§ mM), Mg(OAc), (10 mM),
and various concentrations of heparin. Fluorescence time courses
are shown with final heparin concentrations of 0 (red), 2 (blue),
4 (green), and 6 mg/mL (purple). (C) NS3h (100 nM) was pre-
bound to a 37-mer-22-mer complex (200 nM) in assay buffer, and
translocation was initiated when the sample was mixed with
buffer containing ATP (5 mM), Mg(OAc), (10 mM), and heparin
(4 mg/mL). Fluorescence data were fit to the sum of two expo-
nentials, resulting in rate constants of 2.0 + 0.01 s~ ! for the first
exponential phase and 0.029 4 0.006 s~ for the second exponen-
tial phase of the progress curve.
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Table 1: Linear Least-Squares Fitting of the Data in Figure 7

[heparin] (mg/mL) kl,obs (Sil) k2.obs (Sil)
0 0.54£0.04 0.038 £ 0.003
2 0.41£0.05 0.026 £0.004
4 0.4240.03 0.018 +0.002
6 0.40 £0.04 0.022 £ 0.003

Table 2: Best-Fit Parameters Obtained from Global NLLS Analysis of the
Data in Figure 6

Scheme 1 Scheme 2

ki (steps/s) 27+3 ki (steps/s) 30+6
kq (s 0.2 +0.06 ka (™ 0.20 + 0.06
ke (s7h 6+ 1 ki(s™h 6+1
kena 371 1.8 +0.1 kena (571 1.8 +£0.1
m (nucleotides/step) 1.7 +£0.2 m (nucleotides/step) 1.4 £0.3
d (nucleotides) 21+ 4 d (nucleotides) 19+4
r 0.028 +0.004 r 0.024 £+ 0.005
m 0.22 £0.05 m 0.19 £ 0.04
B 83+1.3 C 0.30 + 0.08
mk, (nucleotides/s) 46 + 5 mk, (nucleotides/s) 46+ 5
mf(1 — P) 230 + 60 mf(1 — P) 230 + 80

(nucleotides) (nucleotides)
variance 439 x 107" variance 439 x 1071°

It is worth noting that correlation exists between some sets of
parameters in these equations; the parameters k., m, r, and rn are
especially highly correlated with each other, for example. There-
fore, coupled variations in these parameters can result in nearly
equally good fits of the data (see Table 1 of the Supporting
Information). We would like to emphasize, however, that the
estimate of the macroscopic translocation rate (mk,) is well-
constrained by the data, regardless of variations in k; or m. As
shown in the Supporting Information, although reasonable fits of
the time courses, as judged by their variances, are obtained when
ky s constrained to values in the range from 27 to 270 steps/s, the
estimate of the macroscopic translocation rate remains similar.
Similarly, when the k4 value for dissociation of NS3h from
poly(dT) is fixed on the basis of the rate of the first exponential
from data in Figure 7, the macroscopic rate constant for
translocation remains similar to that obtained when the k4 value
isallowed to float (Table 2 of the Supporting Information). Taken
together, we believe that the macroscopic translocation rate is
more accurately constrained by our analysis than the associated
microscopic translocation rate. Similarly, we believe that the
estimate of the macroscopic translocation rate is more accurately
constrained than the estimates of binding parameters r and rn.

Translocation experiments were conducted with Cy3-labeled
oligonucleotides to compare results obtained with fluorescein-
labeled oligonucleotides (Figure 4 of the Supporting Infor-
mation). The estimate of d is larger for the Cy3 substrates,
and the estimate of mk, is smaller for the Cy3 substrates (Table 3
of the Supporting Information). Similar trends in the variation of
the estimates of  and mk; between F- and Cy3-labeled DNA
were observed previously in the case of UvrD and were attributed
to a difference in the physical distances over which UvrD could
interact with these fluorophores and subsequently affect their
fluorescence (20). Our results suggest that a similar difference in
interaction distance between NS3h and these same fluorophores
also occurs.

Dissociation of NS3h from DNA Unwinding Substrate.
The lack of product formation during unwinding by monomeric
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NS3h under single-cycle conditions is surprising in light of the
relatively fast rate of translocation on ssSDNA (~46 nucleotides/s).
The unwinding rate measured in the presence of an excess
concentration of NS3h relative to DNA was 0.61 s~ for the
22 bp substrate (Figure 1). The final 8—10 bp melt sponta-
neously (38), so we can assume that ~12 bp are melted by the
action of the helicase, leading to a rate for unwinding of 7.3 bp/s.
The movement of NS3h along DNA clearly slows when NS3h
encounters duplex DNA.

The rate of dissociation of NS3h from the ssDNA—dsDNA
substrate was measured by using stopped-flow fluorescence
spectroscopy under conditions that were identical to those used
for measuring translocation. NS3h (100 nM) was incubated with
the 37-mer-22-mer complex (200 nM) followed by rapid mixing
with ATP, Mg®", and heparin, resulting in a dissociation rate
constant of 2.0 + 0.01 s~ ' (Figure 7C). This dissociation rate
constant is ~5-fold faster than rate of dissociation from ssDNA
(compare to Figure 7A). Therefore, when NS3h encounters
duplex DNA, it dissociates faster than when translocating on
ssDNA. The combination of slower movement through the
duplex and faster dissociation leads to relatively poor DNA
unwinding activity by NS3h when compared to its translocase
activity.

DISCUSSION

The mechanism of processive DNA unwinding by helicases
has been linked to the mechanism of translocation on ssDNA
(16, 22). Mechanisms in which melting of a base pair occurs,
followed by translocation of one nucleotide in a process that is
coupled to ATP binding and hydrolysis, have been proposed. The
steps for melting the dsSDNA and translocation on ssDNA have
been proposed to be separable in some cases (43). For other
helicases such as Dda, dsDNA unwinding has been proposed to
be a consequence of translocation on ssDNA (73, 17), whereby
movement of the enzyme along the DNA forces apart the base
pairs. It is clear, however, that some helicases can readily
translocate on ssDNA yet are unable to unwind duplexes under
single-cycle conditions (21, 25). Hence, the ability to translocate
on ssDNA is not necessarily sufficient for DNA unwinding.

Protein displacement has been suggested as an important
biological role played by helicases. During homologous recom-
bination in Saccharomyces cerevisiae, Rad51 protein serves as a
recombinase by forming filaments on ssDNA (47, 48). Srs2 is a
superfamily 1 helicase that disassembles Rad51 nucleoprotein fila-
ments, thereby suppressing homologous recombination (49, 50).
The physical interaction between Srs2 and Rad51 triggers ATP
hydrolysis within the Rad51 filament, causing Rad51 to dissoci-
ate from DNA (57). However, an ATPase-deficient form of Srs2
was unable to stimulate disassembly of Rad51 filaments, indicat-
ing that translocase activity of Srs2 also plays a role in the
removal of the protein filament. Understanding the relationships
among translocation, DNA unwinding, and protein displace-
ment is necessary to define the biochemical activities of many
helicases.

NS3 (and/or the NS3 helicase domain) from the hepatitis C
virus has become one of the most studied SF2 helicases. In
addition to its medical importance related to viral infection and
liver disease, NS3 is considered a model system for this group of
enzymes. Translocation and melting have been proposed to be
linked but occur in separate steps in a spring-loaded mechanism,
based on stepping measurements made using single-molecule
FRET to study DNA unwinding (36). Here we have investigated
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the relationship among translocation, DNA unwinding, and
protein displacement by examining each reaction under identical
conditions.

Full-length NS3 contains a helicase domain and a protease
domain which can be expressed and studied separately. Each
form of the enzyme was studied under identical conditions in this
report. Little or no unwinding is observed for each form of the
enzyme when the DNA substrate concentration is in excess of the
enzyme concentration under single-cycle conditions (Figure 2).
The lack of product does not mean that the monomeric enzyme
does not unwind DNA. When one molecule of enzyme binds to
the DNA substrate, the helicase dissociates prior to unwinding a
sufficient portion of the 22 bp substrate to observe ssDNA under
single-cycle conditions. Under identical conditions (substrate
concentration greater than enzyme concentration), NS3h clearly
translocates on ssDNA (Figure 6). The number of nucleotides
translocated in a single binding event is around 230. The fact that
only 22 bp are not unwound in a single cycle indicates that
unwinding of dsDNA alters the activity of NS3h significantly.
The rate of DNA unwinding by NS3h is reduced compared to the
rate of translocation on ssDNA. The rate of dissociation of NS3h
from the duplex substrate was S-fold faster than the rate of
dissociation from ssDNA. DNA unwinding by NS3h has been
shown to be sensitive to the stability of the base pairs within the
duplex (52). Movement of the enzyme is therefore impeded
by duplex DNA, and the results here are consistent with this
interpretation.

Under conditions in which the enzyme concentration exceeds
the DNA substrate concentration, NS3h unwinds the 22 bp
substrate (Figure 1). Multiple molecules of NS3h bound to the
same DNA substrate molecule can increase the amount of
product for DNA unwinding through functional cooperati-
vity (38). Single-stranded DNA binding proteins can also func-
tion with NS3h to increase DNA unwinding activity, possibly by
interacting directly with the helicase and by preventing reanneal-
ing of the DNA after helicase-catalyzed unwinding (39). NS3h
clearly requires other molecules for optimal DNA unwinding
activity. The reason for this requirement may relate to the affinity
of NS3h for DNA during the ATP hydrolysis cycle. A “weak
state” of interaction has been reported for the ATP-bound form
of NS3h (53). SSB or additional helicase molecules may serve as
processivity factors that hold NS3h onto the DNA during the
weak binding state of the cycle, thereby enhancing the opportu-
nity for overcoming the barrier presented by dsDNA.

Determining the relationship between ssDNA translocation
and DNA unwinding by NS3h is made difficult by the fact that
NS3h does not readily unwind DNA under the conditions in
which translocation can be measured. If NS3h-catalyzed DNA
unwinding were observed under these conditions, then kinetic
parameters from the two methods could be directly compared
with confidence. However, the kinetic parameters for transloca-
tion can be compared to kinetic parameters for DNA unwinding
obtained from experiments under excess enzyme conditions. The
kinetic step size obtained for translocation of NS3h on ssDNA
was 1.4—1.7 bp/step (Table 2). We note that this microscopic
parameter is less well-constrained than macroscopic parameters
such as the rate of translocation. However, it is worth discussing
this value in the context of measurements of step size provided by
other laboratories.

Such a relatively small kinetic step size implies that the physical
step size for NS3h is likely to be 1 or 2 bp (34). Larger kinetic
step sizes have been reported for DNA and RNA unwinding.
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A kinetic step size of 9 bp was measured for NS3h under excess
enzyme conditions (38). RNA unwinding studies resulted in a
kinetic step size of ~18 bp for full-length NS3 (33). The larger
kinetic step sizes are likely made up of smaller, substeps. Single-
molecule approaches have provided measurements of the physi-
cal step size for full-length NS3 of 11 bp for RNA unwinding with
smaller substeps of 2—3 bp (35). Single-molecule FRET experi-
ments were interpreted in terms of a physical step size of ~3 bp,
which was made up of smaller 1 bp substeps (36). The smaller
steps measured by single-molecule measurements indicate that
one ATP hydrolysis event per NS3 molecule is likely to lead to
movement by 1 bp.

Most recently, Serebrov et al. demonstrated that kinetic step
size (16 bp/step) was independent of RNA duplex stability and
composition but is dependent on salt concentration (54). Un-
winding was enhanced under low-salt conditions by monomeric
NS3, and step size was decreased to 11 bp/step. The “supersteps”
(11 and 18 bp) observed in RNA unwinding were thought to be
caused by delayed product release of separated RNA product
from domain IT of NS3 (54). The kinetic step size of NS3h,
1.4—1.7 nucleotides, reported here under monomeric conditions
can be readily interpreted to indicate a movement of 1 or 2 bp per
ATP binding and hydrolysis event, which is consistent with the
results from single-molecule FRET studies. The fact that DNA
unwinding is not occurring during the translocation assays means
that product release of the displaced strand is not part of the
mechanism and may explain the lack of supersteps observed in
the translocase assay. Direct measurements of ATPase activity
are needed to further test the idea that NS3h moves by one base
per ATP hydrolysis event (16, 21, 23).

Attempts to examine translocation using fluorescently labeled
oligonucleotides did not succeed for full-length NS3 (Figure 1 of
the Supporting Information). The lack of clearly defined changes
in fluorescence as a function of oligonucleotide length for NS3
might be a result of the oligomeric nature of the enzyme under
these conditions. For example, oligomeric NS3 might exist in a
form that binds to multiple sites along the single-stranded DNA,
essentially coating the DNA. This would lead to the fluorescent
probe being bound by NS3 at the start of the reaction, regardless
of the length of the oligonucleotide. Much longer oligonucleo-
tides might be needed to measure the translocase activity of
oligomeric NS3, or an alternative method needs to be developed
that examines each individual binding site along the DNA.
ATPase activity has been measured as a function of ssDNA
length for several helicases to infer translocation mechanisms,
and such methods may apply for full-length NS3 (23).

Displacement of streptavidin is observed for NS3, but not for
NS3h, and only when the NS3 concentration is in excess of the
substrate concentration (Figures 3 and 4). Others have reported
streptavidin displacement by NS3h (55); however, we were
unable to observe this activity under conditions described here.
The lack of displacement by NS3h is surprising, especially in light
of the demonstrable translocase activity. This result illustrates
that translocation per se does not provide sufficient force to
dislodge streptavidin from the biotin-labeled oligonucleotides, at
least under the conditions examined here. Force production
might require specific interactions between helicase and DNA
that are not present in NS3h. The X-ray crystal structure of NS3h
bound to DNA indicates that the majority of interactions are
electrostatic in nature, although some stacking interactions
between the nucleobase and amino acids are also observed (40).
Full-length NS3 binds more tightly to DNA than NS3h, which
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might allow greater force production during translocation due to
additional contacts made with nucleic acid through the protease
domain of NS3 (32, 54).

Interestingly, our results also suggest a preference for NS3h to
bind to the ends of the single-stranded DNA, rather than to the
middle (r < 1 in Table 1). This is in contrast to what has been
observed with several bacterial helicases (UvrD, PcrA, and Rep)
and warrants further investigation. This preference for binding to
the ends of the single-stranded DNA may also be responsible
for the apparent inflation of the estimate of the interaction size
of NS3h on the single-stranded DNA (d ~ 20 nucleotides in
Table 1).

The experiments reported here indicate that NS3h translocates
46 + 5 nucleotides/s with a step size of 1.4—1.7 £ 0.5 nucleotides/
step and a processivity of 230 + 60 nucleotides. From these
results, one can predict that NS3h should unwind short duplex
DNA and displace proteins bound to DNA (streptavidin) under
identical conditions. Interestingly, NS3h was unable to unwind
the 22 bp duplex substrate and could not displace streptavidin
from biotin-labeled DNA under the conditions in which translo-
cation was measured. Therefore, optimal DNA unwinding and
protein displacement by NS3h require more than simply translo-
cation. Interaction with other proteins such as single-stranded
binding proteins (39) or function with additional molecules of
NS3h (38) can result in enhanced helicase activity for this ssDNA
translocase.

SUPPORTING INFORMATION AVAILABLE

Data on size exclusion chromatography of NS3h in the pre-
sence of ssDNA, NS3 translocation on 5'-F-(dT);, NS3 translo-
cation on poly(dT)/M13, NS3h translocation on Cy3-labeled
oligos, NS3h translocation in the presence of different concen-
trations of heparin, and NS3h translocation on biotinylated oligo
(3'-T58-bio-dTG-5') in the presence and absence of streptavidin.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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