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ABSTRACT: Binding of NS3 helicase to DNA was 3’__\0%%% 0
—

investigated by footprinting with KMnO,, which reacts
preferentially with thymidine residues in single-stranded
DNA (ssDNA) compared to those in double-stranded DNA
(dsDNA). A distinct pattern of reactivity was observed on
ssDNA, which repeated every 8 nucleotides (nt) and is

two molecules of
NS3 bind rapidly
to the ssDNA

slower NS3 binding
to dsDNA with partial
melting of the duplex

consistent with the known binding site size of NS3. Binding to a DNA substrate containing a partial duplex was also investigated.
The DNA contained a 15 nt overhang made entirely of thymidine residues adjacent to a 22 bp duplex that contained thymidine
at every other position. Surprisingly, the KMnO, reactivity pattern extended from the ssDNA into the dsDNA region of the
substrate. Lengthening the partial duplex to 30 bp revealed a similar pattern extending from the ssDNA into the dsDNA,
indicating that NS3 binds within the duplex region. Increasing the length of the ssDNA portion of the partial duplex by 4 nt
resulted in a shift in the footprinting pattern for the ssDNA by 4 nt, which is consistent with binding to the 3'-end of the ssDNA.
However, the footprinting pattern in the dsDNA region was shifted by only 1—2 bp, indicating that binding to the ssDNA—
dsDNA region was preferred. Footprinting performed as a function of time indicated that NS3 binds to the ssDNA rapidly,
followed by slower binding to the duplex. Hence, multiple molecules of NS3 can bind along a ssDNA—dsDNA partial duplex by

interacting with the ssDNA as well as the duplex DNA.

elicases are molecular motor proteins that use ATP
hydrolysis to manipulate nucleic acids.'”* Helicases
disrupt nucleic acid structure as well as remodel protein—
nucleic acid complexes. The role of helicases in virtually all
nucleic acid metabolic events has led to in-depth investigations
into the mechanism(s) of these enzymes.” One of the most
studied helicases is NS3 from the hepatitis C virus (HCV).®™®
The helicase activity of NS3 is required for replication of the
HCV genome based on studies using a subgenomic replicon
that encodes the HCV nonstructural proteins.” However, the
specific role in HCV viral multiplication played by this enzyme
has not been delineated. HCV infection causes chronic liver
disease and hepatocellular carcinoma, so understanding the
specific role and mechanism of NS3 has significant medical
importance. The extensive study of NS3 has made this enzyme
a model system for understanding the detailed biochemical
mechanism for how helicases manipulate nucleic acids.
Helicases are categorized into several superfamilies based on
sequence comparisons.'”"" NS3 is in superfamily 2, which
shares basic structural elements with superfamily 1 helicases,
including the Walker A and Walker B regions that participate in
binding and hydrolysis of ATP. NS3 is further classified as a
DExH motor protein. The helicase motifs are located within
two RecA-like domains forming a cleft in which ATP binding
and hydrolysis occur.'” The two domains are known to move
closer together upon binding ATP and then separate after ATP
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hydrolysis.'>'* The movement of these domains coordinates
specific amino acid interactions with the nucleic acid that lead
to directionally biased movement along the RNA or DNA
strand.'>'

Many helicases exhibit a preference for nucleic acid substrate,
operating on DNA or RNA, but not necessarily both. Although
RNA is believed to be the biological substrate for NS3, this
enzyme also functions equally well on DNA in vitro.”'” At
present, there is no known biological role for NS3 functioning
on DNA, although the protein has been found in the nuclei of
patients infected with HCV.'®'® Characterization of the DNA
binding and unwinding activities of NS3 has significance for our
overall understanding of how this model system selects specific
nucleic acid structures. Previous studies suggest that NS3
interacts with the nucleic acid substrate at a single-stranded—
double-stranded (ss—ds) junction,”® but structural character-
ization of this interaction is lacking.

Biophysical and kinetic experiments indicate that NS3 can
interact with itself in vitro and that oligomers'” or dimers>' are
responsible for optimal unwinding of short DNA or RNA
substrates, respectively. A monomeric form is also capable of
unwinding DNA** and RNA.>® Previous work suggested that
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the DNA substrate was coated by NS3 molecules under
conditions in which optimal DNA unwinding was observed.'”
Multiple molecules of NS3 or the helicase domain (NS3h) have
been proposed to line up along the ssDNA portion of a partial
duplex substrate and function together to enhance DNA
unwinding activity.”* This phenomenon has been termed
functional cooperativity. In this report, the spatial orientation
and number of NS3 molecules bound to ssDNA and partial
duplex substrates have been investigated by DNA footprinting
using KMnO,. Results indicate that the binding energy of the
enzyme predisposes the duplex DNA for melting. A model
whereby multiple molecules of NS3 bind to the DNA substrate
and participate in the binding and unwinding process is
proposed.

B MATERIALS AND METHODS

DNA oligonucleotides were from Integrated DNA Technolo-
gies (Coralville, IA) and purified by preparative gel electro-
phoresis. [y-**P]ATP was purchased from PerkinElmer Life
Sciences. T4 polynucleotide kinase was obtained from New
England Biolabs. HEPES, BME, SDS, MOPS, Tris, NaCl,
Na,EDTA, BSA, acrylamide, bisacrylamide, MgCl,, KOH, ATP,
formamide, xylene cyanol, bromophenol blue, urea, KMnO,,
glycerol, and MgCl, were purchased from Fisher. Streptavidin
Dynabeads were from Invitrogen.

Recombinant full-length NS3 was derived from the HCV
Con 1b replicon consensus sequence. NS3 was expressed as a
fusion protein with a sumoylation tag (SUMO) on the N-
terminus. Protein purification was performed by initially
capturing expressed protein on a nickel affinity column via a
His4 tag on the N-terminus of the SUMO fusion. The SUMO
fusion protein was cleaved by incubation with Ulp 1 protease,
followed by a second round of nickel affinity chromatography.
Final polishing of NS3 was performed by heparin Sepharose
and anion exchange chromatography as described previously.'”

DNA Footprinting with KMnO,. DNA footprinting
reactions were modified from a procedure established by Bui
et al>® DNA oligonucleotide substrates were designed with a
biotin label located adjacent to the 5’-end. A nucleotide was
placed at the S'-end for radiolabeling with **P. Footprinting
reactions were performed at 37 °C in buffer consisting of 25
mM MOPS (pH 7.0), SO mM NaCl, 10 mM MgCl,, and 0.2
mg/mL BSA. Aqueous KMnO, (100 mM) was stored frozen at
—80 °C and thawed immediately prior to use. Radiolabeled
DNA substrates (10 nM) in buffer were incubated with NS3
(concentrations listed in figure legends) for 9 min at 37 °C
followed by addition of KMnO, to a final concentration of 3.3
mM. The footprinting reaction proceeded for 5 s followed by
quenching upon addition of 1 M BME and 200 mM EDTA. M-
280 streptavidin Dynabeads (0.04 mg/mL) were added to the
solution, and the mixture was vortexed at room temperature for
30 min. DNA-bound Dynabeads were captured by magnetic
isolation, suspended in a solution (100 yL) containing 1 M
piperidine and 0.1 mM biotin, and heated to 90 °C for 30 min.
Dynabeads were removed, and the solution was evaporated
using a SpeedVac. The dried residue was dissolved in 30 L of
H,0O and re-evaporated twice to remove residual piperidine.
The DNA samples were suspended in denaturing buffer (95%
formamide, 0.025% SDS, 0.025% xylene cyanol, and 0.025%
bromophenol blue) and separated by electrophoresis on a
denaturing 20% polyacrylamide gel. The DNA bands were
quantifed by using a Typhoon PhosphorImager and Image-
Quant (GE Healthcare, Piscataway, NJ). The footprinting data
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were analyzed by determining the radioactivity in each band
corrected for background in triplicate experiments. The sum
total radioactivity in each lane was determined, and the fraction
of the total in each individual band was calculated. The fraction
of radioactivity for each band in the presence of NS3 was
divided by the fraction in the absence of NS3 to obtain
“thymidine reactivity”, which represents the relative reactivity of
each thymidine position with permanganate in the presence
and absence of NS3.

B RESULTS

NS3 Binding to ssDNA Results in a Repeating Pattern
of High Reactivity and Protection toward KMnO,. The
binding of NS3 to DNA has been determined for various forms
of the enzyme. Most quantitative binding data have been
obtained using only the helicase domain (NS3h). Binding of
NS3h to ssDNA (12mer) has resulted in a K, value of 10 nM,
whereas binding to a duplex resulted in a Ky, value of 1 uM.*
Additional experiments support specific binding of NS3h to a
ssDNAQ—dsDNA junction or a “fork” structure.”* However,
NS3h is not directly comparable to NS3, because the presence
of the protease domain changes the affinity for nucleic acid.
Full-length NS3 has been examined for binding using
fluorescence anisotropy and electrophoretic mobility shift
assays (EMSAs). The Kp, value for binding to a 1Smer
ssDNA was 4.7 nM, whereas binding to a blunt end duplex of
30 bp resulted in a Kp value of 16 nM."” Hence, NS3 behaves
quite differently than NS3h in binding to duplex DNA. It
should be noted that different genotypes of NS3 behave
differently in binding and activity assays, so direct comparisons
between studies must take into account not only the form of
the enzyme (NS3h vs NS3) but also the specific genotype.26
Furthermore, NS3 activity is modulated by a cofactor, NS4A,
which can stimulate unwinding activity,””** further complicat-
ing any direct comparison of binding studies.

Like most helicases, NS3 requires a ssDNA overhang to
rapidly initiate unwinding of DNA. The length of the ssDNA
overhang can be varied to accommodate more than one
molecule of NS3, resulting in an increased level of unwinding,
as was shown for the NS3 helicase domain.** NS3 is known to
bind to ssDNA with a site size of 8 nt,>> which is consistent
with the reported cocrystal structures.”””'* DNA unwinding
experiments are often conducted in the presence of an enzyme
concentration that exceeds the substrate concentration. The
number of NS3 molecules bound to a specific DNA substrate
prior to initiation of a DNA unwinding experiment can be
estimated on the basis of the binding site size and the length of
the ssDNA. We wished to directly measure the number of
molecules of NS3 bound to a specific DNA substrate, so a DNA
footprinting assay was applied using KMnO,, which can react
with thymidine residues at the CS and C6 positions.”**° After
reaction with KMnO,, treatment of the DNA with piperidine
results in a cascade of reactions leading to cleavage of the DNA
backbone, which can be visualized after separating different
sized DNA fragments by gel electrophoresis. Thymidine
residues that are exposed, such as in ssDNA, are highly
reactive, whereas residues in dsDNA are much less reactive
because the site of reaction is sterically shielded. Additionally,
protein binding might sequester thymidine residues, which may
alter reactivity, depending on whether CS and C6 are facing the
protein or the solvent.

NS3 was incubated with a biotin-labeled oligonucleotide
consisting of 23 thymidines, a biotin-labeled spacer, and a §'-
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Figure 1. KMnO, footprinting reveals binding of NS3 to ssDNA with an 8 nt site size. (A) ssDNA substrate consisting of 23 thymidine residues, a
biotin-labeled analogue, and a $’-guanine residue treated with KMnO, in the presence or absence of NS3. DNA was isolated on streptavidin beads
and treated with piperidine, followed by extensive washing prior to separation on a 20% denaturing polyacrylamide gel. In the presence of NS3,
regions of low reactivity and high reactivity were observed as indicated by the orange and green bars. Three regions of protection and two regions of
high reactivity are indicated by the orange and green bars, respectively. (B) Quantitation of the radioactivity in each band in the presence of NS3
compared to the radioactivity in the absence of NS3 to determine the thymidine reactivity. Each point in the graph is the average of three
independent experiments, and error bars reflect the standard deviation from the average. The plot reveals two regions of high reactivity separated by
8 nt. A model showing three molecules of NS3 bound to the oligonucleotide is shown in the inset with arrows indicating sites of high thymidine
reactivity. Error bars represent the standard deviation from three experiments.

guanine followed by treatment with KMnO, (Figure 1). In the
absence of NS3, uniform reactivity was observed for all of the
thymidine residues (Figure 1A). In the presence of NS3, the
polyacrylamide gel revealed a distinct pattern of protection and
reactivity. The residues at the 3’-end were reactive; however,
positions 3—5 were protected. The bases at positions 7 and 8
exhibited a high level of reactivity. A second region of
protection was followed by another region of reactivity at
positions 15 and 16. The results were quantified by determining
the amount of radioactivity in each band and dividing it by the
sum total of radioactivity in the lane to determine the fraction
of DNA in each band. The fraction of radioactivity in each band
in the presence of NS3 was divided by the fraction of
radioactivity in the corresponding band in the absence of NS3
to determine the relative reactivity of each thymidine toward
KMnO,. The average of three independent values was plotted
for each thymidine position (Figure 1B). The resulting graph
indicates that three molecules of NS3 are bound to the
oligonucleotide (Figure 1B, inset), which is consistent with the
binding site size for NS3 of 7—8 nt based on the crystal
structures of the NS3 helicase domain in the presence of
ssDNA."> The fact that the crystal structure of NS3 indicates
5—6 nt in the binding site whereas the pattern of reactivity
repeats every 7—8 nt suggests that the NS3 molecules are
packed closely together on the ssDNA. The sites of high
reactivity appear to be located between adjacent NS3 molecules
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as depicted in the inset model showing NS3 bound to the
ssDNA.

NS3 Binds to the ssDNA and dsDNA Regions of a
Partial Duplex DNA Substrate. DNA unwinding experi-
ments are typically performed using substrates containing a
ssDNA overhang. Binding of NS3 to a DNA substrate
containing a 3’-overhang has been proposed to result in
melting of a few base pairs in the duplex.”® We examined this
possibility using the footprinting reaction, which can report on
melted regions of DNA. A partial duplex DNA substrate was
prepared containing thymidine residues at each position in the
ssDNA region and at every other position in the dsDNA
(Figure 2). Treatment of the DNA alone with KMnO, resulted
in a clear pattern of high reactivity in the ssDNA region but
little reactivity in the dsDNA region as expected (Figure 2A).
Incubation of the DNA (10 nM) with NS3 (500 nM) followed
by treatment with KMnO, led to a distinct pattern of reactivity
in the ssDNA region that was similar to that observed in Figure
1, a peak of reactivity at position 8, flanked by two regions of
protection (Figure 2B). Reactivity increases near the ssDNA—
dsDNA junction at position 15, indicating that two molecules
of NS3 are bound to the ssDNA portion of the substrate. This
result provides direct evidence that under conditions of excess
enzyme concentration relative to DNA, more than one
molecule of NS3 is positioned on a 15 nt DNA substrate.

dx.doi.org/10.1021/bi300654v | Biochemistry 2012, 51, 7596—7607
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Figure 2. Footprinting with KMnO, reveals binding of NS3 to the ssDNA and dsDNA regions of a partial duplex DNA substrate. A DNA substrate
was designed so that each base in the single-stranded region and every other base in the duplex region was thymidine. A complementary 22mer was
hybridized to the thymidine strand to produce a 15 nt, 22 bp DNA substrate. (A) Substrate DNA (10 nM) was incubated in the presence or absence
of NS3 (500 nM) for 9 min at 37 °C, followed by reaction with KMnO,. DNA was captured on streptavidin beads followed by treatment with
piperidine, and separation on a 20% denaturing polyacrylamide gel. All of the residues in the single-stranded overhang are highly reactive toward
KMnO,. Bands corresponding to the thymidine residues in the duplex region are numbered along the right side of the gel and generally exhibit much
lower reactivity toward KMnO,. Thymidine residues that are protected or show increased reactivity in the presence of NS3 are indicated by the
orange or green bands, respectively. DNA in lanes marked with the letter c was not treated with KMnO,. (B) Thymidine reactivity in the presence of
NS3 divided by the reactivity in the absence of NS3 to determine the effect of binding of NS3 to the DNA at each thymidine position. The pattern of
reactivity in the ssDNA exhibits a region of high reactivity at position 8 flanked by two regions of protection. (C) Relative reactivity of each
thymidine in the duplex region. Two regions of high reactivity are observed at positions 23 and 31, indicating that NS3 binds to the entire length of
the partial duplex substrate. Error bars represent the standard deviation from three experiments.

Interestingly, the thymidine residues in the duplex portion of of high reactivity centered on positions 8d and 16d were
the substrate exhibited much higher reactivity toward KMnO, flanked by regions of lower reactivity. Further, the pattern of
in the presence of NS3 than in its absence (Figure 2A). protection and reactivity in the duplex was an extension of the
Radioactivity in these bands was quantified, and the reactivity pattern that started on the single-stranded DNA, with regions
for each position was plotted (Figure 2C; positions are of high reactivity being separated by approximately 7—8 nt
designated by the letter d for duplex). The relative reactivity beginning at the 3’-end.
of thymidines in the duplex region increases much more than in The reactivity was examined using a DNA substrate that was
the ssDNA regions because the reactivity in the absence of NS3 the same length as in Figure 2, but the thymidine residues were
is very low. The pattern of reactivity and protection was placed into the displaced strand, rather than the tracking strand

strikingly similar to that observed in the ssDNA. Two regions (Figure 3A). The thymidine reactivity was plotted for the

7599 dx.doi.org/10.1021/bi300654v | Biochemistry 2012, 51, 7596—7607
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Figure 3. Footprinting of the displaced strand provides a pattern
similar to that of the tracking strand. (A) A DNA substrate was
prepared with 15 nt of ssDNA and 22 bp, but the sequence contained
thymidine residues at every other position in the displaced strand of
the duplex region (1S nt, 22 bp T). (B) Permanganate footprinting
was performed as described, and the resulting thymidine reactivity is
plotted for the displaced strand. The thymidine residues are numbered
from the ssDNA—dsDNA junction (the S’-end of the displaced
strand). The reactivity pattern exhibited peaks at positions 8d and 16d,
which corresponds to the reactivity pattern observed for the tracking
strand as shown in Figure 2.

duplex region by numbering each position from the ssDNA—
dsDNA junction. The pattern of reactivity matched closely that
shown for the tracking strand, with peaks of reactivity at
positions 8d and 16d (Figure 3B).

The appearance of a footprinting pattern in the duplex region
led us to examine a longer duplex substrate containing 30 bp.
The ssDNA overhang exhibited a familiar pattern like those of
the other substrates (Figure 4), and the duplex region exhibited
a strong footprinting pattern, especially near the ssDNA—
dsDNA junction (Figure 4B). The highest thymidine reactivity
within the duplex occurred at position 8d, which is 8 bp from
the ssDNA—dsDNA junction. This result suggests that at least
one molecule of NS3 is bound within the duplex region. The
pattern of reactivity continues within the duplex, exhibiting
additional reactivity peaks at positions 16d and 24d. Hence, the
reactivity pattern repeats every 8 bp.

It is possible that NS3 melts the duplex by sequestering
ssDNA formed because of thermal fraying. However, control
experiments in the absence of ATP indicated that only 3% of
the 22 bp substrate was separated during a 10 min incubation
(Figure 1 of the Supporting Information). No melting was
observed in control experiments with the 30 bp substrate (not
shown). Therefore, the increased reactivity of the duplex region
toward KMnO, is not due to complete separation of the duplex
upon NS3 binding. Rather, the increased reactivity is likely due
to partial melting that leads to greater accessibility of the
KMnO, for the CS and C6 atoms of thymidine residues in the
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Figure 4. KMnO, footprinting of NS3 bound to a 15 nt, 30 bp partial
duplex. (A) A complementary 30mer was hybridized to the thymidine
strand to produce a 15 nt, 30 bp DNA substrate. Substrate DNA (10
nM) was incubated in the presence or absence of NS3 (500 nM) for 9
min at 37 °C, followed by reaction with KMnO,. Thymidine reactivity
was determined as described. The pattern of reactivity in the ssDNA
region is similar to that observed with the previous substrates,
exhibiting a region of high reactivity at position 8 flanked by two
regions of protection. (B) Relative reactivity of each thymidine in the
duplex region with positions relative to the ssDNA—dsDNA junction.
Three regions of high reactivity are observed at positions 8d, 16d, and
24d, indicating that NS3 binds to the entire length of the partial duplex
substrate. Error bars represent the standard deviation from three
experiments.

duplex region. NS3 appears to be capable of binding to the
dsDNA and readily capturing the ssDNA at the junction.

NS3 Binding to Blunt-Ended dsDNA. A blunt-ended
30mer duplex was prepared (Table 1) and examined for
binding by KMnO, footprinting (Figure SA). The reactivity
pattern indicated some binding to the duplex, perhaps because
of fraying at the ends (Figure SB). Hence, NS3 is readily
capable of capturing DNA at the ends of the duplex as depicted
in the diagram in Figure SC. Reactivity within the interior of
the blunt-ended duplex was less evident compared to that in
the substrates that contained a ssDNA overhang.

Increasing the Length of the ssDNA Overhang Shifts
the Pattern of Reactivity in the ssDNA. The thymidine

dx.doi.org/10.1021/bi300654v | Biochemistry 2012, 51, 7596—7607
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Table 1. DNA Sequences Used for KMnO, Footprinting”

3' (T15)-GTC TCT GTC TCT GTG TCT GTC G-5' 15nt:22bp
5’-CAG AGA CAG AGA CAC AGA CAG C-bio-3’
3' (T19)-GTC TCT GTC TCT GTG TCT GTC G-5' 19nt:22bp
5’-CAG AGA CAG AGA CAC AGA CAG C-bio-3’
37 (T15) -GTC TCT GTC TCT GTG TCT GTC TGT CTC TCG-5' 15nt:30bp
5’ -CAG AGA CAG AGA CAC AGA CAG ACA GAG AGC-bio-3’
3'-bio-(T15) -CAG AGA CAG AGA CAC AGA CAG C-5' 15nt:22bpT

5'-GTC TCT GTC TCT GTG TCT GTC G-3'
“The 30mer duplex was derived from the 15 nt, 30 bp sequence by removing the ssDNA.
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Figure 5. KMnO, footprinting reveals NS3 binding to the ends of a blunt-end duplex 30mer. (A) A blunt-ended 30mer DNA substrate (10 nM) was
prepared containing a thymidine residue at every other position in the radiolabeled strand. Permanganate footprinting was performed as described in
the absence or presence of NS3 (500 nM). Numbers to the right of the gel indicate the position from the 3’-end of the strand containing thymidine.
(B) Plot of the relative thymidine reactivity in the presence of NS3. The thymidine reactivity pattern exhibited a peak at position 8d and a minor
peak at position 24d. (C) Model for binding of NS3 to the end of the duplex.

reactivity exhibited a repeating pattern of ~8 bp, consistent
with the site size of NS3. To further examine the pattern of
reactivity, a partial duplex substrate was prepared in which the
ssDNA overhang was increased in length by 4 nt from 15 to 19
nt. The duplex region remained the same at 22 bp with a
thymidine residue occupying every other position (Table 1).
KMnO, footprinting resulted in a peak of reactivity at positions
7 and 8 in the ssDNA region (Figure 6A), similar to that which
was observed with the 15 nt substrate (Figures 1B and 2B). A
minor peak of reactivity in the 19 nt ssDNA was observed at
position 15 but was not clearly defined. Hence, the reactivity
pattern in the ssDNA was shifted by 4 nt, consistent with NS3
binding to the 3’-end of the ssDNA.

The reactivity pattern in the duplex region exhibited a peak at
position 6d (Figure 6B). This peak is shifted compared with the
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peak of reactivity observed for the 15 nt, 22 bp substrate
(Figure 2B) or the 15 nt, 30 bp substrate (Figure 4B), which
occurred at position 8d. The resolution of the reactivity pattern
is limited to 2 bp, so the shift in the peak is 1—2 bp in the
duplex region compared to the other substrates. In contrast, the
initial reactivity pattern of the ssDNA region of the 19 nt, 22 bp
substrate is similar to that of the 15 nt, 22 bp substrate,
exhibiting a shift of 4 nt. The reactivity pattern in the remainder
of the ssDNA is less well-defined (Figure 6A). The reactivity
pattern in the duplex region of the 19 nt, 22 bp substrate is
similar to that observed for the other dsDNA regions. The fact
that the pattern in the duplex region exhibits only a small shift
in the position of the reactivity peak supports the conclusion
that NS3 prefers to bind to the ssDNA—dsDNA junction.

dx.doi.org/10.1021/bi300654v | Biochemistry 2012, 51, 7596—7607
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Figure 6. Increasing the length of the ssDNA reveals a shift in the
position of KMnO, reactivity toward the 3'-end of the ssDNA. (A) A
substrate was designed such that the ssDNA overhang contained 19 nt
and 22 bp. KMnO, footprinting was performed in the absence or
presence of NS3 (500 nM) as described. The pattern of thymidine
reactivity in the ssDNA portion of the substrate exhibited a peak at
positions 7 and 8 and a minor peak at position 15. (B) The pattern of
thymidine reactivity in the duplex region exhibited a peak at position
6d and position 14d. (C) Diagram showing how the reactive sites for
the 15 nt, 22 bp substrate compare to those for the 19 nt, 22 bp
substrate. The major peak in reactivity in the ssDNA region is shifted
by 4 nt. The major peak in reactivity in the dsDNA is shifted by 1-2
bp.

NS3 Binds to the ssDNA Rapidly and Then More
Slowly Binds to the dsDNA Region. Binding of NS3 to the
single-stranded and duplex regions of the substrate was
examined by probing with KMnO, as a function of increasing
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incubation times. The gel image clearly indicates that the
ssDNA region is bound very rapidly because the protection
pattern appears in the first 30 s (Figure 7A). However, the
increased reactivity in the duplex appears more slowly. The
reactivity of the DNA toward KMnO, was determined as
described above and plotted for thymidine residues in the
ssDNA region (Figure 7B) or in the dsDNA region (Figure
7C) as a function of incubation time. The reactivity in the
ssDNA region exhibits little or no change during the 9 min
incubation. However, the reactivity in the duplex region
increases, as is shown for selected thymidine positions in
Figure 7C. The increase in reactivity is especially noted at
thymidine residues in the interior duplex region such as those at
positions 8d and 16d. The increase in reactivity is a measure of
the stronger propensity for KMnO, to react with thymidine
residues. The reactivity of KMnO, within the duplex region of
the DNA does not reflect complete strand separation but
instead must reflect a transition in the local structure of the
duplex DNA that leads to greater reactivity of thymidine with
KMnO,. We conclude that the dsDNA is partially melted or
untwisted to some degree, thereby exposing the reactive sites of
thymidine to KMnO,.

NS3 Binds the Duplex Region Even at Low Concen-
trations Relative to That of the DNA Substrate. Binding
of NS3 to the 15 nt, 22 bp substrate was investigated by varying
the enzyme concentration. NS3 (50, 100, 250, 500, or 1000
nM) was incubated for 9 min with DNA (10 nM) followed by
reaction with KMnO, for S s. Each DNA molecule contains five
binding sites for NS3 based on a 7—8 nt binding site size, so
that 10 nM substrate can bind 50 nM NS3 (two sites in the
ssDNA region and three possible sites in the duplex region).
Comparison of the reactivity in the ssDNA region (Figure 8A)
with the reactivity in the dsDNA region (Figure 8B) indicates
that the pattern of protection and reactivity appears within the
duplex region of the substrate even at the lowest concentration
of NS3 (see the expanded view in Figure 8C). The reactivity
peak is not clearly observed at the lowest NS3 concentration for
the ssDNA region (Figure 8A). This may be due to random
binding of NS3 to ssDNA at a low NS3 concentration, which
might result in general protection of the ssDNA. However, the
pattern of protection is observed in the dsDNA region, which
further supports a preference for binding to the ssDNA—
dsDNA junction. Hence, multiple molecules of NS3 bind along
the DNA, even when the concentration of NS3 is similar to the
concentration of available binding sites. This result also
supports the conclusion that the majority of the enzyme is
available for binding to the DNA, as previously reported.'”*"

B DISCUSSION

In a description of the mechanism of helicases, it is useful to
distinguish between translocation on ssDNA and melting of
duplex DNA. The two processes are clearly related and may
indeed occur in the same step in the overall mechanism for
DNA unwinding for some helicases. However, there are
mechanisms in which translocation and melting are distinguish-
able, and different experimental methods can report on
different aspects of the mechanism. The reported structures
of NS3 clearly illustrate the path of the ssDNA through the
active site in the enzyme.lz_14 ATP binding causes closure of
the two RecA domains, which is coupled to directionally biased
movement through the “ratchetlike” interactions between
amino acid residues such as the base stacking interaction
between TrpS01 and ssDNA. Translocation on ssDNA or
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Figure 7. Thymidine reactivity with KMnO, determined as a function of the time of incubation of NS3 with DNA. (A) NS3 was incubated with the
1S nt, 22 bp DNA for 0.5, 1.0, 3.0, or 9.0 min at 37 °C, followed by reaction with KMnO, for 5 s. DNA was captured on streptavidin beads and
treated with piperidine, followed by separation on a 20%, denaturing polyacrylamide gel and visualization using a PhosphorImager. Thymidine
positions in the duplex region are numbered to the right of the gel. (B) Thymidine reactivity toward KMnO, for each band in the ssDNA region
determined as described in Materials and Methods. The reactivity was plotted vs time and is shown for every other thymidine position in the ssDNA
region, as depicted in the legend on the plot. (C) Reactivity of thymidine toward KMnO, for selected positions in the dsDNA region plotted vs time.
The reactivity generally increases as a function of time in the duplex region.

ssRNA is believed to occur in 1 nt steps per each ATP molecule
hydrolyzed, although the coupling efficiency varies between
specific forms of the enzyme.'®*

The number of base pairs that can be melted for each
translocation step is under active debate. A 9 bp RNA substrate
was designed that could be melted by NS3 in a single substep,
as indicated by the lack of a lag phase and the 90% amplitude
observed during single-cycle unwinding.** Although the RNA
duplex contained 9 bp, some of the base pairs may melt
spontaneously because of thermal fraying, so the specific
number of base pairs melted in a single cycle is difficult to
reveal in an ensemble experiment. Single-molecule Forster
resonance energy transfer (smFRET)* and structural'® studies
have suggested a “springlike” motion whereby domains 1 and 2
move by 1 nt increments while domain 3 engages the nucleic
acid more tightly through interaction with amino acid residue
TrpS01. The relative movement of the domains is proposed to
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build up strain that is released after three translocation steps
leading to unzipping of 3 bp. An alternative explanation for
melting was provided by studies in which single-molecule laser
tweezers were used to measure step sizes of 0.5—3 bp.>* The
explanation provided for the variable melting step was based on
a proposed second site on the surface of NS3 for binding to the
displaced strand. Translocation of NS3 on the tracking strand
by 1 nt steps was proposed, but release of the displaced strand
was suggested to occur in a manner that does not correlate
precisely with translocation, giving rise to the appearance of
variable step sizes for base pair melting. Identification of the
residues responsible for binding to the displaced strand may
help delineate the differences in the proposed mechanisms.*®
A Brownian motor mechanism has also been proposed for
translocation and unwinding by the NS3 helicase domain
(NS3h).*° In this mechanism, two states of binding to DNA,
weak and tight, are modulated by ATP binding. In the weak
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Figure 8. KMnO, footprinting pattern that is similar over a range of
NS3 concentrations. Increasing concentrations of NS3 [S0 nM (black
triangles), 100 nM (green diamonds), 250 nM (blue squares), SO0 nM
(red circles), and 1000 nM (magenta triangles)] were incubated with
the 1S nt, 22 bp DNA (10 nM) for 9 min followed by footprinting
with KMnO,. The reactivity of thymidine with KMnO, is plotted for
each position in the ssDNA region (A) or in the dsDNA region (B).
(C) Expanded view of the dsDNA region. The pattern of protection
and reactivity of thymidine with KMnO, in the dsDNA region can be
observed even at SO nM NS3 (black triangles), at which the
concentration of available DNA binding sites is equal to the
concentration of NS3.

ATP-bound state, NS3h diffuses along the DNA. Hydrolysis
and release of the cofactor lead to a tight binding state, and
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directional movement occurs as a result of an asymmetric
“sawtooth” energy profile. On the basis of the ongoing
discussion for the mechanism of unwinding by NS3, this area
of study will likely remain an active area of investigation and the
enzyme will likely continue to serve as a model system for other
helicases.

A Model for Binding of NS3 to ssDNA—dsDNA
Junction. In this report, we have utilized a method that has
the potential to report on the position of the helicase on the
DNA as well as the status of the DNA. KMnO, reacts with
thymidine residues more rapidly than other bases, with the rate
of reaction being dependent on the exposure of the C5 and C6
atoms (ie., single-stranded vs double-stranded). This approach
has been used extensively to examine interactions between
RNA polymerase holoenzyme and promoters during tran-
scription initiation.’® Some investigators have applied this
approach to study the binding of the helicase to DNA.>”*® One
study showed a specific role for DNA melting as a result of
helicase binding for the RecBCD enzyme. Melting of 6 bp of
dsDNA upon binding of RecBCD in the presence of Mg>"
allows the enzyme to overcome a kinetic barrier to begin the
rapid unwinding of DNA.>®

Our experiments were designed to determine the number
and position of NS3 molecules bound to a DNA substrate prior
to initiation of an unwinding reaction. The number of
molecules bound to the ssDNA substrate clearly correlated
directly to the binding site size of the enzyme, which is 7—8 nt.
Surprisingly, NS3 was found to interact with the duplex portion
of the substrate, producing a reactivity pattern with KMnO,
that extended the pattern observed on ssDNA. Binding to the
ssDNA occurs very rapidly (<15 s), whereas binding to the
duplex occurs more slowly, but within the first S min of
incubation under the conditions used here (Figure 7). This
result indicates that interaction of NS3 with dsDNA leads to
partial melting of the duplex, which exposes some thymidine
residues for reaction with KMnO,. Alternatively, NS3 is poised
to capture ssDNA because of thermal fraying, perhaps as a
result of a preferential interaction at the ssDNA—dsDNA
junction. These results are consistent with a previous report
indicating that NS3 binds relatively well to dsDNA (Kp, value
between 10 and 20 nM)."”” The results also suggest that
multiple molecules of NS3 are poised to participate in the
unwinding reaction when the NS3 concentration is in excess of
the DNA substrate concentration. A model for the interaction
between NS3 and the 15 nt, 22 bp substrate is shown in Figure
9. Initial binding occurs with two NS3 molecules along the
ssDNA region. Additional molecules of NS3 then bind more
slowly to the dsDNA adjacent to those already bound to the
ssDNA. Binding of NS3 to the duplex may predispose the DNA
for melting in the presence of ATP. Binding of dsDNA does
not lead to the complete separation of the duplex initially but
instead causes some degree of untwisting, or partial melting,
which increases the reactivity of thymidine residues with
KMnO,.

Previous work indicated that unwinding by NS3 was highly
sensitive to the structure of the duplex.>” Structural alteration of
the displaced strand led to slower unwinding, suggesting that
NS3 interacts with the displaced strand. More recent reports
using single-molecule experiments*® also indicated that NS3 is
highly sensitive to the structure of the duplex region of a
substrate. The results reported here using DNA footprinting
clearly show interaction of NS3 with the duplex region, which
provides an explanation for why this enzyme is sensitive to the
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Figure 9. Model for binding of N'S3 to a partial duplex DNA substrate.
Diagram showing NS3 binding to the 15 nt, 22 bp substrate. The
model takes into account the data from the DNA footprinting
experiments with KMnO, that indicate that 7—8 nt (or bp) is bound
per NS3 molecule. Initial binding of two molecules of NS3 occurs on
the ssDNA overhang, followed by slower binding to the duplex.
Binding to the duplex region results in changes in DNA conformation
that increase the reactivity of thymidine with KMnO,, consistent with
untwisting of the duplex.

duplex structure. The reactivity of the duplex region with
KMnO, in the presence of NS3 indicates that the duplex is
actively engaged by the enzyme. Under conditions in which the
enzyme concentration greatly exceeds the substrate concen-
tration, the interaction between NS3 and duplex DNA may be
facilitated by the propensity of NS3 to form oligomeric
structures.'”?* In such a mechanism, binding of NS3 to the
ssDNA region of a partial duplex substrate could help recruit
additional molecules to the duplex region through protein—
protein interactions.

One of the important implications of these data is that the
number of molecules of NS3 bound to the substrate is not
defined exclusively by the length of the ssDNA overhang. The
15 nt ssDNA overhang can clearly bind two molecules of NS3,
as shown by the DNA footprinting patterns. NS3 can also bind
within the duplex portion; therefore, more molecules of NS3
may be poised to participate in the unwinding reaction than the
number predicted by the length of the ssDNA. Hence, it may
not be possible to limit the number of molecules bound to the
substrate by simply varying the length of the ssDNA.
Additionally, the number of base pairs melted during the
unwinding reaction may also be difficult to discern because
some base pairs appear to be melted simply because of binding.

NS3 exhibits a very 1ar§e kinetic step size of ~16 bp in
ensemble exgeriments”’z and 11 bp in single-molecule
experiments.>**® Mechanisms proposed to account for the
large kinetic step size include fast unwinding followed by a
slower step that limits the overall appearance of ssDNA. The
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slow step has recently been proposed to be due to binding of
both DNA strands to NS3, with slow release of the displaced
strand limiting the rate of processive unwinding.* It is possible
that the physical basis for the large kinetic step size does not
correlate with the rapid unzipping observed in single-molecule
experiments. The results from DNA footprinting favor an
interaction between NS3 and both strands of the substrate,
producing a protein—DNA complex that untwists or partially
melts a relatively large region of the dsDNA prior to initiation
of ATP-dependent strand separation. If untwisting or partial
melting of the dsDNA is necessary for the subsequent
unwinding reaction to ensue, then this process may limit the
overall rate of unwinding, thereby providing the slow step in
the overall kinetic mechanism.

Whether binding of NS3 to DNA has a biological impact on
HCV infection remains to be determined. NS3 can affect
activities in the nucleus through its interaction with p53,"
ATM,* and SRCAP,* all known regulators of gene expression.
However, such protein—protein interactions can occur outside
the nucleus, thereby altering the localization of nuclear
proteins, which can lead to changes in DNA metabolism.
NS3 has been detected in the nuclei of patients infected with
HCV, but DNA binding in vivo has not been shown
explicitly.'® Regardless of the biological outcomes of NS3
with DNA, understanding the similarities and differences in
how NS3 interacts with DNA and RNA is mechanistically
valuable, because it is not known exactly how helicases
distinguish between the two biological polymers.

B ASSOCIATED CONTENT
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Control experiments in which the lack of DNA melting was
confirmed after prolonged incubation of NS3 with DNA in the
absence of ATP (Figure 1). This material is available free of
charge via the Internet at http://pubs.acs.org.
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