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ABSTRACT: Helicases unwind double-stranded nucleic
acids, remove secondary structures from single-stranded
nucleic acids, and remove proteins bound to nucleic acids.
For many helicases, the mechanisms for these different g
functions share the ability to translocate with a directional

bias as a result of ATP binding and hydrolysis. Nonstructural protein 3 (NS3) is an essential enzyme expressed by the hepatitis C
virus (HCV) and is known to catalyze the unwinding of both DNA and RNA substrates in a 3’-to-S’ direction. We investigated
the role of nucleic acid binding in the unwinding mechanism by examining ATP-independent unwinding. We observed that even
in the absence of ATP, the NS3 helicase domain (NS3h) unwound duplexes only when they contained a 3'-tail (i.e., 3'-to-S’
directionality). Blunt-ended duplexes and S'-tailed duplexes were not melted even in the presence of a large excess concentration
of the protein. NS3h was found to diffuse rapidly along single-stranded DNA at a rate of 30 nucleotides® s™. Upon encountering
an appropriate single-strand/double-strand (ss/ds) junction, NS3h slowly melted the duplex under conditions with an excess
protein concentration relative to DNA concentration. When a biotin—streptavidin block was placed into the ssDNA region, no
melting of DNA was observed, suggesting that NS3h must diffuse along the ssDNA, and that the streptavidin blocked the
diffusion. We conclude that the specific interaction between NS3h and the ss/dsDNA junction, coupled with diffusion, allows
binding energy to melt duplex DNA with a directional bias. Alternatively, we found that the full-length NS3 protein did not
exhibit strict directionality and was dependent on duplex DNA length. NS3 was able to unwind the duplex even in the presence
of the biotin—streptavidin block. We propose a noncanonical model of unwinding for NS3 in which the enzyme binds directly to
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the duplex via protein—protein interactions to melt the substrate.
Helicases are enzymes that manipulate nucleic acids by
coupling the energy of ATP hydrolysis to protein
conformational changes that unwind and/or translocate DNA
or RNA.'™* The mechanisms for these enzymes have received
intense study over the past two decades. Different families of
helicases have been identified on the basis of sequence
analysis.” Some helicases readily oligomerize into hexameric
rings, while other helicases appear to function as monomers or
dimers.® Nonstructural protein 3 (NS3) from the hepatitis C
virus (HCV) is one of the most studied helicases from
superfamily 2. It is of medical interest as a target for antiviral
drug development, but it also serves as an excellent model
system for studying helicase mechanisms.” This enzyme is a
multifunctional protein that contains an N-terminal protease
domain and a C-terminal helicase domain. The domains can be
separated while each individual function is retained, but helicase
activity and protease activity are allosterically linked.®* NS3 can
interact with itself but also reportedly can function as a
monomer. HCV is an RNA virus, so the biologically relevant
substrate for NS3 is RNA. However, this enzyme readily

functions on DNA, as well, and some evidence indicates that
NS3 can be observed in the nucleus of patients with HCV
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infection.” While nuclear DNA helicase II (SF2 helicase),
vaccinia NPH II (SF2 helicase), and human coronavirus 229E
(SF1 helicases) are also known to function on both nucleic
acids,"*™"* most helicases, even very closely related SF2
enzymes (e.g, DENV NS3), typically function on only DNA
or only RNA."

Studies of this enzyme have been conducted on both RNA
and DNA substrates, and structural studies have demonstrated
that the interactions between NS3 and the two different nucleic
acid structures are highly similar."*™ It is due to this lack of
strict substrate specificity that NS3 is able to work on both
substrates with similar but not identical kinetic parameters.'”'®

The ability of helicases to unwind dsNA can be broken down
into two functions: translocation and base pair melting.
Translocation has been examined in depth through many
approaches, resulting in models for stepwise movement of the
enzymes along the nucleic acid lattice.**'® The helicase domain
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Table 1. DNA Substrates

Name Sequence
T15-22 bp 3’- TTT TTT TTT TTT TTT AGG ACA GTC GGA TCG CAG TCA G
5/- TCC TGT CAG CCT AGC GTC AGT C
T15(bio-aT-12) —22 bp 3’- TTT TTT TTT TT/Bio-dT/ TTT AGG ACA GTC GGA TCG CAG TCA G
5’- TCC TGT CAG CCT AGC GTC AGT C
22 bp-Tis 3’- AGG ACA GTIC GGA TCG CAG TCA GTT TTT TTT TTT TTT T -5’
5/- TCC TGT CAG CCT AGC GTC AGT C
22 bp 3’- AGG ACA GTIC GGA TCG CAG TCA G
5/- TCC TGT CAG CCT AGC GTIC AGT C
T15-30 bp 3/- TTT TTT TTT TTT TTT CAT CAT GCA GGA CAG TCG GAT CGC AGT CAG
5/- GTA GTA CGT CCT GIC AGC CTA GCG TCA GTC

of NS3 (NS3h) has served as a model enzyme for studying
translocation and base pair melting. In the case of NS3h,
movement has been suggested to occur in one-nucleotide steps,
driven by hydrolysis of one ATP.”® An alternative model based
on single-molecule Forster resonance energy transfer experi-
ments supports a “spring-loaded” mechanism in which the
enzyme hydrolyzes ATP, building up strain through movement
of subdomains along the DNA, and then the enzyme releases
the strain by springing forward while melting 3 bp.*'

The chemical mechanism for helicase-catalyzed base pair
melting has received less attention than translocation. In
previous studies, it has been shown that NS3 and NS3h bind
tightly to the ss/dsDNA junction causing destabilization of the
duplex.®* In the study presented here, we have examined
unwinding of dsDNA in the absence of ATP to investigate the
role of protein—DNA binding during the base pair melting
process. Results indicate that NS3h readily diffuses along
ssDNA but interacts tightly with the ss/dsDNA junction. A
directional bias for unwinding of DNA is observed in the
absence of ATP, which emphasizes the importance of the
specific interaction between the enzyme and the ss/dsDNA
junction. In the case of full-length NS3, directionally biased
melting is partially lost for ATP-independent melting of short
duplexes, which appears to be due to protein—protein
interactions that are much stronger than those of the truncated
NS3h protein.

B EXPERIMENTAL PROCEDURES

Materials. Nucleotide radiolabeling was achieved using
[y-**P]ATP purchased from PerkinElmer Life Sciences and T,
polynucleotide kinase obtained from New England Biolabs.
HEPES, EDTA, SME, SDS, MOPS, Tris, NaCl, MgCl,, KOH,
ATP, KMnO,, glycerol, formamide, arylamide, bis(acrylamide),
xylene cyanole, bromophenol blue, and urea were all purchased
from Fisher. Poly(U) was acquired from Amersham Bio-
sciences, and Sephadex G-25 was from Sigma. Streptavidin
Dynabeads were obtained from Invitrogen.

Oligonucleotides and Proteins. DNA oligonucleotides
were obtained from Integrated DNA Technologies (Table 1);
all nucleic acids were purified via preparative gel electrophoresis
prior to use in ex;)erimental assays and radiolabeled as
previously described.”> DNA substrates are listed in Table 1.
For each substrate, the top strand (10 pmols) was radiolabeled.
Duplexes were prepared by adding 1.2 equiv of unlabeled
oligonucleotide (bottom strand) to the radiolabeled oligonu-
cleotide, followed by heating to 95 °C, and then allowing slow
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cooling to room temperature. DNA substrates were stored in a
solution buffer consisting of 10 mM HEPES (pH 7.5) and 0.1
mM EDTA. Recombinant full-length NS3 was derived from the
HCV replicon 1b replicon consensus sequence and expressed
and purified as previously described.”>™>*

ATP-Independent, Multiple-Turnover Unwinding.
DNA unwinding assays are conducted by incubating a helicase
with a radiolabeled duplex substrate and then initiating the
reaction upon addition of ATP, leading to formation of ssDNA.
The presence of a nucleic acid (NA) trap that is
complementary to the unlabeled strand of the substrate
prevents reannealing of separated ssDNA products. Detection
of these products occurs via autoradiography after native gel
electrophoresis separates the ssDNA product from the dsDNA.
The ATP-independent unwinding reactions were initiated by
mixing 2 nM radiolabeled substrate with 500 nM NS3 or NS3h
(final concentrations reported) at 37 °C after an initial
preincubation period of 5 min to allow the solutions to reach
the desired temperature prior to the reaction. The reaction was
performed in 25 mM MOPS (pH 7.0), SO mM NaCl, 10 mM
MgCl,, 2 mM pME, 0.1 mg/mL BSA, and 0.1 mM EDTA. The
multiple-turnover unwinding reaction proceeded at 37 °C for
the desired time, followed by mixing with a quench solution
containing 100 M nucleotide poly(U), 60 nM annealing trap,
0.2 M EDTA, and 0.7% SDS. An aliquot of the quenched
reaction mixture (20 yL) was added to 4 uL of loading buffer
(0.1% bromophenol blue, 0.1% xylene cyanol, and 30%
glycerol) and resolved on a native 20% polyacrylamide gel.
The radiolabeled products were detected using a Phosphor-
Imager (GE Healthcare Life Sciences), and quantitation of the
radioactivity in each band was performed using ImageQuant
(GE Healthcare, Piscataway, NJ). The ratio of single-stranded
to double-stranded DNA was determined and plotted as a
function of time using Kaleidagraph (Synergy Software,
Reading, PA).

Stopped-Flow Translocation Assay. All concentrations
indicated are after mixing. The dissociation of NS3h from
ssDNA in the absence of ATP was measured by using an
SX.18MV stopped-flow instrument (Applied Photophysics)
maintained at 37 °C. NS3h was incubated with ssDNA,
followed by rapid mixing with heparin (4 mg/mL). The change
in intrinsic tryptophan fluorescence over time was monitored
with an excitation wavelength of 280 nm using a 1 mm slit
width. Emission was measured using an Oriel 51980 filter with
a 340—600 nm bandpass; 100 nM NS3h was preincubated with
1.2 uM ssDNA (T, Ty, T3, Tys) Ty Tag T3o) Tagr and Tss) in
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Figure 1. ATP-independent unwinding of DNA substrates by NS3h requires interaction with a properly oriented junction. ATP-independent
unwinding was initiated by mixing 500 nM NS3h with 2 nM DNA in the presence of 10 mM MgCl, at 37 °C (orange diamonds). (A) An unwinding
assay is performed on a radiolabeled duplex substrate with or without a single-stranded extension. The action of a helicase unwinds the duplex,
resulting in two separate DNA strands. A trapping strand that is complementary to the unlabeled displaced strand is placed in the quench of an ATP-
independent unwinding assay to prevent reannealing. (B) The DNA substrate, T;5-22 bp, featuring a ssDNA 3’-ssDNA tail consisting of 15
thymidine residues was unwound by NS3h (orange diamonds). The data were fit to a single exponential, resulting in an observed rate of unwinding
of 0.033 + 0.004 min™". To ensure the efficiency of the protein trap, 100 #M nucleotide poly(U) was preincubated with the DNA and then mixed
with enzyme (O) to begin the unwinding reaction. (C) NS3h was also able to unwind a DNA substrate of 30 bp, T 5-30 bp (orange diamonds). The
data were fit to a single exponential to obtain the observed unwinding rate of 0.029 + 0.003 min~". (D) NS3h was unable to unwind a DNA
substrate containing a 5'-ssDNA tail adjacent to the 22 bp duplex (22 bp-T,s) (orange diamonds). (E) NS3h was unable to unwind a blunt-ended

DNA substrate comprised of only the 22 bp duplex.

a buffer containing 25 mM MOPS (pH 7.0), SO mM Na(l, 0.1
mM EDTA, and 2 mM BME in the presence of 10 mM MgCl,.
The reaction was initiated by rapid mixing with 4 mg/mL
heparin and 10 mM Mg** (Figure 2B). For each enzyme—
substrate pair, five or six kinetic traces were collected and
averaged. The data were then fit to a single exponential to
obtain the observed dissociation rate constant (kg,ps). The rate
of translocation (k) or diffusional sliding (k) along ssDNA was
determined as described by Young et al.*® (see the text for
details).

B RESULTS

NS3h Can Unwind DNA Substrates Containing a
Properly Oriented ss/dsDNA Junction in the Absence of
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ATP. Binding of the enzyme to the substrate is the first step in
translocation and unwinding activities of a helicase. Helicase
ATPase activity may be needed for directional movement, base
pair melting, or both. To understand the specific role of binding
of a nucleic acid in base pair melting, ATP-independent
unwinding of NS3h on a variety of DNA substrates was
investigated. At an excess enzyme concentration relative to the
substrate concentration (500 nM NS3h and 2 nM substrate)
and under multiple-turnover conditions, ATP-independent
unwinding of a substrate with a 15-thymidine 3’-tail adjacent
to a 22 bp mixed sequence duplex [T;5-22 bp (see Table 1 for
sequences)] was observed for NS3h at 37 °C (Figure 1B).
NS3h was capable of separating nearly 75% of the substrate in
30 min.
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Figure 2. NS3h slides along ssDNA in an ATP-independent manner. Diffusional sliding of NS3h along ssDNA was determined from dissociation of
the enzyme from oligonucleotides of increasing length (L). All concentrations reported are final after mixing. (A) Model for diffusion of NS3h along
an 8mer oligonucleotide. NS3h binds six nucleotides based on the crystal structure. Each step of diffusional sliding (k,) is shown in one direction but
actually can occur with equal probability in both directions. Sliding is assumed to occur in increments of one nucleotide. Dissociation from the end of
the DNA was estimated to occur in three individual steps, which allows half the six sites of interaction to dissociate. NS3h can also dissociate from
internal positions, k. (B) Protocol for rapid mixing of a solution containing a prebound NS3h—ssDNA complex with a solution of heparin, which
will sequester any unbound helicase and prevent rebinding of NS3h to the substrate. (C) Representative progress curve from dissociation of 200 nM
NS3h from 1.2 uM strands Ty upon rapid mixing with 4 mg/mL heparin. The data were fit to a single exponential to obtain an observed dissociation
rate (ko) of 11.4 + 0.8 s7L (D) kg obs rates obtained for different lengths of ssDNA are plotted (orange diamonds). (E) Rates of dissociation from
oligonucleotide that display a length dependence (Tg, Tyo, T3, T}, and T}g) were used to determine the rate of sliding. The sliding rate (k) was
determined via analysis of the linear regression fit of the observed dissociation rates plotted vs the equation describing diffusion along a linear
polymer.*® The k; of NS3h along ssDNA in the absence of ATP binding and hydrolysis was determined to be 30 nucleotides?/s (orange diamonds).

These experiments were performed under multiple-turnover the same 15-thymidine ssDNA tail attached to a slightly longer
conditions in the absence of a protein trap so that the enzyme duplex of 30 bp, T 5-30 bp (Figure 1C). NS3h unwound T 5-30
could bind, dissociate, and reassociate with the DNA bp in with a similar rate and amplitude as the 22 bp substrate.
throughout the duration of the unwinding reaction. The NS3h ATP-Independent Unwinding Displays Appa-
protein trap [100 uM nucleotide poly(U)] was added at the rent Directional Bias. During ATP-dependent processes,
designated times to sequester the enzyme and stop the NS3 and NS3h are known to have an inherent 3’ — 5§’
unwinding reaction. To ensure that the protein trap was translocase and helicase activities.”” To determine if this
efficient, the poly(U) and the duplex DNA substrate were directionality is also observed in ATP-independent unwinding,
preincubated together prior to the initiation of unwinding by a 15-thymidine S5'-tail attached to a 22 bp duplex identical in
the addition of the enzyme. NS3h did not unwind the substrate sequence to that from the previous experiments (22 bp-T ;)
in the presence of excess poly(U), confirming the protein trap was utilized. NS3h was unable to unwind the substrate with the
was effective [Figure 1B (O)]. 5'-tail (Figure 1D). The requirement for a 3’-oriented tail in

To determine whether this reaction was dependent on the this unwinding reaction is evidence of a directional bias
duplex length, the assay was repeated on a DNA substrate with inherent in the unwinding activity of NS3h, independent of
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ATP binding and hydrolysis. This also suggests that the helicase
domain itself exhibits this property, even in the absence of the
protease domain.

NS3h did not unwind a blunt-ended DNA duplex substrate
consisting of 22 bp in the absence of a ssDNA tail (Figure 1E).
These data support similar reports of the requirement of a ss
region2 3&2)51; these enzymes to load onto before unwinding can
occur.™

It is possible that diffusional sliding on ssDNA may play a
part in the observed ATP-independent unwinding. The finding
that NS3h requires the 3’-ssDNA tail to melt substrates but is
inactive on the 5'-ssDNA tail in the absence of ATP suggests
that the polarity of binding to ssDNA and recognition of the
ss/ds junction are important in the unwinding reaction. Hence,
a specific interaction between NS3h and the ss/dsDNA
junction appears to mediate the melting reaction. Previously,
Levine and Patel reported a junction specific interaction
between NS3h and DNA substrates.”> Results here suggest that
binding to ssDNA alone is insufficient to melt the duplex, but if
the binding to ssDNA is on the appropriate side of the ss/ds
junction, duplex melting can occur.

NS3h Diffusion on ssDNA in the Absence of ATP.
Methods to determine ATP-dependent translocation of
helicases on ssDNA were developed by several laborato-
ries."®?**%3® N'S3h binds to the ssDNA, and presumably, it may
diffuse or slide randomly along the DNA (Figure 2A). To
examine diffusional sliding of NS3h, a series of stopped-flow
experiments were performed to measure dissociation of NS3h
from oligonucleotides of increasing lengths (1.2 uM; Tg, Ty,
T13 Tis Tis Ta0 T300 Tagy and Ti). NS3h was incubated at 37
°C with the ssDNA followed by rapid mixing with a solution
containing heparin (4 mg/mL), and the intrinsic tryptophan
fluorescence of NS3h was measured over time (Figure 2B).
Heparin serves as a protein trap to prevent the helicase from
rebinding the ssDNA after the dissociation event. It also
prevents any unbound NS3h in solution at the start of the
reaction from binding to the ssDNA after the reaction begins.
The observed rate of dissociation (kg ), which encompasses
the dissociation constant from internal positions along the
ssDNA and the dissociation of the enzyme from the end of the
oligonucleotide, is obtained by fitting the observed change in
fluorescence to a single exponential (Figure 2C). If the enzyme
diffuses along ssDNA, then it will dissociate from the end of the
shorter DNA sequences faster than it dissociates from longer
DNA sequences, which is exactly what we observed (Figure 1
of the Supporting Information).

The observed rate of dissociation (kg ) decreased as the
length of DNA increased up to ~20 nucleotides (Figure 2D).
The relationship between the diffusion rate and observed
dissociation rate has been described by others®® and can be
evaluated according to the following equation:

—
(L/2) (1)

where ky, is the observed dissociation rate, k; is the rate of
diffusional sliding along the ssDNA, and L is the length of the
oligonucleotide. This equation describes the relationship
between the ki, and the k, as a function the distance the
enzyme travels along the substrate adjusted for a random initial
binding site (Figure 2A). The model in Figure 2A shows
diffusional sliding from only one end of the ssDNA, but
diffusion can occur in either direction, according to rate
constants k, and k ;.

kd,obs =
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The rate of diffusional sliding, k,, was determined by plotting
the ky . according to eq 1 and fitting the data to a linear
regression (Figure 2E). The observed dissociation rates for
oligonucleotides with lengths of 8, 10, 13, 15, and 18 were used
in the analysis (Figure 2D), resulting in a k, of 30 nucleotides/s
for NS3h. Longer oligonucleotides were not used in this
analysis because dissociation was essentially independent of
length for >18 nucleotides. For comparison, rates of 1—46
nucleotides/s have been reported for ATP-dependent trans-
location by NS3h.'#3"%

The more rapid dissociation constant from shorter
oligonucleotides could be due simply to weaker binding to
the shorter oligos, as reported previously, rather than diffusional
sliding from the ends of the ssDNA. Levin and Patel®
measured the affinity for oligonucleotides dT, dT o, dT,, dT s,
and dT,, with Ky values of 47, 7.4, 0.4, 0.5, and 0.9 nM,
respectively. Hence, the shortest oligonucleotide binds with
weaker affinity, but the others bind with similar affinity.
Therefore, we further tested the idea that NS3h might be
sliding on ssDNA by placing a protein block into the ssDNA
path.

NS3h ATP-Independent Unwinding Requires Diffu-
sional Sliding. The previous results lead us to hypothesize
that NS3h utilizes the ssDNA tail to bind and then slide into
the ss/dsDNA junction. Once the enzyme reaches the ss/
dsDNA junction, the specific interaction with the junction may
lead to melting of a few base pairs.22 To test this idea, a
substrate was designed that could block diffusion along the
ssDNA, but not necessarily block direct binding to the ss/
dsDNA junction. A biotin label was placed into the ssDNA so
that a streptavidin block could be placed on the ssDNA tail
(Figure 3A). A substrate (2 nM) with a biotin-dT analogue at
position 12 of a 3’-Ty; tail (three nucleotides 3’ to the ss/ds
junction) attached to a 22 bp substrate [T 5(0.ar-12)-22 bp (see
Table 1)] was preincubated with streptavidin (120 nM) to
place a protein block just ahead of the ss/ds junction of the 3'-
tailed DNA substrate.

The streptavidin-blocked substrate was then subjected to
ATP-independent unwinding by NS3h (500 nM) to determine
the reliance of diffusional sliding into the duplex on the
unwinding mechanism. The presence of the streptavidin block
completely eliminates ATP-independent unwinding of this
substrate by NS3h (Figure 3B). The presence of excess
streptavidin in the unwinding reaction does not interfere with
the ability of NS3h to unwind the substrate in the absence of
the biotin-thymidine analogue (Figure 2 of the Supporting
Information). It is possible that streptavidin might prevent
binding of NS3h to the DNA substrate. However, KMnO,
footprinting of NS3h on T 50.41.12)-22 bp in the presence and
absence of streptavidin indicates that the enzyme does bind to
the substrate (Figure 3 of the Supporting Information).
Therefore, the observed cessation of DNA melting in the
presence of the protein block is not due to the lack of bound
enzyme molecules. Results here illuminate the possibility of a
previously unknown feature for this enzyme: diffusional sliding
along ssDNA into the duplex in the absence of nucleotide
binding and hydrolysis. Directionally biased binding to the ss/
dsDNA junction can then stabilize melted base pairs at the
junction.

NS3 Unwinding Does Not Display Strict Polarity in
the Absence of ATP. It is well-established that full-length
NS3 does not always behave like NS3h."®**** To investigate
the effect of nucleic acid binding on the mechanism of
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Figure 3. ATP-independent unwinding by NS3h is halted by the
presence of a protein block that prevents sliding into the duplex. (A)
The streptavidin block was created by incubating 2 nM DNA substrate
containing a biotin-thymidine analogue (pink) at position 12 with 120
nM streptavidin (black tetramer) at 37 °C prior to initiating the ATP-
independent unwinding reaction. The streptavidin-blocked DNA
substrate was mixed with 500 nM NS3h (orange) to initiate the
ATP-independent unwinding reaction. B. The presence of streptavidin
(orange window) halted NS3h unwinding of the biotinylated substrate,
T/ 5(bio-ar-12)-22 bp. NS3h was able to unwind this substrate in the
absence of streptavidin (orange diamonds).

unwinding by NS3, a series of similar experiments were
conducted using the same conditions that were used for NS3h.
Under conditions of excess enzyme concentration (500 nM
NS3 and 2 nM DNA), ATP-independent unwinding of a
substrate with a 15-thymidine 3’-tail adjacent to the 22 bp
mixed base duplex region was observed for NS3 (Figure 4A).
NS3 did not unwind the substrate in the presence of poly(U),
confirming that the protein trap is effective (Figure 4A).

To determine if the directionality exhibited by NS3h is also
present for NS3, the substrate featuring a 5'-tail attached to a
22 bp duplex (22 bp-T,5) was investigated. Surprisingly, NS3
was able to separate this 5'-tailed substrate (Figure 4C), albeit
at a rate slower than and with an unwinding amplitude lower
than those observed on a comparable substrate containing a 3’
tail (Figure 4A). This result indicates that NS3 exhibits a
mechanism different from that of NS3h for ATP-independent
unwinding of duplex DNA. Interestingly, the addition of 5 mM
ATP in the presence of 10 mM MgCl, completely abolishes
this apparent 5 — 3’ unwinding activity by NS3, and no
product formation can be detected (Figure 4 of the Supporting
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Information). Hence, the 3’ — S’ directionality for trans-
location that is driven by ATP hydrolysis prevents the melting
reaction with the S’-tailed substrate.

Similar to NS3h, NS3 could not unwind a substrate
consisting of a blunt-ended 22 mixed base duplex in the
absence of a ss tail region during a 30 min reaction time (Figure
4D). These data support prior reports of the requirement of a
ss regizo3n2 8for these enzymes to load onto before unwinding can
occur.™

We suggest that NS3 binding directly to the duplex, directed
by protein—protein interactions, can account for the observed
“reverse” in directionality in the ATP-independent unwinding
reaction. This conclusion is similar to the reported unwinding
mechanism for other DExD/H-box and DEAD-box proteins in
which strict directionality is also not observed.**>

NS3 ATP-Independent Unwinding Demonstrates a
Length Dependency. The length dependence of this ATP-
independent activity for NS3 was examined by measuring
unwinding of a substrate with an extended duplex region of 30
bp adjacent to the 15-thymidine 3'-tail region (T;5-30 bp). In
contrast to NS3h, NS3 was unable to unwind a measurable
amount of the DNA substrate containing the 30 bp duplex in
the absence of ATP (Figure 4B).

It has been reported that unwinding of this substrate requires
only two kinetic steps by NS3 in the presence of ATP.>** T
30 bp is long enough to remain at least partially in native duplex
form even if first 18—20 bp is unwound, which is the reported
size of a single kinetic step size for NS3.>**° It is possible that a
large kinetic step size relates in some manner to the binding site
size of the oligomeric form of NS3.

NS3 ATP-Independent Unwinding of DNA Substrates
Is Not Blocked by a Streptavidin Bound to Biotin in the
ssDNA Tail. To explore the mechanism of NS3-mediated
melting of the duplex, the substrate containing biotin—
streptavidin block was utilized. Surprisingly, NS3 melted the
T5(bio-dr-12)-22 bp similarly in the presence and absence of the
streptavidin block with little or no observed decline in the
extent of product formation (Figure S). NS3 is able to bind to
this substrate in the presence or absence of streptavidin (Figure
6 of the Supporting Information). This result indicates that
diffusion does not play an important role in the ATP-
independent unwinding mechanism of full-length NS3.
Furthermore, it suggests that the observed ATP-independent
unwinding reaction may be mediated by NS3 oligomers that
can bind to the ssDNA and then extend past the protein block
and interact directly with the duplex because of NS3—NS3
interactions (see Discussion). This result is consistent with the
model in which NS3 is capable of interacting with both the tail
region and the duplex portion of a substrate to locally unwind
the duplex.*"*

B DISCUSSION

Experiments reported here were designed to probe the
interaction between these enzymes and nucleic acids and the
role of protein—protein interactions in the overall unwinding
mechanism. NS3h was found to diffuse along ssDNA and then
engage the ss/dsDNA junction from the 3'-direction. In the
presence of excess enzyme, NS3h melted the duplex in a
directionally biased manner, even in the absence of ATP.
Conversely, full-length NS3 melting was not completely biased
in the 3'-to-S’ direction. We propose that the oligomeric
structure of NS3 can bind directly to the ssDNA and then guide
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Figure 4. ATP-independent unwinding of DNA substrates by NS3 does not display strict directional bias and is reduced by increasing the length of
the duplex. ATP-independent unwinding was initiated by mixing S00 nM NS3 with 2 nM DNA at 37 °C. (A) The DNA substrate, T 5-22 bp,
featuring a ssDNA 3'-tail was unwound by NS3 (green circles). The data were fit to a single exponential, resulting in an observed rate constant of
0.05 + 0.01 min~". To ensure the efficiency of the protein trap, 100 4M nucleotide poly(U) was preincubated with the DNA and then mixed with
enzyme (<) to begin the unwinding reaction. (B) NS3 was unable to unwind a DNA substrate featuring a duplex length of 30 bp (green circles).
(C) NS3 was able to unwind a DNA substrate containing a 5'-tail adjacent to the 22 bp duplex (22 bp-T ;) (green circles). These data were fit to a
single exponential, resulting in an observed rate constant of 0.02 + 0.01 min™". (D) NS3 was unable to unwind a blunt-ended DNA substrate

comprised of only the 22 bp duplex (green circles).
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Figure 5. ATP-independent unwinding by NS3 is unaffected by the
presence of a large protein block. The reaction was conducted as
shown in Figure 3A. The ATP-independent unwinding reaction was
initiated by mixing the streptavidin-blocked DNA substrate with S00
nM NS3. The presence of streptavidin (green windows) did not stop
NS3 unwinding T'5(pio.ar-12)-22 bp. In the absence of the streptavidin
block, NS3 unwinds this substrate (green circles) like the substrate in
the absence of the biotin-thymidine analogue (Figure 4A).

additional protein molecules to the duplex to melt and separate
the strands.
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NS3h. While the ATP-driven directional movement on
ssDNA is certainly a key feature of helicase activity, the
protein—nucleic acid interactions are also critical. ATP-
independent unwinding of DNA emphasized the role of
protein—nucleic acid interactions in the melting step of the
reaction. The simple idea for DNA melting under these
conditions is that ssDNA forms at the ss/dsDNA junction due
to thermal fraying and can be bound by NS3h. The surprising
event in this reaction is that NS3h unwinds the duplex with a
directional bias. A previous report showed that NS3h binds
more tightly to a ss/dsDNA junction than to ssDNA alone.””
The same study suggested that the energy required for duplex
separation is provided by binding of NS3h to the nucleic acid
substrate and not by ATP binding and hydrolysis.

The inability of NS3h or NS3 to melt the blunt-ended duplex
indicated that simple sequestration of the thermally melted
duplex was insufficient for unwinding under the conditions
examined here. The requirement of a 3'-ssDNA tail led to the
idea that NS3h binds to the ssDNA tail and then slides into the
ss/dsDNA junction. This idea was tested by placing a biotin
label on the ssDNA so that in the presence of streptavidin, a
block was present that prevents diffusional sliding into the
junction. The presence of this protein block completely
eliminated ATP-independent melting of the DNA substrate
(Figure 3). The presence of streptavidin did not prevent
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Figure 6. Model for DNA unwinding by NS3h in the absence of ATP. (A) NS3h binds a substrate and can diffuse along the ssDNA tail region
(indicated with a black arrow). Once the ss/ds junction has been engaged, additional interactions occur that add stability to the complex, thereby
favoring this species. Additional NS3h molecules can also bind to the cleared ssDNA tail. The trailing protein can also favorably interact with the
displaced strand, leading to diffusion with an apparent directional bias. This results in the separating of base pairs in the 3’ — 5’ direction and
eventually full strand separation. (B) NS3h bound to the 5'-tail does not form specific interactions with the ss/ds junction; therefore, it is unable to
unwind a DNA substrate containing a 5'-tail.

Spontaneous
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Figure 7. ATP-independent unwinding of DNA substrates is mediated by an oligomeric form of NS3. (A) Multiple molecules of NS3 (protease
domain colored green, helicase domain colored orange) are capable of binding both the ssDNA tail and duplex regions of a substrate.*" Preferential
binding of NS3 to the junction properly aligns the oligomer to optimally interact with the duplex, leading to direct separation of base pairs in the
duplex. NS3 is capable of disrupting a sufficient number of base pairs such that duplex lengths of 22 bp can separate at 37 °C. (B) On a substrate
containing a 5'-tail, protein—protein interactions guide NS3 to bind to the duplex region, after initial binding to the ssDNA, which leads to melting
of the duplex. (C) ATP-independent unwinding of DNA substrates by the NS3 oligomer is length-dependent. Slightly longer duplexes are
sufficiently stable to remain intact despite binding and melting of some of the dsDNA.

binding of NS3 to the substrate. Therefore, the protein block the diagram but could be stacking or other interactions.
likely prevents diffusion into the duplex region. Because of this new interaction, the direction of diffusion is

The strong directional bias for DNA unwinding in the now biased due to the additional interaction between one face
absence of ATP, with the known interaction between NS3h and of the enzyme and the displaced strand. Additional molecules of

a ss/dsDNA junction, leads us to propose the model in Figure NS3h can bind to the ssDNA. These molecules can further add
6. NS3h binds to the ssDNA tail, and the protein can diffuse off to the directional bias in diffusion by preventing the lead
of the 3’-end of the ssDNA or can slide into the ss/dsDNA molecule from sliding back toward the 3’-end. Thus, upon

junction. Specific interactions between the displaced strand of encountering the junction from the 3’-side (Figure 6A), NS3h
the duplex strengthen the interaction between NS3h and the interacts specifically with the junction, melting 1-2 bp at a
DNA. These interactions are depicted by the charge symbols in time, as reported previously.”” The asymmetric interactions at
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the junction lead to a 3’-to-5’ biased DNA unwinding reaction,
even in the absence of ATP.

Alternatively, if NS3h binds to a substrate containing only a
5’-ssDNA tail (Figure 6B), the favorable interaction between
the protein and the ss/dsDNA junction cannot occur because
the incorrect surface of NS3h faces the junction. Hence, the
protein simply dissociates rather than sequestering ssDNA to
separate the duplex. This mechanism emphasizes the
importance of the specific interaction between NS3h and a
properly oriented ss/dsDNA junction, which is also likely to be
important in the overall ATP-dependent DNA unwinding
reaction.

Identification of the specific residues of NS3h that are
responsible for the interaction at the junction begins with
examination of the structure of the enzyme. A large f hairpin is
believed to serve as a wedge that helps separate the two DNA
strands by forming favorable interactions with the DNA.>>*>*
Indeed, mutagenesis of the Phe444 within this wedge
uncouples ATP-driven DNA unwinding activity.**

The data for diffusion on ssDNA (30 nucleotides®/s) can be
compared to the data for ATP-dependent translocation on
ssDNA. Several reports have measured ATP-dependent
translocation. The short range of oligonucleotide lengths over
which a change in kg, is measured has been shown in the
presence of ATP and is likely a result of limited processivity per
binding event.'® Rates of 1—46 nucleotides/s have been
reported for NS3h for ATP-dependent translocation.'®*"**

NS3. In the absence of ATP, NS3 appears to unwind DNA
substrates by a mechanism that does not utilize diffusional
sliding and is therefore translocation-independent. NS3 un-
winds DNA duplexes via local strand separation in the absence
of ATP (Figure 7). This mechanism is similar to the unwinding
mechanism utilized by a number of DEAD-box proteins, which
is unlike the translocation-dependent canonical mechanism of
unwinding.>> ">’ We propose a model in which NS3 binds the
ss extension portion of a partial duplex substrate and loads
additional molecules directly onto the duplex region due to
protein—protein interactions, leading to separation of the
strands in an ATP-independent manner. This protein binding
and alignment between NS3 and DNA substrates were
indicated by DNA footprinting experiments.*' This interaction
in the duplex not only leads to the separation of 3’-tail-
containing substrates but also can lead to the unwinding of §’-
tail-containing substrates. This suggests that once a molecule of
NS3 binds to ssDNA, near a ss/dsDNA junction, the other
NS3 molecules can interact with the duplex correctly and
separate the strands (Figure 7). The decrease in unwinding
efficiency observed on the DNA substrate with the 5'-tail
(Figure 4C) is likely due to the binding polarity displayed by
NS3 and the lack of appropriate interaction with the ss/dsDNA
junction. Strand separation by NS3 is limited by the duplex
length, further indicating a different mechanism for NS3 versus
that of NS3h. We suggest that diffusion of NS3 is limited due to
the oligomeric nature of the enzyme, which limits the length of
duplex that can be melted in the absence of ATP. Diffusional
slidinﬁ was recently investigated and found to be important for
NS3.™ However, these investigators examined RNA rather than
DNA. NS3 is capable of melting both RNA and DNA, but
clearly differences can be observed for each substrate.

Our results point to an intriguing diffusion property shared
by some helicases, but not others. Helicase unwinding assays
are typically performed by incubating the helicase with the
DNA or RNA substrate prior to addition of ATP. During the
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incubation time, some helicases assemble into a functional
complex.*® Other helicases appear to achieve their functional
status more rapidly such as the case with Dda,*’ Pif1,** and
PcrA,* for example. For those enzymes that assemble rapidly, it
is curious that little or no melting of short duplexes occurs
during the incubation period. This observation implies that
these enzymes may not diffuse or may not recognize the ss/ds
junction in the same manner as NS3h. Lack of diffusion may be
due to the nature of the interactions between helicases and
nucleic acid. We suggest that enzymes that do not diffuse
readily contain binding sites in which one or more bases are
“flipped” out of the normal, stacked position, into a specific
helicase binding site. In the case of PcrA, base flipping clearly
occurs.> Base flipping is also proposed to occur in Dda.*! No
evidence of base flipping exists in the case of NS3h, despite
numerous X-ray crystallographic structural studies.">'® Use of
ATP-independent unwinding assays may be a simple way to
distinguish enzymes that readily diffuse from those that do not.
Recent work from the Lohman laboratory characterized
diffusion of the human SSB, hRPA. Interestingly, hRPA uses
diffusion to unwind duplex DNA more efficiently from ssDNA
on the §' side of a hairpin.>>

In summary, we report a surprising property of NS3h:
directionally biased melting of dsDNA in the absence of ATP.
This result emphasizes the importance of specific interactions
between the enzyme and the ss/dsDNA junction. Bidirectional
diffusion of NS3h on ssDNA appears to be rapid and
contributes to the observed melting.
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