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We present a semiquantitative model for translocation and unwinding
activities of monomeric nonstructural protein 3 (NS3) helicase. The model is
based on structural, biochemical, and single-molecule measurements. The
model predicts that the NS3 helicase actively unwinds duplex by reducing
more than 50% the free energy that stabilizes base pairing/stacking. The
unwinding activity slows the movement of the helicase in a sequence-
dependent manner, lowering the average unwinding efficiency to less than
1 bp per ATP cycle. When bound with ATP, the NS3 helicase can display
significant translocational diffusion. This increases displacement fluctua-
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Keywords: tions of the helicase, decreases the average unwinding efficiency, and
molecular motor; enhances the sequence dependence. Also, interactions between the helicase
helicase; and the duplex stabilize the helicase at the junction, facilitating the helicase's
DNA/RNA unwinding; unwinding activity while preventing it from dissociating. In the presence of
diffusion; translocational diffusion during active unwinding, the dissociation rate of

stochastic simulation the helicase also exhibits sequence dependence. Based on unwinding
velocity fluctuations measured from single-molecule experiments, we
estimate the diffusion rate to be on the order of 10 s™". The generic features
of coupling single-stranded nucleic acid translocation with duplex
unwinding presented in this work may apply generally to a class of
helicases.

© 2010 Elsevier Ltd. All rights reserved.

Introduction

Helicases are enzymes essential for every aspect of
DNA or RNA metabolism."” Like most motor
proteins, helicases use the free energy from NTP
hydrolysis to translocate along single-stranded (ss)
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Abbreviations used: NS3, nonstructural protein 3; ss,
single-stranded; ds, double-stranded; SF, superfamily;
HCV, hepatitis C virus.

DNA or RNA, unwind double-stranded (ds) duplex,
or displace proteins along the nucleic acid track.4>
There are six helicase superfamilies classified accord-
ing to their signature sequence motifs."® Among
them, the helicase superfamily 1 and 2 (SF1 and SF2)
are the two largest groups, consisting mainly of
monomeric and dimeric helicases,” with each mono-
mer being a single polypeptide chain containing two
RecA-like folds.89 Other families of helicases often
assemble in multimeric forms, such as hexamers.>%!!

Hepatitis C is a disease that affects about 180
million people worldwide. The C-terminal portion
of nonstructural protein 3 (NS3) from the hepatitis C
virus (HCV) forms a three-domain enzyme and is
classified as an SF2 helicase,*'? while the N-terminal
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440

Coupling Translocation with Duplex Unwinding

portion of the NS3 forms a protease domain. The
nonstructural proteins are responsible for replica-
tion and packaging of the viral genome. The helicase
portion of NS3 is the first crystallized HCV protein
known to hydrolyze ATP and to unwind DNA or
RNA,'EH5 its exact role in viral replication is unclear,
although essential. Identifying inhibitors that target
the NS3 helicase would help resolve the functional
issue and possibly develop anti-HCV drugs.'® In its
monomeric form, the NS3 helicase can translocate
along ss nucleic acids in the 3’ to 5 direction,"” >
unwind duplex regions, and displace other bound
proteins on the nucleic acid.”> The helicase shares
with other monomeric translocases the two RecA-
like domains (1 and 2),” with an ATP binding site
located in between the two domains. Figure 1 shows

Fig. 1. The structure of HCV-NS3 helicase and its
structural alignment with PcrA in two translocase
domains. (Left) The NS3 helicase domain with a bound
oligonucleotide obtained from a high-resolution structure
(Protein Data Bank ID: 1A1V)."* Domains 1, 2, and 3 of
NS3 are in green, red, and blue, respectively. The poly(dU)
oligonucleotide was crystallized with six residues visible,
in orange. The ATP binding site is located in between
domains 1 and 2, with residues essential for ATP binding
and hydrolysis in purple (these include K210, D290, E291,
and H293 from domain 1 and Q460 and R467 from
domain 2). The oligonucleotide threads through NS3 in
between domain 3 and the other two domains, with
important residues that interact with the oligonucleotide
in brown (from left to right, they include W510, T269,
E493, R393, T411, T450, and H369).12 (Right) Structural
alignment24 between the two translocase domains of the
NS3 helicase and that of the PcrA helicase.>>?® The PcrA
helicase is shown in semi-transparent representation, with
domains colored the same as their corresponding domains
in the NS3 helicase: 1A to domain 1 (green), 2A to domain
2 (red), 1B (2B) to domain 3 (blue). The molecular images
were generated by VMD.%

the NS3 helicase in complex with a 6-nt piece of
ssDNA obtained from previous high-resolution
structural studies.'* Essential residues involved in
ATP and ssDNA binding are also depicted. The
ssDNA threads through a groove between domain 3
and the two translocase domains (1 and 2) of the
enzyme. In the lower right portion of Fig. 1, a
structural alignment is shown between domains 1
and 2 of the NS3 helicase and the two RecA-like
domains 1A and 2A of an SF1 helicase PcrA.>>2°
According to the alignment algorithm,***® the
overall PcrA structure is not very similar to that of
the NS3 helicase; however, the two translocase
domains in these two helicases are structurally
similar.

Recently, high-resolution structures of the NS3
helicase have been obtained bound with ATP
analogs.”” These structures provide conformational
snapshots suggesting that two nucleic acid binding
surfaces (NABS2 and NABS1), located on domains 1
and 2, respectively, are required for the helicase to
move unidirectionally along the ss.”> Upon ATP
binding between the two translocase domains and
release of hydrolysis products (ADP and P;), the two
binding sites alternate moving forward 1 nt at a
time. The movements are coordinated through intra-
and interdomain motions. Overall, the motor walks
along the ss in an ‘inchworm’ fashion. This
movement is similar to that proposed for the SF1
PcrA helicase,”” although the exact domain move-
ments and detailed structural characteristics differ
somewhat.

PcrA and monomeric Rep and UvrD'” are among
the best studied SF1 helicases. ATP also binds into
the cleft between the two RecA-like translocase
domains (1A and 2A) of PcrA. As in NS3, the cleft
‘closes” as ATP binds and ‘opens’ upon release of the
hydrolysis products.”>* According to structural
analyses and simulation studies,”>*%°! the unidirec-
tional movement of the PcrA helicase along ssDNA
is achieved by coordinating the ATP hydrolysis
cycle with individual translocase domain motions.
In addition, PcrA domain 1B (and/or part of 2B)
corresponds to domain 3 in NS3 (see Fig. 1). Based
on crystal structure, it appears that domain 2B may
destabilize the duplex DNA via conformational
coupling to the ATP binding region in PcrA™ [see
Fig. S1 from Supporting Information (SI)]; however,
the exact role of this domain remains controversial
as deletion of the entire 2B domain in Rep results in a
fully functional monomeric helicase.* In this work,
we assume that the NS3 helicase shares important
features with PcrA in its ss translocation activity;
that is, the helicase coordinates movements of
domains 1 and 2 with the ATP hydrolysis cycles
such that each domain steps forward 1 nt at a time.
The unidirectional translocation model we develop
for the NS3 helicase is, therefore, based mainly on
computational work on PcrA.**?!
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Recent measurements on the ss translocation
activity of NS3°°?* show that the translocation can
be affected by sugar and base moieties of the ss such
that the helicase translocates faster on ssRNA than
on ssDNA.?? Nevertheless, structural studies have
shown that the helicase interacts with the ss
dominantly via backbone interactions.'**>*73!
Thus, the base effect on the translocation, if any, is
likely indirect, arising from base-backbone cou-
plings in the ss. In this work, we assume that the ss
translocation of the helicase is sequence indepen-
dent as suggested for PcrA,***?! and regard the
backbone-base coupling as a higher-order effect.

Previous biochemical measurements on NS3 heli-
case also show that its binding affinity to ssDNA is
significantly lowered when the helicase is bound
with ATP (or an analog).33 Moreover, the helicase
appears to unwind base pairs at the junction simply
by binding to the duplex.’* These results suggest
that the NS3 helicase unwinding/translocation is
coupled with its Brownian fluctuations as
follows:*>?* ATP binding loosens the grip of the
helicase on the ss so that the helicase may transiently
move randomly and bidirectionally (i.e., diffuse)
along the ss; ATP hydrolysis and product release
re-induce tight binding of the helicase to the nucleic
acid, resulting in a biased forward movement of 1 nt
that leads to directional translocation™ and duplex
unwinding.** However, the structural basis and the
molecular mechanism of the directional movement
of the NS3 helicase have remained unclear.

Here, we model the translocation and unwinding
activities of NS3 helicase by combining its
structural'*** and biochemical properties.333* For
the directional movement of the helicase, we adopt
an alternating domain stepping model similar to
that used for PcrA,**>! consistent with the structural
studies of NS3.*% In addition, we included in our
model the diffusive property of NS3 helicase as
suggested from Ref. 34. This means that the helicase
can diffuse or hop forward and backward along the
ss when it is bound with ATP. Thus, our model
combines the inchworm-like directional stepping
feature® " with nontrivial Brownian diffusion.?*

In modeling NS3 unwinding activity, we have
incorporated properties of T7 helicase unwinding™>*°
that seem to apply to NS3. Studies suggested that the
unwinding of the T7 helicase is not associated with
dTTP binding but with hydrolysis or products
release.”® We assume in this work that binding of
ATP induces only the closing of the two domains
promoting the stepping of domain 1 (the trailing
domain of the enzyme) forward by 1 nt. Upon
hydrolysis and release of products, the two translo-
case domains must separate again. This separation is
achieved by the stepping forward of domain 2 (the
leading domain) by 1 nt. This promotes the unwind-
ing of the duplex at the fork and completes the
mechanochemical cycle of the motor. Recent experi-

ments supported this assumption and suggested that
P; release triggers the power stroke for NS3
unwinding.”’

The unwinding and translocation model proposed
here incorporates many more structural and bio-
chemical properties of the motor than previous
studies.®®*40 Importantly, the sequence effect of
helicase unwinding has not been addressed previ-
ously but is explicitly modeled in this work. To
calibrate and quantify the current model, we have
fitted our numerical results with experimental data
on RNA unwinding of NS3 from single-molecule
optical tweezer measurements.'®*'

However, there are additional structural and
mechanistic features of NS3 that we have not
explicitly taken into account in the current model,
which are likely related to the protease domain of the
full-length NS3. In addition to the ss nucleic acid
binding sites revealed from the crystal s’cructure,]4
single-molecule fluorescence resonance energy trans-
fer experiments** and structural-based modeling'***
suggest that there are also secondary RNA binding
sites in NS3. Moreover, the protease domain in NS3
plays an important role in RNA helicase activity and
greatly facilitates binding of substrate RNA by NS3.*
Although these features have not been explicitly
considered here, it is possible that the enzyme
contacts the dsRNA region upstream of the junction
through its protease and/or its domain 3. These
contacts anchor the enzyme on the ds region,
destabilizing the fork and permitting the translocase
domains to open the fork. Such a scenario is not
inconsistent with the detailed mechanism described
here and may explain the 11-bp step size observed in
single-molecule optical tweezers'® and bulk kinetic
experimen’cs.43

In the following, we first describe how we
constructed the model and then show how several
experimental observations can be understood in
terms of the model.

Results

Constructing the model

In this part, we describe how we model the
translocation of the NS3 helicase along ssDNA or
ssRNA and how it subsequently unwinds the RNA/
DNA duplex when it encounters a fork. We assume
qualitatively that the NS3 helicase behaves the same
on the DNA and RNA, although the magnitudes of
the activities may differ.

Translocation along the ss nucleic acid

Previous biochemical measurements suggest that
NS3 helicase translocates along the ss nucleic acid in
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two alternating states: (a) a high-affinity state as the
motor binds tightly to the ss when the ATP binding
site is empty (so-called ‘apo’ state) and (b) a low-
affinity state as the motor loosely bmds to the ss when
the catalytic site is occupied by ATP.** Henceforth: ‘a
refers to the apo state, and ‘b’ refers the ATP-bound
state. In each state, in principle, the helicase (domains
1,2, and 3 together) can move back and forth by 1 nt
along ss. The movements are characterized by a
forward rate, r;, and a backward rate, r; (i=a, b). The
motor has no directional bias within each state—the
directionality arises from transitions between the
states via ATP hydrolysis cycles. Therefore, we
denote 7} =r,=r, and 1 =15=r,. To be consistent
with the motor-ss affinities, we require r,<ry, so that
high (low) ss afﬁmty corresponds to low (high)
translocation mobility.> Since NS3 helicase binds the
ss tightly in the apo state, we let r,—0, while
maintaining 7,>0. That is, the low affinity of the
motor to the ss in the ATP state allows it to move
randomly and birectionall ally (diffuse) as suggested
from experimental work.”>>* Though direct observa-
tion on the helicase diffusion has not been made, the
diffusive character is realistic as long as the diffusion
happens faster than dissociation of the helicase from
the ss; that is, 1}, is larger than the dissociation rate koff
in the ATP-bound state. Later, we will show that this
1s indeed true for our NS3 model (1,~10 s™' and
koff ~17 _1)

The high and low motor-ss affinities are also
supported by structural studies showing that the
low motor-ss affinity upon ATP binding is due to
structural rearrangements that lose several hydrogen-
bond interactions between the NS3 helicase and the 3’
ssDNA segments.”” Similar observations have been
reinforced by computational studies on PcrA showing
that hydrogen-bonding interactions between the heli-
case and the 3’ ssDNA segment are weaker in the
ATP-bound state than in the apo state.’

Alternating domain stepping for directionality

Like the PcrA helicase, monomeric NS3 hehcase
can be regarded as a two-domain translocase™ (see
Fig. 1). We have assumed, therefore, that the
translocation mechanisms are similar for these two
helicases. In particular, in both helicases, the two
translocase domains are relatively separated from
each other in the absence of ATP, but move closer
together when ATP binds in between, and resume
their original separation after hydrolysis products are
released. We show below that this cycle of displace-
ments causes the two domains to alternate moving
forward 1 nt at a time as the helicase transits between
the two states a and b. These properties are supported
from structural studies of both helicases.!42>2°

In Fig. 2a, we illustrate the helicase translocation
cycle of NS3. In this scheme, domain 1 (trailing/
rear) and domain 2 (leading/front) each moves

along the ss nucleic acid subject to their own
potential of mean force whose period is 1 nt: green
for domain 1 and red for domain 2. We denote by
X1, Xo the location of the rear and front domain,
respectively, along the ss. The position of the
helicase as a whole is defined as the average position
of the two domains, denoted by x=(x;+x)/2, and
indexed by j (state a) or j+1/2 (state b) located at the
potential minima. The two domains are coupled to
each other by a linear spring whose rest length is
different in the two states. Before ATP binds, the
motor is in state a at position j (configuration 1), and
the rest length of the spring is [y. In this configura-
tion, both domains bind tightly to the ss via their
individual potentials. Both potential barriers are
high, but domain 1 sees a lower-energy barrier than
domain 2. This property persists as ATP initially
binds between the two domains (configuration 2)
and the spring length shrinks from [y to -1
Because of its lower-energy barrier, domain 1 hops
forward faster than domain 2 hops backward. This
leads to a stabilized ATP-bound configuration 3,
with the motor in state b at the position j+1/2, and
the spring length equilibrated at [o—1. The transition
a—b (configuration 1—3) is assumed to be rate
limited by ATP binding (rate oL =kpr- [ATP]). This
is because both domain potential barriers decrease
during the ATP binding process (ie., ss affinity
decreases as ATP binds), and the coupling spring
can pull the individual domains together (configu-
ration 2) strongly enough such that the domain 1
movement occurs very fast.

The low affinity of the NS3 helicase to the ss as ATP
stably binds (configuration 3) allows the helicase to
diffuse forward and backward along ss in state b.
Essential conformation changes may take place upon
stable ATP binding, so that the relative mobilities of
the two domains can switch and domain 2 becomes
more mobile than domain 1. Upon ATP hydrolysis
and product (P; and ADP) release (configuration 4),
the two domains are driven apart as the coupling
spring expands to its original rest length Iy. During
this recoil power stroke, domain 2's lower barrier
allows it to move forward 1 nt as the motor relaxes
back to its apo state at configuration 5. Thus, the
helicase has advanced forward 1 nt from from 1. The
rate-limiting event during the transition b—a (con-
figuration 3—5) is assumed to be domain 2's
movement, which is coupled with product release
(at rate o, =key).”” The rate—lnmtmg domain move-
ment is affected by the spring force. The spring force
is relatively weak compared with the domain
potentials (configuration 4; compare 2 and 4), which
grow as the motor-ss affinity increases toward the
apo state. Note that the rate-limiting steps were also
arranged to be compatible with the unwinding
properties assumed for the NS3 helicase. That is, the
unwinding force is generated upon product release
(i.e., the transition b—a is rate limited mechanically)
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Fig. 2. The translocation and unwmdmg scheme of the NS3 helicase. (a) The ss translocation is modeled as a two-state
process, based on the PcrA model.*” State a is the apo state with the catalytic site empty. In state 2, NS3 has a high affinity
to the ssDNA/RNA. State b is the ATP-bound state. In state b, NS3 has a low affinity to the ss> and can hop (diffuse) to
adjacent sites at rate r1,. The red disk represents front/leading domain 2 (at position x,), and the green one represents rear/
trailing domain 1 (at position x). The individual domain potentials along the ss are shown in the correspondmg color.*®
Upon ATP binding (at rate why; configuration 1 to 2), the two domains are drawn closer to each other in comparison with
the apo state; domain 1 steps forward 1 nt as it faces a lower potential barrier than domain 2. After ATP stably binds
(configuration 3), domain 2 experiences a lower potential barrier than domain 1, such that upon hydrolysis product
release, domain 2 steps forward 1 nt (at rate ol; configuration 3 to 4) as the two domains separate from each other. In this
way, the helicase translocates forward 1 nt over an ATP hydrolysis cycle (compare 5 to 1). (b) The schematics of NS3
helicase duplex unwinding. Shown are a binding configuration of the apo NS3 helicase at the ds—ss junction/fork, the
individual domain potentials in the ss translocation [as in (a)], and effective potentials due to the presence of the duplex. In
this helicase binding configuration, the duplex end is located at x, the front domain 2 is labeled at x, =xy—1, and the rear
domain 1 at x; =xy—7. The bulk of the NS3 helicase (gray) covers a 7-nt ss tail region of the junction. Additionally, the front
edge of the helicase (some region on domain 2 or 3) extends into the duplex backbone region for 3 nt. The base-pair-
unwinding potential is located between x;—1 and x, to prevent domain 2 from moving forward. The potential is resulted
from helicase active unwinding, which reduces the base pair stabilization free energy from AGy to NAGy (0<\<1) by
supplying energy (1-N)AG. 6, is the activation energy separating the base pair open to the closed state. The junction-
stabilizing potential, depicted relative to domain 2 in this diagram, has its minimum located at current position x,=x¢—1,
reaching a high plateau Uy at 3 nt further, preventing the helicase from moving away from the junction. This potential
likely results from the helicase front edge associating favorably with the duplex backbone for 3 nt. The association
facilitates active unwinding and prevents the helicase from dissociating.

the 3’ 58 tail linked to the duplex is less than 7 nt

but not upon ATP bmdmg i.e., the transition a—b is
long.** The extra 3 nt represents the backbone region

chemically rate limited).”®*” The exact details of the

mechanochemical cycle of NS3 helicase translocation
need to be elucidated in future experiments.

Unwinding duplex nucleic acid

Figure 2b shows the binding configuration of the
NS3 helicase to the RNA/DNA junction when it
abuts a duplex junction. In this configuration, the
end base pair of the duplex at the junction is located
at xo and the helicase covers the ss tail region of the
junction for 7 nt, with its front domain 2 (red)
labeled at x,=x(—1 and the rear domain 1 (green) at
x1=x9—7. The ‘front edge’ of the helicase (from
domain 2 and/or domain 3) extends into the duplex
(backbone) region for an extra 3 nt. The 7-nt ss
distance covered by the hehcase was chosen to be
consistent with its structure'* (see the 6-nt oligonu-
cleotide in between domains 1 and 2 in Fig. 1) and
biochemical properties. Experimentally, the helicase
binds to the junction and unwinds the duplex when

of the duplex that is closely associated with the
helicase front domain 2 and/or domain 3. The
association stabilizes the helicase at the junction
(discussed below) and, during each ATP cycle,
facilitates base pair unwinding through backbone
distortions, likely similar to PcrA (see Fig. S1). The
overall 10-nt distance of the helicase, projected onto
the nucleic acid track, is consistent with experimen-
tal measurements showing that the helicase binds to
a DNA junction with a 10-nt ss ta11 as fast as it binds
to a pure ssDNA of 10 nt long.>* Detailed analyses
are provided in the SI and Fig. S2.

Duplex effects during unwinding

The basic feature of duplex unwinding in the
current model is that, as the helicase translocates
along ss, it interacts with the RNA/DNA duplex at
the junction where the base pairing/stacking blocks
its progress. The hydrogen-bonded base pairing,
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however, fluctuates between ‘open’ and ‘closed’,
biased toward the closed state at equilibrium. This
assumption about the base pair ‘open < close’
equilibrium is reasonable since its fluctuation
frequency (10°-10” s™")*®* is much faster than the
helicase moving rate (10-10* s™'). The energy of
ATP hydrolysis driving ss translocation can also
allow the helicase to actively ‘tilt’ the potential so
that the base pair equilibrium is biased away from
the closed state and toward the open state. The work
to accomplish this is provided by exerting force on
the hydrogen bonds of the base pair via the front
domain movement and possibly also by perturbing
the duplex structure with associated domain 2 and/
or domain 3. Otherwise, the helicase would need to
wait passively for transient spontaneous base pair
opening to move forward,*® which also requires that
the helicase does not dissociate from the junction too
fast. Additionally, the NS3 helicase can be stabilized
at the junction (see SI text and Fig. S2). This
stabilization has been demonstrated experimentally
since the NS3 helicase shows a higher affinity to a
duplex substrate with a 3’-ss tail than to a pure ss
substrate of the same tail length (of 7 to 10 nt ss). 3
The stabilization can be achieved via helicase
interactions with the duplex that also facilitate
unwinding. Moreover, the stabilization can prevent
the helicase from dissociating from the junction
before unwinding proceeds.

Effective potentials of unwinding

To model the above effects during unwinding, we
introduce two effective potentials at the junction
along the helicase translocation coordinate x (see
Fig. 2b) while keeping the same translocation
potentials for domains 1 and 2 (as in Fig. 2a). Both
unwinding potentials are shown as acting at the
position of domain 2, and the corresponding energy
minimum is located at x,=xy—1 where domain 2 is
labeled in Fig. 2b.

Base-pair-unwinding potential. The base-pair-un-
winding potential is located between xy—1 and x,
when the NS3 helicase actively unwinds the duplex
at its front domains (2 and 3). This potential tilts
the open<« close equilibrium of the end base pair
away from the closed state and toward the open
state. Suppose the original free-energy difference
between the base pair open and closed state, that is,
the base pair stabilization free energy, is AGy=Gopen—
Gaose=0, so that the ratio between the base pair
opening rate (kgpen) and the closing rate (kdose)
is kgpen/ kopse=€"2C0. The helicase activity some-
how decreases the base pair stabilization free
energy from AGy to N-AGp where 0<X <1 (\=0
corresponds to the maximum active case and A =1
corresponds to the minimum active or passive
case). Here, we use N\ as a phenomenological

parameter to measure how active a helicase is
during its unwinding activity. Note that the
energy reduction in the base pair stabilization
free energy occurs when the helicase supplies free
energy eint=(1-N\)-AGy to the base pair. To model
the interaction, we used a one-step linear potential,
which is a special case of more general interaction
potentials discussed in Ref. 38. As a result of this
interaction, the ratio between the opening and
closing rate of the end base pair changes to:

k 0 kO
open _ open g _ Open (1-N\)-AGy _ ,—-NAGy 1
— = O—G = 0—6 =e ( )
kclose k k

close close

On the other hand, the forward movement rate
(ky) of the helicase at the position just before the
potential, as well as the backward movement rate
(k=) just after, also changes from their original
values (k%) such that

k_+ — kg —&int _ ﬁe—(l—)\)-AGo (2)

k.~ KO Ko

Here, the forward rate applies specifically to the
‘catalytic’ transition rate from b to a (ko) that
couples with helicase domain 2 movement at
X,=X9—1, or to the forward diffusion rate (r5) of
the helicase bound with ATP. The backward rate
applies to the backward diffusion rate (1,”) as the
helicase domain 2 moves onto the duplex end at
xp=xo. To specify how much the forward and
backward rates are individually affected, we used
a factor 0<¢<1, such that k,=k%e 51-NAG and
k_=kPe(d =91 =NAGo. this ensures the detailed bal-
ance condition in Eq. (2).

Notice that in the passive unwinding case sug-
gested in Ref. 46, the helicase waits for spontaneous
base pair opening to move forward without affecting
the equilibrium. That is, when N =1, the base-pair-
unwinding potential vanishes, and the forward and
backward rates of the helicase are not affected via the
potential. Indeed, we consider passive unwinding as
an extreme case when \ =1 (minimal active unwind-
ing). Although the open—closed equilibrium of the
end base pair is not affected when N=1, the model
allows an extra probability of base pair opening if the
helicase has an additional energy N-AGy+0, that
immediately activates a ‘forced” closed — open tran-
sition (see Fig. 2b). Note that 6, ranges about 0-
10 kgT (see SI on parameter tuning and Table S1). The
extra probability is detectable if 6,—0. While
04— 10 kgT, the extra probability approaches zero
and the minimal active unwinding converges to the
passive unwinding.

Junction-stabilizing potential. The junction-stabiliz-
ing potential comes from attractive interactions
between the front edge of the helicase and the duplex
(see Fig. 2b). The depth of this attractive potential is
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denoted Up>0. The attraction likely arises from
helicase front edge interacting with the backbone of
the duplex, similar to that observed in PcrA (see SI
and Fig. S1). Interestingly, recent experimental
studies indicate that bases immediately adjacent to
the ]unctlon are less stacked than ssDNA bases
elsewhere.*” Hence, it is also possible that the partial
unstacking of the bases at the junction contributes to
the preferential helicase-duplex association.

As shown in Fig. 2b, the potential reaches a high
plateau of Uy when x, moves to xo—4 or when the
rear end (on domain 1) of the helicase in the apo
state is 10 bp away from the duplex end (x; =x¢—10)
on the ss. As mentioned above, it has been measured
that the NS3 helicase binds to the duplex DNA with
a 10-nt ss tail as fast as it binds to a 10-nt ssDNA,**
while the binding rate to the duplex with an ss tail of
less than 10 nt (=7 nt) is larger than that to the ss
substrate of the same tail length. That is, when the
rear end of the NS3 helicase is within 10 nt from the
duplex end, the helicase can sense the duplex
through its front-edge association with the duplex;
when the rear end is at or beyond 10 nt, the duplex
has no effect on the helicase.

Furthermore, the NS3 helicase has a higher
affinity for the duplex with an ss tail than to the
pure ss substrate of the same ss length (7-10 nt).**
Thus, the magnitude of Uy can be estimated from the
measured affinities (see SI). Note that U, varies
between the apo and the ATP-bound state as the
helicase-duplex interactions switch between the two
states (cf. structures of PcrA-DNA complexes in Fig.
S1). We denote the junction stabilizing strength
associated with these two states by U5 and U,
accordingly.

Another characteristic of this stabilizing potential
is that it deepens along the translocation coordinate
as the helicase approaches the junction. The poten-
tial energy along the strand is minimum when the
front edge of the helicase extends into the duplex
backbone region for 3 nt. At this energy minimum
configuration (in the apo state), x;=xp—1, and
correspondingly, the rear part of the helicase
reaches 7 bp distance from the duplex end at
x;=x9—7. As implied in the experiments’ a
shorter distance than 7 nt between the helicase
rear end and the duplex results in base pair
unwinding. Overall, the junction-stabilizing poten-
tial is made consistent with the binding configu-
ration of the NS3 helicase at the junction (see also
Fig. S2). In general, the backward and forward
rates of the helicase would also be affected by this
potential. By specifying a factor 0<{<1 similar to §
for the base-pair-unwinding potential, the back-
ward rates are decreased by e °*/3, while the
forward rates are increased by e "9%/3 In our
model, only the backward diffusion rate in the
ATP-bound state can be reduced somewhat by this
potential (see details in SI).

Results on translocation

Translocation velocity

Using the two-state representation and transloca-
tion scheme in Fig. 2a, one can derive via a chemical
master equation the average translocation velocity
in the steady state (see SI). By assuming that (i) the
forward transmon a—b is rate limited by ATP
binding ((Dab kgt-[ATP]) while the forward transi-
tion b — a is rate limited by domain 2 movement that
couples with hydrolysis product release (Ohs =kear),
(ii) the reverse backward trans1t10ns are slow
enough (0hy < 0k, 0 < ofL), and (iii) the diffu-
sion rate in the apo state is negligible (r,—0), while
the diffusion rate in the ATP-bound state is
significant (r,>0), we obtain the following expres-
sion for the average translocation velocity:

s kkcat - [ATP] )
f + [ATP]
ET

Here Ip=1 bp is the periodicity of the helicase
movement. Equation (3) has a form of a Michaelis—
Menten-like dependence on ATP concentration and
is independent of the diffusion rate. We used
keat~200 s™! for ssRNA translocatlon estimated
from single-molecule experlments and an ATP
binding rate constant kpr~1 pM~! (see SI on
parameter tuning and Table S1). In Flg 3a, we plot
the average translocation velocity versus [ATP], with

VNS =Iokear ~200 bp/s and K, = k=t ~200uM. We
will see later that the Mlchaehs—Menten form of the
velocity is maintained during NS3 unwinding,
while both vE2® and K,, become smaller and
sequence dependent. Notice also that the rate
keat~200 s™! used above can be regarded as an
upper bound for the NS3 translocation.*' Tt is much
larger than that measured recently from bulk
experiments,”> > in which different protein states
are likely mixed.

We can define a measure of the ‘stepping
efficiency’, e;, as the number of nucleotrdes translo-
cated by the helicase in one ATP cycle.*® Based on
structural studies, we have assumed that the heli-
case domain steps 1 nt at a time.” With the use of
the average velocity expression Eq. (3), the average
stepping efficiency of the helicase translocation,
according to Eq. (4), is always 1 nt/ATP:

= yirans . ¢ — frans o _  trans
NATP
r o) @
kET ! [ATP] kcat

where 157p is the number of ATPs consumed in time
t and 7 is the average time for one ATP cycle. Note
that ¢; is indeed the inverse of the ATP-coupling
stoichiometry (ATP/nt) commonly measured. As a
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Fig. 3. Translocation properties of
NS3 computed from the model. (a)
The average translocational velocity
and processivity length versus [ATP].
For the velocity, vmax is 200 bp/ s (an
upper bound value) and K, 1s about
200 pM (when kgp ~1 upM ™! s71) in
this case. The processivity length
(PL) is close to its maximum
(~120 bp) over a large range of
[ATP]. (b) Distributions of ss trans-
location velocity and stepping effi-
ciency. The velocity distribution is
taken over an ensemble of trajecto-
ries for 1 s each at [ATP]=1 mM,
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matter of fact, if a higher-order ’ ‘sequence effect” of
the ss translocation is considered® (as mentioned in
the Introduction), the average stepping efficiency
can drop slightly lower than 1 nt/ATP. Later on, we
will show that during duplex unwinding, the
average efficiency e; drops well below 1 bp/ATP
due to a ‘wall’ effect: the duplex end base pair, when
closed, transiently blocks the helicase translocation
and leads to futile ATP cycles. A similar effect
applies also to sequence-dependent translocation:
when the next sequence barrier is higher than the
current one, ¢ drops below 1 nt/ATP due to futile
ATP cycles; otherwise, & remains at 1 nt/ATP.
Overall, the stepping efficiency would be slightly
lower than 1 nt/ATP if higher-order sequence
effects are detectable during helicase translocation.
This measure of the stepping efficiency can be tested
experimentally.

Currently, direct measurements of NS3 transloca-
tion at the single-molecule level have not been
systematically conducted. The results provided
here—such as the average velocity and efficiency
presented above, as well as the effective diffusion
and processivity properties discussed below—are
testable, qualitatively and semiquantitatively, in
future experiments. A similar form of translocation
velocity had been derived in Ref. 40 based on, the
‘Brownian motor’ (or ‘flashing ratchet’) scheme,*
which the helicase does not step when a—b, but
jumps 1 nt forward when b—a. In our current

generated from numerical simula-
tion. The average velocity is
~165 nt/s, while the standard devi-
ation is ~12 nt/s. The width of the
distribution, that is, the standard
deviation, can also be derived from
the effective diffusion constant (see
the text). The measure of stepping
efficiency, defined as steps (nucleo-
tides) translocated per ATP cycle,
averages at 1 nt/ATP during the ss
translocation. A larger diffusion rate
1, would broaden the distributions
(shown in Fig. S3b).

scheme, however, the helicase as a whole effectively
moves 1/2 nt at a time because domains 1 and 2
move forward 1 nt, respectively, fora—b and b—a.
The two schemes give similar kinetic results, but the
current scheme has a clearer structural and mech-
anistic basis.?**°

Translocational fluctuations

In SI, we derive effective diffusion constant
Deois**° for NS3 ss translocation:

(x2) = (x)? i kcat{ (%)2 + [ATP]Z}[ATP]
“ 2k + [ATP))’

Dege=

4% ATP
heat J[r [AT]P] ©)
ket
where the average is taken over an ensemble of
trajectories. D¢ characterizes the randomness aris-
ing from both chemical kinetics (the first term in
the above equation) and spatial diffusion (the
second term) and is proportional to velocity fluc-
tuations measured over a certain time interval
(62="2r0) = 2t where o, is the standard deviation
of the Ve10c1t1es). The results show that D, increases
as [ATP] or any of the parameters, kgt, kear, OF 11,
increases (see Fig. S3a). Hence, the width of the
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velocity distribution also increases with [ATP], kgr,
kear, and 1. Notice that the spatial diffusion () of
the helicase is not evident in the average velocity
[Eq. (3)] but can be revealed from measuring D¢ or
the velocity fluctuations (see Fig. 3b). In our model,
we used 1, =10 st , which was estimated to an order
of magnitude by examining the velocity fluctuations
durin § unwinding in comparison with experimental
data'®*! (see next section and SI). A more stralght—
forward way of measuring 7, experimentally is to
measure Dy or the velocity fluctuations during
helicase translocation.

Addltlonally we conducted kinetic Monte Carlo
simulations’ under the above translocation
scheme and calibrated the simulations with analytic
derivations [see SI and Egs. (S1) to (S3)]. With
r,=10 s_l, the distributions of the translocation
velocity (measured for 1000 trajectories of 1 s each at
[ATP]=1 mM) and the stepping efficiency (nucleo-
tides per ATP cycle) are shown in Fig. 3b. A larger r,
(100 s 1) leading to broader distributions of these
quantities are shown in Fig. S3b.

Translocation processivity

We also examined processivity of NS3 during
translocation by taking into account dissociation
events of the helicase as it translocates. We define
k2 and k5 as two dissociation (off) rates of the NS3
during translocation, in the apo and ATP-bound
state, respectively. Since the affinity of the NS3 to the
ss is much weaker in the ATP—bound state than in
the apo state, we set ka<kSg. In this way, the
processivity length (PL), that is, the average distance
the helicase has traveled along the ss before
dissociation, can be written as (see SI):

pp trans ptrans Zat . [ATP] (6)
Kot has g+ [ATP)

where kg is an average (between states a and b)
dissociation rate during translocation. PL™" versus
[ATP] also has a ‘Michaelis—-Menten’ form, with a
maximum value k2. The dissociation rate k2 is
estimated ~1.7 s™! using PL™" <120 bp (unpub-
lished data). The value of ki is unknown but can be
obtained by measuring PL"™" at a low ATP
concentration. Using kgg=0.1 s 1 in Flg 3a, it
shows that PL"™"® reaches its half-maximum at a
relatively low KPE (~12 uM), while above
[ATP] ~200 uM, PLtrans varies little with [ATP].

Results on unwinding

Michaelis—Menten form of the unwinding velocity

We simulated the unwinding kinetics of the
helicase when it translocates or binds to the duplex

region (Fig. 2b and Fig. S2), taking into account the
base-pair-unwinding potential and junction-stabi-
lizing potential to modulate the forward and
backward rates. Under our simulation scheme, we
derived approximate solutions that describe well the
simulated unwinding behaviors (see details in SI).
Our results show that the average unwinding
velocity can be approximated as:

keate " <SCO[ATP]

0 .
keate ¥ AGy

v = &l —
— + [ATP]

(7)

Here, ¢ is an average efficiency factor (0<e;<1) that
we will discuss below, [y=1 bp is the periodicity,
and kgr and kg, are the ATP binding and product
catalysis/release (in coupling with the front domain
movement) rate of the helicase. AG is the base pair
stabilizing free energy (the free-energy difference
between the base pair open and closed states), and
k=§(1-N\), a constant depending on how active the
helicase is (0<A <1) and how large the base-pair-
unwinding potential reduces the forward rate
(0<g<1).

Except for a lowered average efficiency (e¢<1), the
above unwinding velocity has a Michaelis-Menten
form similar to that of the translocation, in which only
the effective ‘catalytic’ rate is reduced (koare™ 2.
This is because at the dominant configuration of the
NS3 unwinding (x,=x¢—1 and x;=xy—6 or 7 in the b
or a state, respectively; see SI), the rate ke that
determines how fast the front domain moves forward,
in coupling with hydrolysis products release, is
reduced by the base- geur unwinding potential
(according to k. =k0e 81-NACo)  Erom the above
unwinding velocity, one obtains a sequence-depen-
dent Michaelis constant that is smaller than that being
measured in ss translocation: K& = Kate=x4Go; the
more stable the sequence (i.e., the | larger tThe AGy), the
smaller the K29, In ozder >o fit with experimental

cat

data, we set ¢ = 1log(pe—)/(1- 4) for, the NS3
helicase as N#1, that is, k=C(1- ) = Llog (1052% In
this way, we can get K24 <100 uM for AGO ~3 kg
experimentally measured for NS3 unwmdmg on a
mixed (52% GC) RNA sequence. 18

Notice that in a situation when ATP binding
generates the unwinding force rather than the ATP
hydroly51s /Gproduct release step, kgt can be reduced
to kgre” """ upon the base-pair-unwinding poten-
tial while k., remains constant. In that situation,
Kuwd = fate¥4Cshould be larger than that being
measureél under ss translocation [K,, = C”‘ ~200uM
from Eq. (3)]. Moreover, the more stable the
sequence to be unwound (the larger the AGO) the
larger the Ki*. Hence, by comparing experimen-
tally the Michaelis constant measured during
unwinding with that in ss translocation, and by
examining the sequence dependence of the K29, it
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would be possible to test from future experiments if
the unwinding force is generated after hydrolysis
product release or during ATP binding.

In Fig. 4a, we show the unwinding velocities of the

experlments 1841 with AGEY=1.5+0.5 kgT,
AGE“=4.0%1.0 kgT, and AGE"™*?=3.0+1.0 kT™* for
each sequence on average, at close to experimental
ionic conditions (see SI). Note that the AGy we used

NS3 helicase versus [ATP] calculated for various
sequences using Eq. (7). The RNA sequences 100%
AU, 100% GC, and mixed (52% GC) are taken from

counts not only hydrogen-bonding interactions within
the base pair but also stacking interactions between
neighboring base pairs.”** In our calculations, the
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Fig. 4. The unwinding velocity and efficiency of NS3 computed from the model. (a) The velocity versus [ATP] of the
NS3 as it unwinds different RNA sequences. The 100% GC sequence, the mixed (52% GC), and the 100% AU sequence
were adopted from the single-molecule experiments.'®*' The average values of the velocities were calculated from Eq. (7).
The experimentally measured velocities of unwinding the mixed sequence along with the measured error bars (standard
deviations) are shown in red. The corresponding error bars calculated from our simulations are shown in light blue. Note
that velocity distributions, simulated on unwinding the mixed sequence, are shown in (d). The unwinding velocities are
all significantly lower than the translocation velocities and show a Michaelis-Menten dependence on [ATP], with
sequence-dependent v,y and Ki,. (b) The sequence dependence of the unwinding velocity at various helicase “activeness’
(with 1, =0 and [ATP]=1 mM). The sequence stability is measured by AG,, the base pair stabilizing free energy. The
activeness of the helicase unwinding is characterized by N(0 <\ <1); the smaller the N, the more active the helicase and the
larger the unwinding velocities. A passive unwinding is a special situation of N=1 (see the text). (c) The sequence
dependence of unwinding velocity in the absence and presence of translocation diffusion (r,=0 and r,=10s" ! both with
N=0.2 at [ATP]=1 mM). The data points were taken from numerical simulations while the curves are drawn from the
approximate solution [Eq. (S10) in SI]. Experlmental data for the AU (AGy~ 1.5 kgT), the mixed (AGg ~3 kgT), and the GC
(AGo~4 kgT) sequences are shown in red.*’ The inset shows the sequence dependence of the average unwinding
efficiency (eg) with r,=0 (dark blue) and r, =10 st (light blue). (d) The distributions of the unwinding velocity and
unwinding efficiency (of the mixed sequence) from numerical sunulatlons The velocity distributions were taken at
[ATP]=0.05, 0.1, and 1 mM in order to compare with experimental data.'® The average and standard deviation of
the distribution, from both the simulation and experimental data, are shown in (a). The distributions show some
deviations from the Gaussian fit (curves). The standard deviation of each distribution has been shown in (a) at
corresponding [ATP] (hght blue error bar). The unwinding efficiency is defined as the number of base pairs unwound per
ATP cycle. The histogram is collected from a long trajectory (t=100 s) with A=0.2, 7,=10 s at [ATP]=1 mM. The same
values of \ and r, are utilized also in (a); unless specified, these values are used by default through this work.
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velocities are the same whether we used the above
average AG for the sequence according to Eq. (7) or
we adopted variable AG, for each base pair along the
sequence and simulated the unwinding numerically.
The results in Fig. 4a show that the larger the sequence
barrier (AG), the lower the velocity curve and the
lower the K9, which is ~140 pM, 100 uM, and
40 uM for the sequence AU, mixed, and GC,
respectlvely In particular, the experimental data
(red)'® for unwinding the mixed sequence are
shown, with our fitted results. The main parameter
values we used in the calculations are specified later
(see all parameter values in Table S1 in SI).

Sequence dependence and active unwinding

In Eq. (7), the sequence dependence of the
unwinding velocity resides not only in the reduced
forward rate k., but also in the average efficiency
factor e, which can be regarded as the probability
that the base pair opens when the helicase front
domain reaches to the duplex end (x;=xp). In a
simple case when 1, =0, this efficiency factor can be
written as:

& = Popen + (1 - Popen) * Powitch (8)

where P, = _,GAGO accounts for the base pair
opening proba[l)ﬁlty under the helicase action, with
the base pair stabilizing free energy reduced to
NAGo. Pswitch = (T“GOAA accounts for an additional
probability of openmg the base pair, by switching
the base pair from the closed state to the open state
as the helicase uses an extra energy to immediately
cross the activation barrier NAGy+ 0, (see Fig. 2b).
Note that when 04 is large, Pswitch is close to zero.
Hence, when 65_,~ and \=1, the unwinding
becomes passive; that is, the helicase proceeds only

when the base A]galr spontaneously opens,*® leading
to puwd 0 trans
—=2%0

Tﬁ?SIE%quence dependence of the unwinding
velocity (with #,=0 and 6, =1 kgT at [ATP]=1 mM)
is shown in Fig. 4b. One can see that the smaller the \,
that is, the more active the helicase, the larger the
unwinding velocity, and the slower the velocity
approaches to zero as AG increases (i.e., smaller
sequence dependence). On the other hand, for a
helicase not active enough (A —1), its velocity can
approach zero when AGy is fairly small. In that case,
the helicase would stall at the DNA/RNA junction
without being able to proceed further. This m ay
explain why some helicases, like monomeric Rep,
cannot unwind duplex DNA though it can translo-
cate well along ssDNA. Notice that when AGy—0
(base pair opening and closing are equally alike),
with the activation barrier 6, =1 kgT relatively small,
the unwinding velocities for all active cases converge
to ~111 bp/s (with kc,;=200 s™! and other default

parameter values in this model, see Table S1); while
for the passive case, the average velocity is about
88 bp/s at AGy— 0, which is half of the translocation
velocity at this ATP concentration, detectably lower
than any active case.

When r, #0, the diffusional flux decreases ¢;. Since
the forward diffusion rate r{) is reduced significantly
upon unwinding, while the backward diffusionr, ™ is
affected less, a negative velocity flux results [see the
approximate solution Eq. (510) in SI]. Hence, &¢
depends not only on the sequence stability (AG) and
how active the helicase is (A) but also on the
diffusional property of the helicase along the nucleic
acid track (r,). Figure 4c shows the unwinding
velocity and the efficiency factor versus AGy for both
1,=0 and r,=10 ™', with 6,=1 kgT and A=0.2 at
[ATP]=1mM. One can see that the larger the AG, r,,
or N, the smaller the velocity and the efficiency.
When 7, is relatively large (1,=10 s~ '), the sequence
dependence of the unwinding efficiency (in base
pair per ATP for & times Iy) is more significant than
when r,=0 (inset in Fig. 4c). The sequence
dependence of the unwinding efficiency can be
tested experimentally.

Unwinding characteristics and fluctuation properties

In Fig. 4c, we also show the experimental data
(red)*' on NS3 unwinding of AU, mixed, and GC
sequence at [ATP]=1 mM, which can be fitted well
with parameters 6,=1 kgT, A=0.2, and r,=10 st
(see Table Sl) The activation barrier &, for the RNA
end base pair open=>close transition is not known
exactly, but its upper bound value is about 10 kgT.>®
We tested a range of 64 (from 0 to 10 kgT) and found
that N\ can always be tuned to 0.1-0.3 by fitting the
unwinding velocity at a specific value of AGo.
Further, by varying ATP bmdlng rate constant kgt
within its range (0.1<kgr<2 pM~t s7!) see SI and
Table S1), N\ varies between 0 and 0.5. In principle, N
does not have to be the same for different sequences,
but our results show that tuning N\ for the AU,
mixed, and GC individually led to similar or
identical \. In addition, by considering the noise/
fluctuations (second moment) of the unwinding
velocities besides the average values measured from
the single-molecule experiments,'®*' we found that
=10 s~' recovers about 50% to 90% of the
measured n01se, while the upper bound of r, is
lower than 50 s~ . Details on choosing appropriate
parameters for the current model are provided in SI,
Table S1, Table S2, and related text. These results
indicate that NS3 is a very active helicase (N <0.5); on
the other hand, the diffusion/fluctuation character
of NS3 is significant (r,~10 s™') and adversely
affects its unwinding efficiency.

In Fig. 4d, we show distributions of unwinding
velocities of the NS3 helicase on the mixed RNA
sequence, obtained from simulating an ensemble
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(N=1000) of trajectories at [ATP]=1 mM (gray),
0.1 mM (red), and 0.05 mM (blue). These distribu-
tions are similar to the experimental measurements
obtained in Fig. 2c of Ref. 18. The standard
deviations of the velocity distributions calculated
at different [ATP] are shown in Fig. 4a (light blue
error bars), which are about 50-90% the experimen-
tal values (red error bars), leaving part of experi-
mentally measured fluctuations to other sources of
noise. To be cons1stent with experimental
measurements,’® we sampled the velocities and
fluctuations at every 11 bp (pauses were detected in
experiments'® for about every 11 bp) on the
simulated trajectories. Thus, for each sampling, a
relatively small number of ATP cycles were includ-
ed. This short-time velocity sampling, together with
the diffusive character of the NS3 helicase
(r,~10 s 1), led to relative broad distributions of
velocities. Similar to the translocation case in Fig. 3b,
the width of the distribution increases with [ATP]
because a higher concentration of ATP leads to a
higher probability of the helicase being in the ATP-
bound state. This introduces a larger stochasticity
(i-e., more diffusive) into the model [see also Eq. (5)].
The distributions also show detectable deviations
from a Gaussian distribution (the fitting curve in Fig.
4d), which would otherwise be a good approxima-
tion if a large number of ATP cycles (long time) were
sampled.

In the inset of Fig. 4d, we also show the distribution
of the ‘unwinding efficiency’, that is, the number of
base pairs unwound per ATP cycle for a long
trajectory unwinding a mixed RNA sequence
(f=100 s without considering pauses or helicase
dissociation). This is comparable to the ‘translocation
efficiency’, that is, the translocation steps per ATP
cycle shown in Fig. 3b. Notice that the efficiency is
independent of [ATP] [cf. Egs. (3), (4) and (7)].
Importantly, compared with translocation, helicase
unwinding has a significant number of zero (futile
cycles) or even negative steps (under small but non-
zero backward rates b, and oL, and under
backward diffusion when 7,>0) accumulated as net
movements for an ATP cycle, leading to an average
stepping (unwinding) efficiency e; lower than 1 bp/
ATP (the average efficiency is proportional to the
efficiency factor ep ef=¢s-lp). That is to say, the
average stepping efficiency changes from 1 nt/ATP
in the ss translocation to a sequence-dependent value
smaller than 1 bp/ATP during unwinding (see &¢ in
Fig. 4c). As mentioned before, this is mainly due to
the presence of the duplex that interrupts the
translocation and leads to occasional futile ATP
cycles. The average efficiency also decreases during
unwinding when the spatial diffusion increases
(7v>0). During ss translocation, the diffusion does
not affect the average efficiency but only expands the
distribution of the efficiency measure, that is, steps
per cycle (see Fig. 3b and Fig. S3b).

Sequence-dependent dissociation

NS3 is not a highly processive helicase® due to
frequent dissociations from the nucleic acid track.
Modeling studies had suggested that active un-
winding of the helicase leads to sequence-dependent
dissociation.” Smgle-molecule measurements have
also identified this behavior.*' Below, we examine
more closely the NS3 dissociation in the two-state
model and in the presence of helicase diffusion.

As discussed above, the dissociation rates of the
helicase in the ATP- bound and the apo states durmg
translocation are kg (~1.7 s 1) and kg (K koff)
respectively. At the DNA/RNA junction, NS3 is
stabilized and the dissociation rate decreases corre-
spondingly to k3e™ " due to the attractive potential
U2, During unwinding, the dissociation rate in the
individual state would be further modulated to k%"
e Uk r=NAGo a5 the helicase front domain reaches
the duplex end (x2=xp) where the base-pair-unwind-
ing potential (1-N)AGy peaks (see Fig. 2b).

In Fig. 5a, we show snnulatlon data on the average
dissociation rate koff of the NS3 helicase as it
unwinds the AU, the mixed, and the GC sequence at
various [ATP]. From the diagram, one can see that a
higher sequence stability leads to a larger ki, due
to the higher sequence barrier (1-\)AG,. For the GC
sequence at the high [ATP] (1 mM), we fit the
experimental data ki = 0.5 s™'. For the AU
sequence at the same condition, we obtained kogf d
about half of that for GC Wthh agrees very well
with experimental results.*' For each sequence, the
lower the [ATP], the lower the k““. This effect
occurs because at low [ATP], the helicase spends
most its time in the apo state, in which the helicase
has a high affinity to the substrate than in the ATP-
bound state (see below), and dissociates slower from
the nucleic acid than in the ATP-bound state.

Note that the junction stabilization strength in the
apo state UO ~4.4 kgT was estlmated from biochem-
ical data® (see SI). By fitting ka“=0.5s"" on the GC
sequence from single-molecule measurements,*' we
obtained Ug ~1.8 kT in the ATP-bound state (UO
ranges 1.3-2 kgT when parameter kgy varies). Hence
both the larger junction stabilization (U3>Ug) and
the h1gher ss affinity (smaller ss dissociation rate
k2<kP¢) in the apo state contribute to the lower
dissociation rate in this state and, consequently, to
the lower average kogt 4 at low [ATP].

The curves of dissociation rate in Fig. 5a also
demonstrate Michaelis-Menten-like forms, with the
‘Michaelis constant” fit to 78 uM, 70 uM, and 58 uM
for the AU, mixed, and GC case, respectively. That
is, the Michaelis constant for the dissociation rate
also decreases with increasing sequence stability,
similarly as that for the unwinding velocity. There-
fore, if one calculates the processivity length PL= (2,
one obtains PL relatively insensitive to [ATP] over a
large range (see Fig. S4b). Further, from force effects
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Fig. 5. The dissociation rate of NS3 during active
unwinding computed from the model. (a) The dissocia-
tion rate versus [ATP] for different sequences. The data
points were taken from numerical simulations of an
ensemble of trajectories (N=1000), and the curves are fit
to the data points. The dissociation rates show a
Michaelis-Menten-like dependence on [ATP] with
sequence-dependent characteristics. (b) The sequence
dependence of the dissociation rate at different diffusion
rates: 1,=0, r,=10 s !, and 1,=30 s™'. In the absence of
the translocation diffusion (r,=0), the sequence depen-
dence is hardly discernable. In the presence of the
diffusion (r,=10 s™! and 7,=30 s™!), the dissociation
rate increases with the sequence stability (AG,) over a
large range; the larger the diffusion rate, the larger the
sequence dependence.

on the velocity and the dissociation rate (see Fig.
S4a), the processivity is expected to rise significantly
with the unwinding force; this is consistent with
experimental results.'®” Nevertheless, NS3 spends
a significant amount of time pausing during
unwinding,'® which has not been taken into
account here. Thus, the experimentally measured
processivity length should be much smaller than the
value calculated above.

In Fig. 5b, we plot the sequence dependence of
ki d at three different values of r,. At r,=10s" !, we
see that k¢ consistently rises as AGy increases over

a large range of values. However, over AGy=7-
10 kgT, ki changes little and then drops; it drops a
bit further at AGy=10-13 kgT and increases again
(data not shown). The non-monotonic behavior of
uwd versus AGy is due to competition between two
effects: (i) the sequence barrier AG, increases the
dissociation rate by e’ M4 which happens
occasionally at x>=x¢; (i) AGp also decreases the
forward rate (k.o or 1) of the helicase by e "ACo at
X2=%p—1, reducing the chances that the helicase
reaches the sequence barrier at x,=x. Combining
these two effects, AG, increases the dissociation rate
to some extent and then inhibits the rate from
growing further. This property can be tested
experimentally using sufficiently stable sequences.
In addition, the sequence dependence of the
dissociation rate is also affected by the diffusive
character of the helicase. When 1, =0, there is only a
slight increase in ka® within AGy=0-10 kT (ko®
can become bigger for very large AGy, data not
shown); when r,=30 s™', the change of koff 4 over
the same range of AG is much bigger than that for
smaller r,. The reason is that, in the absence of the
diffusion, the only events through which the heli-
case reaches the sequence barrier are forward
movements of domain 2 upon the hydrolysis
products release (in k.); the presence of the
diffusion (in r,) brings more opportunities for the
helicase to reach the sequence barrier. Thus, the
larger the 1y, the larger the sequence effect on ki “.
Overall, the average dissociation rate of the
helicase is affected by several factors during the
active unwinding: the probability the helicase being
bound with ATP, the sequence stability, and the
helicase diffusion rate. The different affinities of the
helicase for the ss and ds forms of the nucleic acid,
with and without ATP, make the dissociation rate
differ between the two states. The dominant
sequence effect comes from the base-pair-unwind-
ing potential, that is, the sequence barrier, which
may also destabilize the helicase at the junction,
fostering dissociation. On the other hand, the
sequence barrier resists the helicase approaching
the duplex end, additionally affecting the dissocia-
tion. Lastly, the diffusive character of the helicase
can enhance the sequence effect on helicase disso-
ciation by increasing the frequency of the helicase
approaching to the sequence barrier.

Discussion

We have modeled the NS3 helicase activity based
on structural'** and biochemical properties.”>** A
single catalytic site binds ATP between the two
translocation domains of the helicase and modulates
both interdomain associations and individual
domain affinities to the nucleic acid substrate. In
particular, the overall affinity of the NS3 to the ss
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nucleic acid is significantly reduced in the ATP-
bound sate, >3 allowing the helicase to diffuse
along the ss. When the helicase reaches the RNA/
DNA duplex, the forward movement of the helicase
front domain induces base pair unwinding. By
fitting data on RNA unwinding velocities measured
from single-molecule experiments,'®*' our studies
suggest that the NS3 helicase actively shifts the base
pair open < close equilibrium away from the closed
state toward the open state. It does this by reducing
the free energy stabilizing the base pairing/stacking
at the end of the duplex to less than half of its
original value.

During active unwinding, the NS3 helicase
interacts with the RNA/DNA duplex, perturbing
the structure of the duplex as well. The interac-
tions lead to two detectable effects. First, a base-
pair-unwinding potential at the duplex end
reduces the stepping velocity of the helicase by
inhibiting forward movement of the front domain
and reducing the average stepping efficiency in
comparison with ss translocation. Both of these
reductions depend on the DNA/RNA sequence
encountered by the front domain. Second, the
helicase preferentially associates with the duplex
and, thus, is stabilized at the junction. The
preferential association may come from interac-
tions of the duplex backbone with the helicase as
suggested for PcrA*® and may also be contrib-
uted by partial base unstacking at the junction.*’
The junction stabilization reduces the dissociation
rate of the helicase during unwinding but does not
affect the translocation velocity much. Neverthe-
less, both the base pair-unwinding and the
junction-stabilization effects arise from the helicase
interacting with the duplex. It is likely, therefore,
that the strengths of the two effects are correlated;
that is, the larger the junction stabilization during
the ATP hydrolysis cycle, the more active the
helicase will be in base pair unwinding. More
detailed studies are needed to clarify this issue.

When external forces that assist unwinding are
applied to the DNA/RNA duplex, the base pair
stabilizing free energy should drop. The model
shows how the applied force affects the unwinding
velocity and dissociation rate (see Fig. S4). However,
the force effects were not detected for NS3 unwind-
ing of RNA in single-molecule experiments.'®*' This
force insensitivity could have been explained during
translocation, as some chemical step other than
duplex unwinding is rate limiting in the overall
mechanochemical cycle of the enzyme. This inter-
pretation is, however, inconsistent with the slowing
down of the enzyme observed experimentally when
it encounters a sequence rich in GC content.*' One
possible explanation is that the enzyme possesses
additional nucleic acid binding sites such that the
force does not act directly on the junction or fork of
the duplex, but at a different RNA—protein contact.

This would prevent the externally applied force
from weakening the base pair at the duplex junction.

An important characteristic of the NS3 helicase
in this model is that translocational diffusion is not
negligible when the helicase is bound with ATP.
During ss translocation, the diffusion affects the
fluctuation properties of the helicase without
impacting the average translocation velocity or
the tight coupling between hydrolysis and step-
ping that produces an average stepping efficiency
of 1 nt/ATP. During unwinding, however, the
diffusive character does affect both the fluctuation
properties and the average velocity/efficiency of
the helicase. Even in the absence of diffusion, the
unwinding efficiency is lower than 1 bp/ATP due
to occasional futile ATP cycles upon the sequence
barrier. The diffusion further lowers the average
efficiency. The larger the diffusion rate, the more
the sequence barrier decreases the efficiency, and
this is achieved by increasing the frequency of
backward jumps (-1 nt at a time) during
unwinding. In the model, significant backward
jumps are present when the diffusion rate is non-
zero. Our numerical results suggest that the ratio
between backward and forward jumps during
unwinding increases with sequence stability, for
example, from ~10% in unwinding AU to ~30%
in unwinding GC (at 1 mM [ATP] with default
parameters in Table S1). In future single-molecule
experiments, the backward jumps can be better
characterized. Hence, the experiments are expected
to substantiate and quantify the diffusive character
of the helicase.

The interplay between the diffusion and sequence
effects is also displayed in helicase dissociation
during active unwinding. The helicase's dissociation
rate usually increases with increasing sequence
stability /barrier. However, a very large sequence
barrier may prevent the helicase from reaching the
barrier so that the dissociation rate cannot grow
monotonically with the strength of the barrier.
According to our numerical results, the sequence
dependence of the dissociation rate is detectable
only in the presence of diffusion; the larger the
diffusion rate, the more pronounced the sequence
dependence.

To quantify the diffusive character of the NS3
helicase, we estimated the diffusion rate to an order
of 10 s™' based on unwinding velocity fluctuations
(standard deviation) measured from single-molecule
experiments.'®*! The diffusion rate can also be
estimated by measuring the average unwinding
efficiency (or the ATP stoichiometry), that is, how
many base pairs unwound for each ATP consumed,
or vice versa. More straightforwardly, one could
obtain the diffusion rate from measuring velocity
fluctuation, or effective diffusion rate, during ss
translocation of the helicase in single-molecule
experiments.
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Coupling ss nucleic acid translocation with duplex
unwinding is a generic feature of most helicases. In
our current unwinding model, the monomeric NS3
helicase shares some common mechanochemical
features w1th the hexameric ring-shaped T7
helicase.?® For example, the force generation during
unwinding for both helicases is likely associated
with hydrolysis product (P;) release, not ATP/dTTP
binding.%¢-*” Hence, even though their structures are
very different, the sequence-dependent effect during
unwinding could be similar for these two helicases,
as shown in previous experiments.”® It would be
interesting to establish whether the diffusive char-
acter of the NS3 helicase is shared by other nucleic
acids motors and to investigate how diffusion may
impact their function.

According to most recent structural studies,*” the
fundamental or physical step size of the NS3
helicase should be 1 nt at a time. This property
should be measurable in future single-molecule
experiments with sufficiently high resolution. Note
that this 1-nt physical step leads to an average
stepping efficiency less than 1 bp per ATP cycle in
our model during unwinding and to a broadened
distribution involving several base pairs forward or
backward per ATP cycle (i.e., the net or total
movement of the helicase within one ATP cycle).
Nevertheless, our current work cannot explain the 3-
bp periodic steps detected in single-molecule ﬂuo—
rescence experiments for NS3 in DNA unwinding*?
or the regular pauses displayed by NS3 about every
11 bp during RNA unwmdmg in single-molecule
optical tweezer experiments. 18

The 11-bp step may correspond to the binding of
the third domain of the protein to the duplex region

some 10 or 11 bp away from the fork. As suggested
by single-molecule experiments, 1841 the third do-
main may be used both as an anchor for the enzyme
and as a way of locally destabilizing the duplex
ahead of the fork. This would facilitate inchworming
of the other two domains of the protein during
unwinding. Furthermore, additional bindm% sites of
NS3 to nucleic acids have been suggested,*** and
this could explain the force insensitivity of the
unwinding rate observed in single-molecule
experiments.'® In particular, positively charged
areas seem to extend from the exterior side of
domains 3 and 2 to the protease part of NS3,****
providing attractive interactions for the DNA/RNA
strand. Hence, the associations between the helicase
and the nucleic acid may block an externally applied
force from affecting the stability of the duplex at the
fork, and it may also explain the pausing and
stepping behaviors displayed by the helicase. It is
also possible that the helicase employs a ‘scrunch-
ing’ mechamsm as has been suggested for UvrD
helicase.” This could also lead to complex pausing
and stepping behaviors. Further studies will be
needed to clarity these issues.

Materials and Methods

In the SI, we show in detail (a) how we derive the
helicase binding configuration at the junction, (b) how we
use master equation approach to obtain translocation
properties of the helicase, (c) how we simulate helicase
unwinding dynamics and derive approximate solutions,
and (d) how we tune parameters in this model.
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