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This study investigates the role of magnesium ions in coupling ATP
hydrolysis to the nucleic acid unwinding catalyzed by the NS3 protein
encoded by the hepatitis C virus (HCV). Analyses of steady-state ATP
hydrolysis rates at various RNA and magnesium concentrations were used
to determine values for the 15 dissociation constants describing the
formation of a productive enzyme–metal–ATP–RNA complex and the
four rate constants describing hydrolysis of ATP by the possible enzyme–
ATP complexes. These values coupled with direct binding studies,
specificity studies and analyses of site-directed mutants reveal only one
ATP binding site on HCV helicase centered on the catalytic base Glu291. An
adjacent residue, Asp290, binds a magnesium ion that forms a bridge to
ATP, reorienting the nucleotide in the active site. RNA stimulates hydrolysis
while decreasing the affinity of the enzyme for ATP, magnesium, and
MgATP. The binding scheme described here explains the unusual regulation
of the enzyme by ATP that has been reported previously. Binding of either
free magnesium or free ATP to HCV helicase competes with MgATP, the
true fuel for helicase movements, and leads to slower hydrolysis and nucleic
acid unwinding.
© 2006 Elsevier Ltd. All rights reserved.
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Introduction

Helicases are motor proteins that travel along
nucleic acid tracks to separate a double helix,
rearrange secondary structures, assist homologous
strand exchange, or strip proteins from DNA or
RNA. All known helicases are fueled by the
hydrolysis of nucleoside triphosphates (NTPs) in a
process that is assisted by divalent metal cations.
ATP binds helicases at a Walker-type (P-loop)
nucleotide-binding site that is formed by two
conserved sequence motifs.1 The helicase examined
here is encoded by the hepatitis C virus (HCV). HCV
is a positive-sense RNA virus that encodes a large
is C virus; NS3,
structural protein 4A;
y transfer.
ng author:

lsevier Ltd. All rights reserve
polyprotein that is processed into both structural
and non-structural proteins. The non-structural
HCV proteins form a viral replicase that synthesizes
new viral RNA directly from RNA templates. The
HCV helicase is required for HCV replication most
likely by virtue of its ability to track along RNA and
resolve double-stranded intermediates as it does in
vitro,2 as evidenced by the fact that HCV helicase
stimulates the HCV RNA polymerase,3 and because
subgenomic replicons without a functional helicase
synthesize and process viral polyproteins but fail to
synthesize additional RNA.4 There are many other
possible roles for HCV helicase, however, such as in
assisting translation, protein processing, packaging
RNA into virions, and in transporting the NS3-
NS4A protease to cellular targets. Nevertheless,
because HCV cannot replicate its RNA without a
functional NS3 helicase,4 the enzyme is considered a
possible target for new drugs needed to treat a
disease affecting 2% of the world's population.5–7

The goal of this study is to understand precisely how
metal ions help ATP fuel HCV helicase action.
d.
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In HCV infected cells, non-structural proteins 3
(NS3) and 4A (NS4A) form the viral helicase. The
NS3–NS4A complex cleaves the viral polyprotein
at four sites,8,10 hydrolyzes ATP,9 and uses the
energy derived from ATP hydrolysis to unwind
RNA.11 Unlike related RNA helicases, HCV heli-
case is also a potent DNA helicase.12 The protease
portion of NS3 that binds NS4A and cleaves the
polyprotein comprises amino acid residues 1–166,
and the minimum helicase comprises 167–631. A
truncated NS3 fragment lacking the protease
region retains most of its DNA helicase activity
but unwinds RNA poorly compared with the full-
length NS3–NS4A complex.13

To date, the crystal structure of HCV helicase has
been determined by five separate groups. Two
structures show monomeric NS3 helicase frag-
ments isolated from HCV genotypes 1a17 and
1b.14 One shows a monomer of genotype 1a he-
licase bound to a DNA oligonucleotide,15 and
another shows the full length NS3 protein.16 The
C-terminal helicase portion of NS3 is made of three
domains.14–17 The two N-terminal domains contain
conserved motifs and resemble the core domain of
the recombination protein RecA.18 The first and
second helicase motifs in the N-terminal Rec-A like
domain are the Walker A and B motifs. One strand
of nucleic acid binds in the cleft separating RecA-
like domains 1 and 2 from a third domain which
does not resemble any domains seen in other
helicase structures.15

The most recent HCV helicase structure, in
contrast, shows two NS3 helicase fragments
bound to a single oligonucleotide,19 and there is
presently much debate over whether the individual
subunits in a NS3 oligomer coordinate their actions
to unwind RNA. Early transient state kinetic
analyses of HCV helicase supported the notion
that HCV helicase moves with a step size of 1–2 bp
and that the protein functions as a monomer.20

However, when Levin et al. repeated the same basic
experiment, they found a much larger (9 bp) step
size and they observed “the functional interaction
of the hepatitis C virus helicase molecules,” which
is more indicative of a dimeric protein.21 Tackett
et al. repeated the kinetic analysis of HCV helicase-
catalyzed DNA unwinding for a third time using
the full-length NS3 protein rather than the trun-
cated NS3 helicase fragment and noted even more
subunit cooperativity.22 About the same time,
Serebrov & Pyle developed a novel RNA-based
assay, which allowed the progress of a helicase
along a long RNA strand to be monitored. The
RNA-based assay again showed that the functional
unit of NS3 is a dimer, and that it unwinds with a
large step size (18 bp). That study also showed that
NS3 pauses while moving along the RNA.23 This
periodic cycle of pausing and unwinding was
recently confirmed in a collaborative study using
optical tweezers to examine the action of single
molecules of NS3 on RNA.2 Notably, this single
molecule study did not confirm that NS3 oligo-
merizes to unwind RNA.
Even though RNA/DNA unwinding by HCV
helicase has been well characterized, how ATP
binding and hydrolysis propels the helicase is still
not known. Indeed, there is some confusion in the
HCV literature regarding exactly how many ATP
binding sites there are on each NS3 protein,24

whether or not adjacent subunits in nucleic acid-
bound NS3 oligomers bind ATP cooperatively,25

and even the absolute requirement of ATP for un-
winding.26 In the atomic structures of other
helicases,27–30 non-hydrolyzable NTP analogs are
always seen bound between two RecA-like do-
mains18 with a divalent metal cation linking the β
and γ phosphates with the Walker B motif on one
RecA-like domain. Because such structures differ
from those seen in the absence of NTPs in that the
RecA-like domains are rotated differently, it is
widely assumed that NTP-induced domain rotation
leads to helicase movement. The available HCVNS3
structures reveal that the second RecA-like domain
could rotate upon ATP or RNA binding,14–17,19 but
an atomic structure of HCV helicase has not yet been
visualized with bound NTPs. It is therefore impor-
tant to examine how and where Mg2+ and ATP bind
HCV helicase, and how these interactions influence
the relationship between the helicase and the RNA
on which it is moving.
Based on the structures of similar proteins,29,30

we propose that Mg2+ coordinates the β and γ
phosphates of ATP with an aspartate near the
catalytic base, activating a nucleophilic water
molecule. We show here using site-directed muta-
genesis, that NS3 residues D290 and E291 in
conserved motif II (the Walker B motif) serve as
the metal binding residue and catalytic base, re-
spectively. We also show that HCV helicase binds
and hydrolyzes ATP in the absence of divalent
metal cations. In the absence of metal, hydrolysis
occurs at the Walker site with E291 functioning as a
catalytic base, and ATP binds more weakly than it
does in the presence of metal. In the absence of
metal, HCV helicase binds some NTPs more tightly
than others and as a result some NTPs are
hydrolyzed more slowly than ATP, particularly
those with hydrogen atoms at position N1 of the
purine. Global non-linear least-squares analysis of
steady-state rates of ATP hydrolysis in the absence
or presence of various concentrations of Mg2+ and
ATP was used to determine all 15 equilibrium
constants describing the binding of ATP and two
activators (Mg2+ and RNA) to the HCV helicase.
The data support a model in which Mg2+ forms a
bridge between D290 and ATP and reorients the
NTP in the active site so that it is more rapidly
hydrolyzed. When RNA binds, ATP hydrolysis is
further accelerated, but Mg2+ (and likewise ATP or
MgATP) binds more weakly to the enzyme. Thus, a
RNA-induced conformational change is directly
linked to MgATP binding and ATP hydrolysis. Fina-
lly, we show that since only the enzyme–Mg2+–ATP
complex is capable of moving along RNA, binding
of either free NTPs or free Mg2+ inhibit the bio-
logical function of HCV helicase.
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Results

The purpose of this study was to examine the role
of divalent metal ions in the HCV helicase-catalyzed
reaction. As others previously noted,12,31–33 we ob-
served that HCV helicase catalyzed RNA (and
DNA) unwinding absolutely requires divalent
metal cations. However, we were surprised to find
that in the absence (or presence) of RNA (or DNA),
HCV helicase–protease complex did not require
Mg2+ to hydrolyze ATP (Figure 1(a)). We made this
discovery after finding that the addition of EDTA
(up to 10 mM) did not terminate ATP hydrolysis.
Because the full-length NS3–NS4 complex fre-
quently co-purifies with a zinc ion bound to the
protease domain of NS3,16 it is possible that metal
ions that co-purify with the protease portion of NS3
were stimulating hydrolysis. We therefore repeated
the measurements with truncated NS3 proteins
lacking the NS3 protease, each of which was
purified in the presence of EDTA. Each truncated
NS3 protein was isolated from a different viral
genotype (1a-H77, 1b-J4, and 2a-J6), and because
of this genetic variability, they each hydrolyzed
ATP at somewhat different rates in the absence of
RNA,34 However, each protein retained an ability
to hydrolyze ATP without metal at rates about
one-third of those seen in the presence of Mg2+

(Figure 1(b)).
Figure 1. HCV helicase-catalyzed ATP hydrolysis in
presence and absence of magnesium. (a) Time course for
ATP hydrolysis catalyzed by the HCV NS3–NS4A com-
plex in the presence of 5 mM MgCl2 (squares), in the
absence of MgCl2 (triangles) and in the presence of 1 mM
EDTA. (b) Specific activity (nmol ATP hydrolyzed/s per
nmol protein) of the NS3–NS4A protein complex and the
truncated NS3 protein lacking the protease regions
purified in the presence of EDTA from three different
HCV genotypes.34 Error bars represent standard de-
viations from 12 separate velocity measurements.
Specificity of the metal independent HCV
helicase NTPase

In the presence of Mg2+, HCV helicase cleaves all
eight canonical (d)NTPs with similar turnover rates
although ATP has a somewhat lower Km value than
CTP and UTP, which are in turn better substrates
than GTP.34 Since the Km values of all NTPs are
quite low in the presence of Mg2+ (1–20 μM), each
was cleaved at relatively the same rate when they
were present at 1 mM in the reaction mixture
(Figure 2(a)). This relative non-specific cleavage
changed dramatically, however, when divalent
metal cations were not present in the reaction
(Figure 2(b)).
In the absence of metals, ATP and CTP were

cleaved faster than UTP or GTP (Figure 2(b)). GTP
was not hydrolyzed at a detectable rate. Impor-
tantly, this specificity did not change when EDTA
was added to absorb metal that might be contam-
inating the NTP solutions. Identical rates for each of
the NTPs were obtained either in the absence of
EDTA or when EDTAwas added up to a concentra-
tion of 2 mM (data not shown). The data reveal that
in the presence of metal, the enzyme does not
discriminate on the basis of the nucleotide base.
However, in the absence of metal, the enzyme more
closely examines the base. It is important to note that
in the presence of metal the rates in Figure 2(a)
approximately reflect the Vmax values because the
enzyme is almost saturated with NTP and metal,
while in the absence of metal, the rates are not near
the Vmax because NTPs bind weaker without metal
(see data below).
We used purine analogs to examine the specifi-

city of the metal-independent HCV NS3 NTPase in
more detail. As shown in Figure 2(c), those NTPs
that possess a carbonyl group at the 6 position of
the purine were hydrolyzed at a lower rate. The 2-
amino group of guanine appeared also deleterious,
because xanthosine triphosphate was hydrolyzed
faster than GTP. Blocking the ability of the 2-oxo
group to act as a hydrogen bond acceptor led to
faster hydrolysis. However, blocking the 6-amino
group with a methyl did not affect hydrolysis. One
common feature of all the NTPs that were
hydrolyzed relatively well is that the purine N1
position (or pyrimidine N3) is not protonated,
meaning it can act as hydrogen bond accepter. In
contrast in poor substrates, purine N1 is typically
protonated, acting as hydrogen bond donor
(arrows in Figure 2(c)). Thus, it appears that in
the absence of metals HCV helicase forms specific
contacts with the moieties that form Watson–Crick
hydrogen bonds. However, in the presence of
metal, contacts between the enzyme and the
nucleotide base do not affect NTP binding or
hydrolysis. Although it was not possible to per-
form a complete analysis with all analogs because
of their availability and purity, the differences in
specificity in the absence of metal are likely due
to both Vmax and Km effects, since at 1 mM, the
protein is not saturated with NTPs and because



Figure 2. Hydrolysis of various nucleoside triphosphates by HCV helicase in the presence and absence of Mg2+.
(a) HCV helicase catalyzed hydrolysis of ATP (squares), GTP (triangles), CTP (diamonds), and UTP (circles) in the
presence of 5 mM MgCl2. (b) HCV helicase catalyzed hydrolysis of ATP (squares), GTP (triangles), CTP (diamonds),
and UTP (circles) in the absence of divalent metal cations. (c) Relative hydrolysis rates in the presence (white bars)
and absence (black bars) of MgCl2. Each NTP was present at an initial concentration of 1 mM. Error bars represent
standard deviations from eight separate velocity measurements. Note that those NTPs where purine N1 (or
pyrimidine N3) acts as a hydrogen bond acceptor are hydrolyzed faster than those with a hydrogen atom in that
position (see arrows).
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some NTPs bind notably weaker in the absence of
metal (see data below for ATP and GTP).
Metal-independent hydrolysis occurs at the
Walker ATP-binding site

In all enzymes that utilize a Walker-type nucleo-
tide-binding site to hydrolyze NTPs, the true sub-
strate is usually MgATP or a similar metal–NTP
complex. It was therefore quite surprising that HCV
helicase could hydrolyze NTPs in the absence of
metal. Reports of metal-independent NTP binding
to helicase have been rare. The T7 helicase binds
NTPs in the absence of metal,35 but this ring helicase
is evolutionarily only distantly related to HCV
helicase. A closely related helicase from Dengue
virus was reported to remove the terminal phos-
phate from a triphosphate linked to RNA without
addedmetal,36,37 but a subsequent analysis revealed
that metal is needed for Dengue helicase catalyzed
hydrolysis.38 NTP binding and hydrolysis at the
Walker-NTP binding site of HCV helicase in the
absence of metal would therefore be a very unusual
property.
One possible explanation for metal-independent

ATP hydrolysis by HCV helicase is that free ATP
could bind to HCV helicase at a second site, distinct
from the Walker site and which hydrolyzes ATP at a
slow rate. Others have proposed a second allosteric
ATP binding site on HCV helicase,24,25 and the fact
that the NTP specificity changes without metal
indirectly supports this contention. A second,
explanation for the metal-independent ATP hydro-
lysis reported here is that the enzyme preparations
were contaminated with another enzyme that does
not require metal to hydrolyze NTPs. In order to
determine if the metal independent hydrolysis



Figure 3. Roles of NS3 residues D290 and E291 in ATP hydrolysis. (a) Alignment of the HCV helicase-
oligonucleotide structure (PDP file 1A1V)15 with the structure of the RecQ helicase bound to ATPγS (PDB file 1OYY).29

Shown are the DNA and protein from 1A1V, with D290 and E291 as sticks, and the Mn2+ and ATPγS from 1OYY. (b)
MgCl2 activation of ATP hydrolysis (2 mM initial ATP concentration) catalyzed by wild-type Hel-1b (squares), D290N
(triangles) and E291Q (diamonds). (c) MgCl2 activation of ATP hydrolysis in the presence of 1 mM poly(U) RNA
catalyzed by wild-type Hel-1b (squares), D290N (triangles) and E291Q (diamonds). (d) RNA activation of ATP
hydrolysis in the presence of 5 mM MgCl2. (e) Titrations of a fluorescein labeled oligonucleotide (2 nM) with Hel-1b
(squares), D290N (triangles) and E291Q (diamonds). (f) Data in (b) to (e) were fit to one-site binding equations to yield
the rate and equilibrium constants defined in each panel. Uncertainties include the range of values obtained after three
repeat titrations.
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results from a second site or a contaminating
enzyme, two directed mutants of HCV helicase
were generated and purified using the exact same
procedure as was used for the wild-type enzyme
(Figure 3(a)).
The first mutant analyzed contained substitutions

that coded for the replacement of D290, an aspartate
in the Walker B sequence that putatively binds the
metal. Accordingly, loss of D290 should lead to a
protein that binds Mg2+ more weakly. The mutant
protein, called D290N, contained an asparagine in
place of the aspartate. An Asn is similar in size to an
Asp but cannot coordinate cations because it is not
ionizable. The second mutant protein contained a



1022 HCV Helicase Metal Ion Requirement
glutamine in place of E291. The homologous residue
in other helicases has been shown to be a catalytic
base.39 In this mutant, Glu was replaced with Gln.
Gln cannot accept protons, so if this amino acid
functions as a catalytic base, the E291Q mutant
should be a profoundly worse catalyst compared to
the wild-type enzyme.
We found that neither D290N nor E291Q unwind

DNA or RNA in any standard assays (as reported by
others),40 but each protein retained some ability to
cleave ATP. Analysis of ATP hydrolysis catalyzed by
D290N and E291Q clearly demonstrates that the
Walker-site on the HCV helicase is responsible for
both metal-dependent and metal-independent ATP
hydrolysis (and that a contaminating protein is not
hydrolyzing ATP). First, both mutants are pro-
foundly deficient in catalyzing ATP hydrolysis
both in the presence and absence of Mg2+ (Figure
3(b) and (f). In the absence of Mg2+ both cleave ATP
about 1000 times slower than wild-type (Figure 3(b),
(c) and (f)). Mg2+ stimulates ATP hydrolysis by both
mutants, but the D290N mutant binds Mg2+ about
650 times weaker than wild-type (compare Ka
values; Figure 3(b) and (f)). In contrast, less Mg2+

was needed to stimulate E291Q than wild-type,
implying that E291 does not normally coordinate
metal ions (Figure 3(b), (c) and (f)). RNA stimulates
hydrolysis of both mutants (Figure 3(d)), and in the
presence of RNA, D290N binds Mg2+ 71 times more
weakly than wildtype (compare KA values; Figure
3(c) and (f)). Both D290N and E291Q bind RNA as
tightly as wild-type, as revealed by the fact that the
amount of RNA needed to stimulate 50% maximal
Figure 4. Scheme for binding of ATP, Mg2+, and RNA to
activators (Mg2+, RNA) can be described by a minimum of 15 d
absence of enzyme and that Mg2+ binding to RNA does not in
each constant are shown with values resulting from global no
binding assays (see Materials and Methods). K15 was from W
(#) (b) Diagrams of ATP coordination in the presence (top) and
ATPs are likely bonds as shown in Figure 3(a) with the enzyme
the enzyme more selectively binds and hydrolyzes NTPs, b
Watson-Crick base-pair formation.
rates of ATP hydrolysis (KRNA) for each mutant is
similar to that need to stimulate the wild-type
(Figure 3(d) and (f)).
One possible explanation for the profound

defects seen in E291Q and D290N, neither of
which unwinds DNA or RNA under any condi-
tions tested (data not shown) is that the mutant
proteins are not folded properly. If this were the
case then an active site titration would reveal that
vastly more ligands would be necessary to saturate
the enzyme. We therefore titrated each protein into
a solution of 2 nM of a DNA oligonucleotide (about
6–9 nM binding sites assuming three protein
molecules bind each oligonucleotide). Because the
wild-type helicase binds this oligonucleotide stoi-
chiometrically with a sub-nanomolar Kd, the inflec-
tion point of the titration curve roughly reveals the
amount of binding sites.13 The titrations revealed
that D291Q binds DNA with the same stoichiome-
try as wild-type and the E2901Q preparation
contains no less than half the binding sites as the
wild-type. Both mutants bound the DNA tightly
with a Kd values in the sub-nanomolar range
(Figure 3(e)).

Equilibrium model for Mg2+, ATP, and RNA
binding to HCV helicase

Since ATP appears to bind to the same site both
in the presence and absence of Mg2+, a model can
be used to relate the dissociation constants ex-
plaining the formation of an enzyme–metal–ATP–
RNAcomplex.Asdescribedby Segel,41 an equilibrium
HCV helicase. (a) Binding of the substrate (ATP) and two
issociation constants assuming that Mg2+ binds ATP in the
fluence the affinity of RNA for the enzyme. Definitions of
n-linear regression analysis of steady-state rates and DNA
illiams et al.53 Constants calculated from others are noted
absence of divalent metal cations. In the presence of metal,
making few contacts with the base. In the absence of metal,
y making contacts with the edge of the base needed for
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binding model for an enzyme with two activators
resembles a cube with its sides made of 12 dis-
sociation constants describing the formation of the
binary complexes (enzyme–ATP, enzyme–Mg2+,
and enzyme–RNA), ternary complexes (enzyme–
Mg2+–ATP, enzyme–Mg2+–RNA, and enzyme–
ATP–RNA), and the quaternary complex enzyme–
Mg2+–ATP–RNA (Scheme 1; Figure 4(a)). In addi-
tion, since metal can bind ATP in the absence of
enzyme, three additional constants are needed to
describe this event and the binding of MgATP to
free enzyme or an enzyme RNA complex. The
diagonals on the side of the cube dictate binding of
a pre-formed MgATP complex to either enzyme
alone (K13) or an enzyme–RNA complex (K14).
MgATP forms spontaneously with a dissociation
constant (K15) of 83 μM at pH 6.5.53 When the
helicase is titrated with ATP and RNA in the
presence of Mg2+, the enzyme can cycle between
six states as defined by the backside and the
diagonal plane of Scheme 1 (Figure 4(a)). Each of
the four possible enzyme–ATP complexes hydro-
lyses ATP at a different rate. The basal rate of ATP
hydrolysis can be described by a first-order rate
constant (kcat). Under saturating conditions, Mg2+

activates kcat by a factor α, RNA stimulates by a
factor called β, and together RNA and ATP
stimulate by a γ factor. Since ATP appears to
bind in a different orientation in the absence of
metal based on substrate specificity (Figure 3), the
enzyme ATP complexes without metal in scheme 1
are noted with an asterisk (i.e. EA*). Sketches of the
MgATP and RNA binding sites on HCV helicase
and the EA* complex are presented in Figure 4(b).
We have chosen to depict the EA* complex with the
NTP rotated by 180° solely for dramatic effect.
While this conformation is possible based on
modeling studies (data not shown), it is equally
likely that a more subtle difference between the
EMA and EA* structure accounts for the differences
in NTP specificity.
The easiest place to start addressing this cubic

system (Scheme 1; Figure 4(a)) is on its front side,
which describes the binding of ATP and RNA to two
independent sites, in the absence of metal. The
constant K1 describes the binding of ATP in the
absence of metal, and can be estimated by measur-
ing the Km of ATP under in the absence of Mg2+ or
RNA. Repeated ATP titrations in the absence of
metal fit to the Michaelis–Menten equation revealed
a Km of 170(±32) μM and a kcat of 0.32(±0.1) s

−1. The
binding of nucleic acid to the enzyme in the absence
of metal can be estimated by titrating a solution
containing a fluorescently labeled DNA oligonu-
cleotide with enzyme (Figure 5(a)). Such titrations
revealed that each 18-mer binds about three enzyme
molecules with a very tight dissociation constant
(K3 in Scheme 1) less than 0.1 nM.
To understand how RNA affects ATP binding

and vice versa, the enzyme was titrated with both
ATP and RNA, and ATP hydrolysis was measured
under steady-state conditions. The resulting initial
rates were fit to equation (2) (based on Segel's
equationV-1).41 The data are plotted as a function of
RNA concentration along with the best-fit curves
resulting from global non-linear regression analysis
(Figure 5(b)). The results reveal that ATP binding
results in weaker binding of RNA (K6>K3). When K4
was calculated from the relationship K1K6/K3=K4, a
weakening of ATP binding in the presence of RNA
was revealed (K4>K1).
Examination of the dissociation constants defining

the backside of the cube reveals both a weaker
binding of RNA, and a tighter binding of ATP in the
presence of metal. A direct titration of DNA with
helicase reveals a Kd of 0.34(±0.15) nM (Figure 5(c)),
which corresponds to K9 in Scheme 1 and is a value
significantly weaker than that seen in the absence of
Mg2+ (Figure 5(a)). When the enzyme was titrated
with both ATP and RNA, in the presence of 5 mM
MgCl2, the data could again be fit to a steady-state
activation equation (equation (3)). A fit of initial
rates obtained in the presence of Mg2+ as a function
of RNA and ATP concentration are shown along
with the best-fit curves in Figure 5(d). A fit to equa-
tion (3) reveals clear estimates of αkcat (0.9(±0.4)s

−1)
and γkcat (45(±20) s

−1). In contrast to the global fit
performed in the absence of metal, only one constant
from Scheme 1 can be determined, because equation
(3) describes a simplified binding scheme that does
not differentiate between the bindings of ATP (the
back edges of the cube) or MgATP (the diagonals on
the sides of the cube). Thus to simplify the system,
the data were fit using K12 and two constants not
present in Scheme 1. KATP (a composite of K13 and
K7) represents ATP binding, as ATP orMgATP, in the
absence of RNA, and KRNA (a composite of K3 and
K9) dictates the binding of RNA either to free
enzyme or enzyme–metal complex. In the fit, both
values were near the respective dissociation con-
stants that were determined as described below
(KATP was 2 μM and KRNA was 3 nM).
Accurately addressing the rest of Scheme 1 was

likewise complicated, again, because MgATP forms
spontaneously and binds the enzyme in competi-
tion with Mg2+ and free ATP. As a result, steady-
state equations defining the sides of the cube in
Scheme 1 (Figure 4(a)) are further complicated
because ATP is hydrolyzed in the absence of metal.
To simplify the situation, GTP was used as a
substrate, because unlike ATP, GTP is not hydro-
lyzed rapidly by HCV helicase in the absence of
metal (Figure 2). GTP is a competitive inhibitor of
ATP in the absence of metal with a Ki of 410 μM
(Figure 5(e)). If GTP is used as a substrate, kcat can
be eliminated from the scheme, and therefore
steady-state rates of GTP hydrolysis at different
Mg2+ concentrations could be fit to equation (4)41

using the Ki of GTP as K1. A fit of the data
to equation (4) (Figure 5(f)) revealed both K13
(1.6(±0.45) μM) and K2 (25(±4.1) μM). Since K2 does
not involve the interaction of the enzyme and an
NTP, we assumed that this value is the same for
ATP as it is for GTP. Similarly, since the helicase
displayed little specificity regarding the NTP in the
presence of metal, we assumed that K13 is likewise



Figure 5. Analysis of the dissociation constants needed to form a HCV helicase–Mg2+–ATP–RNA complex and the
subsequent turnover rates of ATP hydrolysis. (a) DNA binding in the absence of metal ions. 1 nM (squares) or 2 nM
(triangles) of a fluorescein-tagged DNA oligonucleotide were titrated with Hel-1b and change in fluorescence was
monitored. Data are fit to equation (1) with a Kd of 0.025 nM and an n of 3.6 protein molecules/oligonucleotide. (b)
RNA-stimulated ATP hydrolysis in the absence of metal. Steady-state rates of ATP hydrolysis with initial ATP
concentrations of 0.1 mM (squares), 0.2 mM (triangles), 0.4 mM (diamonds), 0.8 mM (circles),1.6 mM (X), and 2.0 mM
ATP (+) at various poly(U) RNA concentrations. Data are fit to equation (2) with the constants listed in Scheme 1 (a). (c)
DNA binding in the presence of 5 mM MgCl2. 1 nM (squares) or 2 nM (triangles) of a fluorescein-tagged DNA
oligonucleotide was titrated with Hel-1b (1b) and change in fluorescence was monitored. Data are fit to equation (1)
with a Kd of 0.4 nM and an n of 3.6 protein molecules/oligonucleotide. (d) RNA-stimulated ATP hydrolysis in the
presence of 5 mM MgCl2. Steady-state rates of ATP hydrolysis with initial ATP concentrations of 0.1 mM (squares),
0.2 mM (triangles), 0.4 mM (diamonds), 0.8 mM (circles), 1.6 mM (X), and 2.0 mM ATP (+) at various poly(U) RNA
concentrations. Data are fit to equation (3) with the constants listed in Scheme 1, and KATP of 2 mM and KRNA of 3 nM.
(e) Initial rates of ATP hydrolysis at various ATP concentrations in the absence of metal without GTP (squares) and
with 0.5 mM GTP (triangles). Data are fit to an equation for competitive inhibition with a Ki of GTP of (0.42 mM). A
Lineweaver–Burke plot is shown in the inset. (f) Steady-state rates of GTP hydrolysis at 5 (squares), 15 (triangles), 50
(diamonds), 200 (circles) 1000 (x) μM MgCl2. Data are fit to equation (4) with constants in Scheme 1 and a K1(GTP) of
0.42 mM.
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the same for MgATP and MgGTP. Once K1, K2, K13
were known, K5 and K7 could be calculated from
the relationships, K13K15/K1=K5 and K13K15/
K2=K7.
After the dissociation constants were uncovered

for three sides of the cube, the constants on the right
side could be calculated using the following
relationships. K11 was calculated from the relation-
ship K5K12/K6=K11. K14 was calculated from the
relationship K13K12/K3=K14. K10 was calculated
from the relationship K7K12/K9=K10. Finally, K8
was calculated from the relationship K2K9/K3=K8.
Additional titrations were done to check whether

several constants were reasonable. For example, K4
was approximated by analyzing initial rate of ATP
hydrolysis at saturating levels of RNA (1 mM).
Analysis of three ATP titrations using the Michaelis–
Menten equation yielded a Km of 3.4(±1) mM, which
is in accord with the K4 value of 4.6 mM (Figure
4(a)). Similarly, titrations with ATP in the absence of
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RNA but in the presence of optimal metal concen-
trations (∼5 mM), yielded Km values ranging
from 1 μM–5 μM,13,34 which are similar to the
values of K7 and K13 determined in the global fits
(Figure 4(a)).
More titrations with RNA were performed to

check K6 and K12 in Scheme 1. With 5 mM MgCl2
present, three independent titrations revealed that
131(±43) nM of RNA was needed to stimulate half
maximal rates of ATP hydrolysis, a figure near that
determined for K12 (218 nM) in the global fits. In the
absence of metal, however, repeated RNA titrations
showed that 13(±2) nM of RNA was needed to
stimulate ATPase to half maximum rates (at 2 mM
ATP). This value is significantly lower than K12 but
only begins to approach the K6 in Scheme 1
(0.37 nM) possibly because 2 mM ATP is not
sufficient to saturate the enzyme under the experi-
mental conditions.
Additional titrations with Mg2+ were performed

to check K5 and K11. The amount of metal needed
to stimulate half-maximal rates of ATP hydrolysis
without RNA was normally between 1 μM and
20 μM, which is somewhat higher than K5
(0.75 μM). The discrepancy can be accounted for
by assuming that since enzyme binds ATP weakly
without metal, it was not completely saturated
during the course of the experiment. Analysis of
the amount of metal needed to stimulate half-
maximal rates of ATP hydrolysis (at 2 mM ATP) in
the presence of 1 mM RNA, where ATP binds more
weakly, gave a value of 130(±40) μM, which is in
more reasonable agreement with the K11 in Scheme
1 (266 μM).

Binding of free ATP and free Mg2+ inhibits DNA
unwinding

There has been some debate in the HCV
literature as to whether or not ATP hydrolysis is
needed to fuel strand separation. Several authors
have suggested that ATP hydrolysis is not neces-
sary based on the fact that some mutants defective
in ATPase retain some unwinding activity,40 some
ATPase inhibitors do not abolish unwinding,42 and
because in some assays HCV helicase appears to
separate DNA without ATP.26 Directly testing such
a proposal is difficult because most helicase assays
are performed under conditions where enzyme far
exceeds DNA, and ATPase assays are normally
performed under steady-state conditions where
enzyme is limiting. Scheme 1 predicts that free
metal and free ATP would compete with MgATP
when the enzyme is unwinding RNA or DNA.
Since metal is absolutely required for unwinding to
occur, it is conceivable that both free metal and free
ATP inhibit unwinding when they bind blocking
the binding of MgATP. Thus, if MgATP were the
true substrate needed to fuel unwinding, steady-
state unwinding rates should increase with ATP
concentration until ATP concentrations exceed total
metal concentration, when unwinding rates should
decrease.
To test this hypothesis, we used a helicase assay
that was recently described by Boguszewska-Cha-
chulska et al.33 to measure unwinding rates under
steady-state conditions at numerous ATP andMgCl2
concentrations. This assay employs a fluorescently
labeled DNA substrate composed of a shorter strand
labeled on its 3′ end with Cy3 dye annealed to a
longer strand with Black Hole Quencher 2 (Inte-
grated DNA technologies) attached to its 5′ end
(Figure 6(a)). Unwinding of this substrate leads to an
increase in Cy3 fluorescence (Figure 6(b)). In order
for this assay to be used with a limiting concentra-
tion of enzyme a third DNA strand must be added
along with the ATP to initiate the reaction and also
to prevent the Cy3-labeled strand from annealing to
the strand with the quencher. In the presence of this
“substrate trap” the reaction rates are linear with
enzyme concentration and excess trap does not
inhibit the reaction. Under such conditions, reac-
tions can be performed where DNA substrate
concentrations exceed helicase concentrations.33

Using this continuous helicase assay, we have
measured the relative rates of unwinding at differ-
ent concentrations of ATP and MgCl2. This fluores-
cence resonance energy transfer (FRET)-based assay
is quite robust and allows the measurements of rates
that differ by several orders of magnitude (Figure
6(b)). To simulate inhibition of free metal and free
ATP, while treating MgATP as the substrate fueling
the unwinding reaction, the rates were fit to
equation (5). Equation (5) is related to equation (4)
except that it uses a new constant to describe the
binding of MgATP to the enzyme. This is necessary
because it is not clear whether MgATP binds to free
enzyme (K13) or an enzyme–DNA complex (analo-
gous to K14) while it unwinds DNA. Reasonable fits
were obtained to equation (4) using the K1, K2 and
K15 described in Scheme 1, and a value for KMgATP of
350 μM (Figure 6), which falls almost equally
between the tight binding of MgATP to free enzyme
(K13, 2 μM) and the weak binding of MgATP to an
enzyme–RNA complex (K14, 20 mM).
The main deviation between our model and

the actual data occurs at high metal concentra-
tions where rates are slower than expected when
ATP concentrations approach metal concentrations
(Figure 6(g) and (h)). Lower than expected unwind-
ing at high metal concentrations may be due to non-
specific effects (such as solution ionic strength)
unrelated to Mg2+ or ATP binding to the Walker
NTP-binding site on the helicase. Also, the model
predicts somewhat lower rates at some Mg2+

concentrations (e.g. Figure 6(e)). These individual
fits can be improved simply by changing the
equilibrium constants from the ones in Scheme 1
or by using a more robust model that takes into
account more steps in unwinding, each of which
could be influenced by metal ions. Such a detailed
scheme is a future goal, but it will require many
more experiments not germane to our present goal
of how metal ions interact at the ATP-binding site.
Nevertheless, it is interesting to note how unwind-
ing rates follow roughly the same pattern predicted



Figure 6. Free ATP and Mg2+ inhibit DNA unwinding catalyzed by HCV helicase. (a) Assay used to measure steady-
state rates of unwinding at various ATP and Mg2+ concentrations. (b) DNA unwinding with 20 nM substrate, 10 nM
helicase (Hel-1b), 0.5 mM MgCl2, and various concentrations of ATP. Initial rates of DNA unwinding in 0.01 mM (c),
0.05 mM (d), 0.5 mM (e), 2.0 mM (f), 5 mM (g), and 10 mM (h) MgCl2. Data in (c) to (h) are globally fit to equation (5) with
the K1 and K2 in Scheme 1, a KMgATP of 350 μM and a Vmax of 450 arbitrary units/min.
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by a model based only on MgATP binding and ATP
hydrolysis.
Discussion

All motor proteins that use ATP to fuel their
movements require divalent metal cations, which
coordinate the phosphate groups of ATP in the
catalytic site. In Walker-type ATP-binding sites,1

the Mg2+ usually binds ATP to a conserved
aspartate that is near another acidic residue that
serves as a catalytic base to activate the water
molecule that participates in the hydrolysis. The
results described above confirm that such a
relationship exists in the helicase encoded by
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HCV and also point out some finer details as to
how ATP fuels unwinding in this class of enzymes.
First, our results show that HCV helicase binds
NTPs both in the presence and absence of divalent
metal cations. Second, unlike other helicases that
have been examined in this detail, the HCV protein
will hydrolyze ATP in the absence of metal.
Binding and hydrolysis occur at the same site
both in the presence and absence of metal, with
E291 serving as a putative catalytic base. The NTP
binds in a different conformation in the presence
and absence of metal. In the presence of metal,
NTPs bind tighter and metal ions bind weaker to a
D290N mutant, implying that Mg2+ binds to D290
forming a bridge to the ATP and reorients the base
of the NTP. The 15 dissociation constants and four
rate constants in Scheme 1 represent a self-
consistent set of parameters that account for all
available data. The parameters can be used to
predict effects of Mg2+ and RNA on helicase
catalyzed ATP hydrolysis and steady-state rates of
DNA unwinding, demonstrating that the true fuel
for the motor function of the enzyme is MgATP.
The interaction of metal ions with helicases has

not been widely examined despite the fact that
members of this class of ATPases play critical roles
in most nucleic acid transactions. Genetically,
helicases are classified into families and super-
families. Helicases in superfamilies 1 and 2 bind
and hydrolyze ATP between two RecA-like
domains linked in tandem on the same polypep-
tide. Superfamily 3 and a few other helicase
families often function as rings of subunits, each
of which contains one RecA-like domain. HCV
helicase is a member of superfamily 2. Studies with
the ring helicase from bacteriophage T7 have
shown that the T7 protein binds NTPs in the
absence of metals, and NTP binding facilitates ring
formation. In the absence of metal, NTPs are not
hydrolyzed, however.35 Soultanas et al. have
studied the role of metal in ATP hydrolysis
catalyzed by a helicase more closely related to
HCV Helicase, the PcrA helicase from Bacillus
stearothermophilus.43 By examining crystal structu-
res of PcrA in the presence and absence of Mg2+

and a non-hydrolyzable analog, Soultanas et al.
proposed that DNA binding to PcrA leads to
movement of the conserved lysine in the Walker A
motif, so that metal can bind to activate hydrolysis.
Our data are not in accord with such a model
because we find that the affinity of HCV helicase
for metal decreases upon RNA binding. The
difference may be due to the fact that PcrA is a
member of superfamily 1 and HCV helicase, as a
member of superfamily 2, functions somewhat
differently.
Our data support a model in which the helicase

binds ATPweakly in the absence of metal, and metal
binding reorients and stabilizes ATP binding in
the absence of RNA (K7, K13<<K1). RNA binding
in turn destabilizes the enzyme-ATP (or enzyme–
Mg2+–ATP) complex by decreasing the affinity of the
protein for the metal ion (K10, K14>>K13, K7). The
acceleration of kcat upon metal binding is likely due
to the stabilization of the enzyme–NTP complex,
whereas the acceleration of kcat due to RNA binding
instead is more likely due to something else, such as
stabilization of the transition state or acceleration of
product release. Our previous electrostatic analyses
of HCV helicase structures provide an explanation
for how RNA binding lead to a release of metal.44 In
the absence of nucleic acid D290 is negatively
charged as would be expected. However, in the
presence of a bound DNA oligonucleotide D290 has
an unusually high pKa value of 10, meaning that it
would be protonated at physiological pH and
unable to coordinate a cation.
The metal-independent NTPase activity of HCV

helicase reported here needs to be interpreted
cautiously because such activity is not normally
seen with enzymes possessing Walker NTP binding
sites. The D290N and E291Q mutants were
originally constructed because we thought that
either the wild-type enzyme was contaminated or
there was a second ATP-binding site on HCV
helicase. The fact that the mutant enzymes are
∼1000 times less active than the wild-type (without
metal) when all three enzymes were expressed and
purified with identical procedures and free of any
other visible bands on SDS-containing gels argues
strongly against either notion (Figure 3). Further-
more, if the wild-type were contaminated or had a
second active site, it is highly unlikely RNA/DNA
would stimulate a second active site (Figure 5(b)).
There is still the possibility that the wild-type
enzyme co-purifies with some tightly bound metal
and that a second metal ion binds with ATP, but
nevertheless, our data show that in the absence of
such added metal, NTPs bind weaker leading to
slower hydrolysis of some NTPs.
Our conclusion that the divalent metal cation

forms a bridge between D290 and the phosphates of
ATP is based on the facts that (1) the D290N mutant
does not unwind DNA and requires dramatically
more Mg2+ to activate its ATP hydrolysis, and (2)
the wild-type protein binds ATP more tightly when
Mg2+ is bound (K7 < K1, K10 < K4). Coordination of
metal to an Asp in the Walker B site (analogous to
D290) has been observed in structures of related
helicases.27,29,30 Although high-resolution struc-
tures of HCV helicase bound to MgATP are not yet
available it appears that, in this case, HCV helicase
fits the current paradigm with regard to metal ion
coordination. The fact that D290N loses ATPase
activity even in the absence of metal suggests the
residue has a second role in addition to binding
metal. For example, the charged state of D290
undoubtedly influences the electrostatics of its
neighboring residue E291.
The adjacent residue E291 is homologous to

residues in other ATPases that serve as catalytic
bases.39,45,46 The data obtained with the E291Q
mutant explain why such a mutant cannot unwind
RNA and are in accord with a role as a catalytic
base. The fact that this mutation affects ATP
hydrolysis both in the presence and absence of
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metal demonstrates that NTP binds the same site
both in the presence and absence of metal. Thus, this
study does not support the notion that there is more
than one ATPase site on HCV helicase. Others have
suggested that HCV helicase might contain two
distinct ATP binding sites based on inhibitor
studies24 and an apparent cooperativity in ATP
binding.25

Scheme 1 also provides a simple explanation for
the seemingly unusual regulation of the HCV
helicase by ATP, which could be mistakenly
interpreted as cooperative ATP binding if one
does not take metal ions into account. Our data
show that lower than expected unwinding at low
and high ATP concentrations need not be due to
anything besides the unproductive binding of free
ATP or Mg2+ to the enzyme. Although our data
do not support models involving the helicase
acting as a dimer or higher order oligomer, which
would imply cooperation or coordination of ATP
binding sites on adjacent subunits, they do not
directly rule out such possibilities. Nevertheless,
our results are more in accord with models that
contend that the helicase stretches and contracts to
move like an inchworm as a monomer with only
one non-cooperative ATP-binding site. Thus, our
model contends that each helicase hydrolyzes ATP
as a monomer with Mg2+ and RNA activating
hydrolysis by binding a single site on the enzyme.
This 1:1:1:1 stoichiometry is supported by struc-
tural data for HCV helicase, which reveal a single
ssDNA binding site15,19 and structures of related
helicases, which show a single metal ion coordi-
nating ATP.27,29 In contrast with some previous
studies,24,25 this analysis of the NS3 helicase
fragment (Hel-1b) does not reveal any evidence
for more than one ATP binding site. The difference
may be due to the fact that we utilized a truncated
NS3 protein, which might behave somewhat
differently from the full-length NS3 protein. Like-
wise, we have yet to find any evidence that more
than one Mg2+ is needed to coordinate ATP
hydrolysis. All plots of rates versus metal ion
concentration fit one site binding models better
than two site models or those using Hill equa-
tions, and plots of rates versus MgATP reveal
simple Michaelis–Menten kinetics, with a Vmax not
stimulated by additional Mg2+. Nevertheless, it
will be important in the future to verify this
stoichiometry by directly examining metal binding
to HCV helicase using NMR or another biophy-
sical technique.
Although Scheme 1 provides a thermodynami-

cally sound basis to now study the mechanism of
action of HCV helicase catalyzed ATP hydrolysis, it
does have some limitations that need to be noted.
First, only half of the equilibrium constants were
determined from fits to experimental data and the
rest were calculated assuming thermodynamic
reciprocity. Five of the calculated constants (K4,
K5, K6, K11, K16) were checked by performing
addition titrations and measuring ATP hydrolysis.
All were in reasonable agreement with the calcu-
lated values except K5 and K6, each of which
represented about a tenfold difference from the
calculated values. While it is possible that the
individual titrations were not performed under
appropriate conditions, it is also possible that
additional states exist limiting reciprocity. For
example, the EA* complex might not be able to
directly convert to an EMA complex. On a similar
note, only K9 was determined here by direct
binding assays (Figure 5(c)). Several others con-
stants are, nevertheless, in reasonable agreement
with binding assays. For example if K2 is estimated
from direct binding (Figure 5(a)), the result is
∼0.025 nM, which is near the value determined
with kinetics (0.014 nM). Likewise, several groups
have estimated K12 previously using a non-hy-
drolyzable ATP analog.47–49 The resulting values
range from 10 μM–580 μM and cover the range of
the kinetically determined K12 in Scheme 1
(218 μM). Last, it should be noted that the Scheme
implies only a 24-fold weakening of RNA binding
in the presence of Mg2+ (K3 versus K9) and a 589-
fold weakening by Mg2+ when ATP is present (K6
versus K12), even though it is well established that
increasing Mg2+ continuously decreases the affinity
of enzymes for nucleic acids. Our interpretation of
metal ion effects on enzyme–RNA binding does not
explain the full effect because Scheme 1 only relates
Mg2+ binding to one site. Scheme 1 does not take
into account binding of additional metal ions to
other sites (or non-specific sites) on either the
enzyme or RNA. If it did, then it would better
explain this effect and, as mentioned in Results, the
resulting lower than expected unwinding activity
at high metal concentrations.
Finally, the fact that HCV helicase binds free ATP

in a conformation somewhat different from that of
MgATP binding is of practical importance because
it suggests the possibility that nucleotide-based
inhibitors could be synthesized that trap the
enzyme in a non-productive enzyme–NTP or
enzyme–RNA–NTP complex. Likewise, it appears
that some metals might be found that bind near
D290 to prevent the binding of the MgATP
complex. Such inhibitors could form the basis for
novel and much needed treatments for the hepatitis
C epidemic.
Materials and Methods

Materials

DNA oligonucleotides were purchased from Integrated
DNA Technologies (Coralville, IA), and their concentra-
tions were determined from provided extinction coeffi-
cients. The NS3–NS4A complex, and the truncated NS3
proteins called Hel-1a, Hel-1b, and Hel-2a have been
described.13,34 The Hel-1b and its mutants (D290N
and E291Q) contained NS3 amino acid residues 166–631
from genotype 1b followed by a C-terminal His-tag with
the sequence PNS SSV DKL AAA LEH HHH HH. NS3
proteins were purified as described13,34 and protein
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concentrations were determined by using A280 with the
extinction coefficients calculated from the Trp, Tyr, and
Phe content of each protein. It should be noted that after
purification on a Ni-NTA column, the truncated proteins
were purified using two additional columns (gel filtration
and ion exchange) both performed in the in buffers
containing EDTA.

Site-directed mutagenesis

The Quik Change site-directed mutagenesis kit (Strata-
gene, La Jolla, CA) was used to construct each mutant
from the plasmid p24Hel-1b, which contains the helicase
region of NS3. The following oligonucleotides were
utilized in this PCR-based mutagenesis: D290N(+)cc tat
gac atc ata ata tgt aat gag tgc cac tca act gac, D290N(-)gtc
agt tga gtg gca ctc att aca tat tat gat gtc ata g, E291Q(+)gac
atc ata ata tgt gat cag tgc cac tca act gac tcg, E291Q(-)cga
gtc agt tga gtg gca ctg atc aca tat tat gat gtc. Mutations
were confirmed by sequencing the plasmid DNA.
DF ¼ DFMAX
ðKD þ ½E�T=nþ ½DNA�TÞ−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðKDþ½E

q

2½DNA�T
ATPase assay

A modified “malachite green” assay was performed at
37 °C in presence of 25 mM Mops (pH 6.5), 0.1%
(v/v) Tween 20, MgCl2, ATP at indicated concentrations
and catalytic amount of helicase (1 nM–50 nM). Reactions
(100 μl) were terminated with the addition of 0.2 ml of
freshly prepared 3:1 mixture of 0.045% (w/v) malachite
green and 0.42% (w/v) ammonium molybdate in 1 M
H2SO4. Within seconds, 25 μl of sodium citrate was added
to the solution to increase the pH of the reaction so that the
ATP was not subject to acidic environment. After
incubation for 20 min at room temperature, the absor-
bance was measured at 630 nm.

DNA binding assay

The binding of a fluorescein-labeled DNA oligonucleo-
tide F18 to HCV helicase was monitored as described.13

Solutions (2 ml) containing 1 nM or 2 nM oligonucleotide
in 25 mM Mops (pH 6.5), 5 mM MgCl2, and 0.1% Tween
20 were titrated with recombinant helicase (Hel-1b,
D290N, or E291Q). Fluorescence was measured at an
excitation wavelength of 492 nm and an emission of
518 nm with a Varian Carey Eclipse fluorescence
spectrophotometer.

FRET-based helicase assay

Fluorescent helicase substrates were used to measure
unwinding rates as described33 using an assay based on
well-established fluorescence-based helicase assays.50–52

Reactions were performed in 25 mM Mops (pH 6.5), 25%
(v/v) glycerol, 0.1% Tween 20, 1 mM DTT, 20 nM DNA
substrate, 200 nM “trap” DNA oligonucleotide, 10 nM
helicase, and ATP and MgCl2 at indicated concentrations.
All reactions were conducted at 37 °C in a reaction volume
of 100 μl with a substrate composed of a Cy3-labeled long
strand (Cy3-TAG TAC CGC CAC CCT CAG AAC CTT
TTT TTT TTT TTT-3′) annealed to a short strand tagged
with black hole quencher 2 (5′-GGT TCT GCG GGT GGC
GGTACTA-BHQ2). The trap strand was the complement
to the short strand (5′-TAG TAC CGC CAC CCT CAG
AAC C-3′). Fluorescence was measured using a Varian
Cary Eclipse fluorescence spectrophotometer with excita-
tion and emission wavelengths set for 550 nm and 570 nm,
respectively, and slit widths set to 10 nm for both the
excitation and emission. Initial velocities were calculated
using linear regression with datasets pruned of values
outside the linear range.

Data analysis

The constants in Scheme 1 were determined as follows.
First, direct binding assays were used to determine K9 and
estimate K3. Binding isotherms were obtained with two
different concentrations of oligonucleotide and fit to
equation as described above and the data fit to equation
(1) using global non-linear regression (Graphpad Prism,
San Diego, CA):

ð1Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�T=nþ ½DNA�TÞ2−4½E�T½DNA�T=n
whereΔFMAX is themaximum fluorescence change of each
titration. The factor n represents the number of protein
monomers bound to a single oligonucleotide, and KD re-
presents K9 when Mg2+ is present at saturating
levels (Figure 5(c)), and K3 when Mg2+ is absent (Figure
5(a)). Each set of two titrations was repeated three times
and errors in scheme 1 represent the standard deviations
of K9 values determined from three separate global fits.
Steady-state ATPase assays were then conducted at

various ATP concentrations in the absence of Mg2+ and
RNAand fit to theMichaelis–Menten equationwith theKm
defined as K1. The ATP titration was repeated five times
and the average K1 and kcat are listed in Scheme 1 with a
standard deviation defined by five independent experi-
ments. Next, ATPase assays were performed at various
ATP and RNA concentrations (in the absence of Mg2+) and
the amount of ATP cleaved after 15 and 30 min was mea-
sured. Average rates were fit to equation (2) (Figure 5(b)):

v
ET

¼
kcat

½ATP�
K1

þ bkcat
½RNA� ½ATP�

K6K1

1þ½ATP�
K1

þ½RNA�
K3

þ ½RNA�½ATP�
K6K1

ð2Þ

where all constants are defined in scheme 1 (Figure 4(a)). In
the fit, limits were placed on K3 based on the results of the
above binding experiments (K3 was only allowed to vary
between 0 and 1 nM). K1 was set to a constant. Each set of
six titrations was repeated three times and the errors
represent the standard deviations of K3 and K6 determined
from three separate global fits.
To determine the affinity of the protein for RNA in the

presence of saturating Mg2+, the above titrations (three
sets) were repeated in the presence of 5 mM MgCl2, and
fit to equation (3) (Figure 5(d)):

v
ET

¼
akcat

½ATP�
KATP

þ gkcat
½RNA�½ATP�
K12KATP

1þ½ATP�
KATP

þ½RNA�
KRNA

þ½RNA�½ATP�
K12KATP

ð3Þ
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Each set of six titrations was repeated twice and the
errors represent the standard deviations of K12 determined
from two separate global fits.
Next, solutions with various Mg2+ concentrations were

titrated with GTP, and its rate of hydrolysis was
measured a two different time points. The average
velocity under each condition was plotted and fit to
equation (4) (Figure 5(f)):
v

ET

¼ a

1� K13
K1

� K13
K2

� �
þ 1þ ½GTP�T

K1
þ ½Mg2þ�T

K2

� �
ð½Mg2þ�Tþ
In the global fit, only K2 and K13 were allowed to vary.
K1 was the Ki determined for GTP in competition
experiments done versus ATP in the absence of metal
(Figure 5(e)). The titration sets were repeated three times
and the errors represent the standard deviations of K2
and K13 determined from three separate global fits.
For this analysis, K15 was set at 83 μM.53

The other constants in Scheme 1 were calculated using
the following relationships: K4=K1K6/K3, K5=K13K15/K1,
K7=K13K15/K2, K8=K2K9/K3. K10=K7K12/K9, K11=K5K12/
K6, and K14=K13K12/K3. Note that K4, K5, K7, K8, and K14
are all calculated from three experimentally determined
parameters, whereas K10 and K11 are calculated from two
experimentally determined parameters and one calculated
parameter, which was in turn determined from three
experimentally determined parameters. For the calculated
parameters, the errors are based upon the largest error of
the three known parameters. For example, in calculating
K4, K6 had a 48% uncertainty, which was larger than the
uncertainty for either K1 (18%) or K3 (34%). Thus, K4 was
given a 48% uncertainty.
Unwinding data were fit to the following equation

using non-linear least-squares analysis using Graphpad
Prism software (San Diego, CA):
v ¼ Vmax

1� KMgATP

K1
� KMgATP

K2

� �
þ 1þ ½ATP�T

K1
þ ½Mg2þ�T

K2

� �
2KMgATP

ð½Mg2þ�Tþ½ATP�TþK15Þ�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð½Mg2þ�Tþ½ATP�TþK15Þ2�4½Mg2þ�T½ATP�T

p

ð5Þ
In this fit, K1 and K2 were set to the values in Scheme 1
and only Vmax and KMgATP were allowed to vary.
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