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ABSTRACT

Dengue virus nonstructural protein 3 (NS3) is a mul-
tifunctional protein formed by a superfamily-2 RNA
helicase linked to a protease domain. In this work,
we report results from in vitro experiments designed
to determine the oligomeric state of dengue virus
NS3 helicase (NS3h) and to characterize fundamen-
tal properties of the interaction with single-stranded
(ss)RNA. Pulsed field gradient-NMR spectroscopy
was used to determine the effective hydrodynamic
radius of NS3h, which was constant over a wide
range of protein concentrations in the absence and
presence of ssRNA. Size exclusion chromatography-
static light scattering experiments showed that NS3h
eluted as a monomeric molecule even in the pres-
ence of ssRNA. Binding of NS3h to ssRNA was
studied by quantitative fluorescence titrations using
fluorescein-labeled and unlabeled ssRNA oligonu-
cleotides of different lengths, and the effect of the flu-
orescein label on the interaction parameters was also
analyzed. Experimental results were well described
by a statistical thermodynamic model based on the
theory of non-specific interactions of large ligands
to a one-dimensional lattice. We found that binding
of NS3h to ssRNA oligonucleotides and to poly(A) is
characterized by minimum and occluded binding site
sizes both of 10 nucleotides and by a weak positive
cooperativity between adjacent proteins.

INTRODUCTION

The dengue virus (DENYV) is a member of the family Fla-
viviridae which includes other major public health con-
cerns such as yellow fever virus, West Nile virus and hep-
atitis C virus (HCV) (1). Dengue virus exists in four dis-
tinct serotypes; all of them are mosquito-borne and cause
dengue fever and dengue hemorrhagic fever/dengue shock
syndrome. Found in tropical and subtropical regions of the
world, DENV causes an estimated 390 million infections
annually (2) and places over 3 billion people at risk of in-
fection (3,4). The genome of flaviviruses is encoded in a
positive-sense single-stranded RNA (ssRNA) molecule of
about 11 000 nucleotides and is composed of a single open
reading frame flanked by conserved and highly structured 5’
and 3’ untranslated regions (5,6). The entire viral genome is
translated into a single polyprotein which is subsequently
cleaved by viral and cellular proteases into functional enti-
ties. At least 10 viral proteins are produced: three structural
proteins (capsid, premembrane and envelope proteins) and
seven non-structural proteins (NS1, NS2A, NS2B, NS3,
NS4A, NS4B and NS5) (5,7,8).

Dengue virus non-structural protein 3 (NS3) is a mul-
tifunctional protein of 618 amino acids built of two func-
tional domains: an N-terminal region (residues 1-167) that
forms, together with residues of protein NS2B, an active
serine protease and a C-terminal region (residues 171-618)
endowed with RNA helicase, nucleoside 5'-triphosphatase
(NTPase), RNA 5'-triphosphatase, as well as RNA anneal-
ing activities (9—12). These two functional domains may act
independently of each other in vitro and recombinant NS3
lacking the protease domain (NS3h) retains NTPase and
helicase activities (10,12).

The crystal structure of DENV NS3h has been deter-
mined at 2.4-A resolution (13). Its tertiary structure is char-
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acterized by three domains, each of about 130-150 amino
acids. The first two domains (domains I and II) are RecA-
like domains, which constitute the core of most adenosine
triphosphate (ATP)-driven molecular motors (14,15), and
host characteristic sequence motifs of superfamily 2 heli-
cases (16,17). The cleft formed between domain III and
the other two presents numerous basic residues and is wide
enough to accommodate a single-stranded nucleic acid sub-
strate but not a duplex (18).

RNA helicases are a ubiquitous class of enzymes that par-
ticipate in virtually all processes of the RNA metabolism
(14). A common feature shared by these motor proteins
is their capability to catalyze the hydrolysis of nucleo-
side triphosphates, which provides the driving force for
translocation along nucleic acids and unwinding of double-
stranded nucleic acids.

It is known that several helicases form oligomers (gener-
ally dimeric or hexameric), that the oligomerization process
is in some cases induced by interactions with nucleic acids or
other ligands and that the activities of these helicases are de-
pendent on their oligomeric state (19,20). Nevertheless, the
oligomeric state of DENV NS3 has not yet been addressed.

Proteins with in vitro RNA-helicase activity are encoded
by many viruses, but their specific roles in viral replication
are still unclear. /n vivo functions of the NS3 helicase are
presumably related to its ability to interact with RNA. De-
spite its key importance for understanding the RNA recog-
nition process by the DENV NS3 helicase, only a few as-
pects of this interaction have been studied (21). Fundamen-
tal properties of the NS3—-RNA interaction, such as stoi-
chiometry, binding site size, intrinsic affinity, cooperativity
and base specificity, have not been determined. This infor-
mation is necessary to understand functional aspects of this
enzyme and it is a prerequisite for formulating any model of
the mechanism of enzyme functioning, including transloca-
tion on the RNA and catalysis of RNA unwinding.

In this paper, we report in vitro studies on the oligomeric
state of the helicase domain of DENV NS3 (NS3h) us-
ing pulsed field gradient (PFG)-nuclear magnetic resonance
(NMR) spectroscopy, together with static light scattering
(SLS) techniques, and on the interaction of the enzyme
with ssRNA using quantitative fluorescence titration ex-
periments. We present evidence that DENV NS3h is a
monomer molecule in solution, both free and bound to ss-
RNA, to an ATP analog or to both ligands, that NS3h binds
to ssSRNA with similar values of minimum and occluded
binding site sizes (between 10 and 11 nucleotide residues)
and that binding of multiple NS3h molecules to the same
ssSRNA molecule occurs with positive cooperativity.

MATERIALS AND METHODS
General reagents

KCl, KOH, HCl and MgCl, were from Mallinckrodt
Baker (ACS reagents). 2-[4-(2-hydroxyethyl)piperazin-
1-yl]ethanesulfonic acid (HEPES), ethylenedi-
aminetetraacetic acid (EDTA) tetraacid form, 3-[(3-
Cholamidopropyl)dimethylammonio]-1-propanesulfonate
(CHAPS), adenosine 5'-triphosphate (ATP) and adeno-
sine 5-(B,y-imido)triphosphate (AMP-PNP) were from
Sigma Aldrich. Dithiothreitol (DTT) was from Promega
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Corporation. All solutions were prepared in distilled and
filtered water (MilliQ, Millipore Corporation) with no
detectable RNase activity. Concentrations of EDTA and
MgCl, in stock solutions were determined by volumetric
titrations employing eriochrome black T indicator and a
Zn?* standard solution (22).

Protein constructs and purification

A construct encoding the helicase domain of NS3 (NS3h)
(residues 171-618) was derived from the cDNA of an in-
fected clone of DENV serotype 2 (GenBank accession
number U87411) (23). The construct was cloned into vec-
tor pET-28a (Novagen, Madison, USA) to obtain plasmid
pET-NS3h that was used for high-level expression of N-
terminal hexa-histidine-tagged recombinant protein in Es-
cherichia coli (12). Protein expression and purification pro-
cedures were identical as described in a previous report
(12). Homogeneity of protein preparations was assessed by
sodium dodecyl sulphate-polyacrylamide gel electrophore-
sis and Coomassie Brillant Blue staining. The concentra-
tion of enzyme in stock aliquots was calculated from the
absorbance at 280 nm and its empirical extinction coeffi-
cient in the dialysis buffer (50-mM HEPES-KOH, pH 7.0,
5% v /v glycerol, 200-mM KCI, 0.20-mM DTT), €280 nm, 25°C
=70.9mM~! cm~! which in turn was obtained by the Edel-
hoch method (24).

Nucleic acids

RNA and DNA oligonucleotides were acquired from
Integrated DNA technologies Inc. (Iowa, USA). The
lyophilized products were dissolved in RNase-free water
and their concentrations were determined spectrophoto-
metrically using the extinction coefficients at 260 nm pro-
vided by the manufacturer. All oligonucleotides were puri-
fied by HPLC by the manufacturer and used without fur-
ther purification. Their sequences are depicted in Table 1
where ‘F” denotes the fluorescent label containing the flu-
orescein moiety covalently linked to the 5'- or 3’-terminal
OH group through a phosphodiester bond—indicated with
‘p>—or through an ether bond with a glycerol moiety,
respectively (see Supplementary Figure S1). Because the
oligonucleotides labeled in the 5’ terminus contain an ad-
ditional phosphate group proceeding from the fluorescent
label they are regarded as having one additional nucleotide
residue, with fluorescein replacing the base at the 5 termi-
nus. Thus F-p-Rs is referred to as a 6-mer, and so on (as was
done in other works; see for example (295)).

Polyadenylic acid (poly(A), potassium salt, Catalog num-
ber P9403) was from Sigma Aldrich and polycytidylic acid
(poly(C), potassium salt, Lot number 4084220021) was
from Amersham Biosciences. The concentration of stock
solutions of poly(A) and poly(C), in mononucleotide units,
was determined spectrophotometrically (26).

Hydrodynamic radius determinations by PFG-NMR

PFG-NMR self-diffusion measurements were performed
at 27°C on a Bruker 600-MHz Avance III spectrometer
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Table 1. Sequences of RNA and DNA (D) oligonucleotides

Name Sequence Assigned length
Rio 5-AGUUGAGUUG-¥ 10-mer
Rz 5-AGUUGAGUUGAG-3 12-mer
Ris 5-AGUUGAGUUGAGUUG-3 15-mer
Ris 5-AGUUGAGUUGAGUUGAGU-3 18-mer
Ryo 5-AGUUGAGUUGAGUUGAGUUG-3 20-mer
F-p-Rs F-p-5-AGUUG-3 6-mer
F-p-Ry F-p-5-AGUUGAGUUG-3 11-mer
F-p-Ry» F-p-5-AGUUGAGUUGAG-3’ 13-mer
F-p-Rys F-p-5-AGUUGAGUUGAGUUG-3 16-mer
F-p-Rig F-p-5-AGUUGAGUUGAGUUGAGU-3% 19-mer
F-p-Rog F-p-5-AGUUGAGUUGAGUUGAGUUG-3 21-mer
Ryo-F 5-AGUUGAGUUC-3'-F 10-mer
F-p-Sio F-p-5'-AUUCUGUUCU-3 11-mer
F-p-Sis F-p-5-AUUCUGUUCUGUUCU-3' 16-mer
F-p-S» F-p-5-AUUCUGUUCUGUUCUGUUCU-3 21-mer
F-p-Tig F-p-5-AGUUGUUAGUCUACGUGG-3 19-mer
F-p-Vi» F-p-5'-AGCACUCCAACU-3¥ 13-mer
(A2 5-AAAAAAAAAAAA-Y 12-mer
(A)1s 5-AAAAAAAAAAAAAAAAAA-Y 18-mer
(U)12 5-UUUUUUUUUUUU-¥ 12-mer
(U)ao S-UuuvuuuuvuvvuuUUvvUvUuuuuuu-3 20-mer
F-p-D»y F-p-5-AGTTGAGTTGAGTTGAGTTG-3 21-mer

‘F" denotes the fluorescent label containing the fluorescein moiety covalently linked to the 5" or 3’ terminal OH group through a phosphodiester
bond—indicated with ‘p’—or through an ether bond with a glycerol moiety, respectively (see Supplementary Figure S1). Because the oligonucleotides
labeled in the 5 terminus contain an additional phosphate group proceeding from the fluorescent label they are regarded as having one additional nu-

cleotide residue.

equipped with a 5-mm triple resonance cryoprobe incorpo-
rating shielded z-axis gradient coils. PFGs were appropri-
ately employed to achieve suppression of the solvent signal
and spectral artifacts. The proton carrier was centered on
the H,O frequency. The spectra were processed and ana-
lyzed using Bruker Topspin 2.0 software.

NMR samples were typically 20-250 pM of protein
in a buffer containing 10-mM Tris-HCI pH 7.0, 100-
mM KCI, 1.0-mM DTT, 2.0-mM MgCl, and 10% D,O.
When present, the concentration of unlabeled 10-mer RNA
oligonucleotide (R o) was 1-1.5 times NS3h concentration,
whereas the concentration of AMP-PNP was 2.5 mM. Such
concentrations were chosen on the basis of the following
facts: (i) in this reaction media, binding of RNA to NS3h is
nearly stoichiometric at the NS3h concentrations employed
in these experiments (see the Results section) and (i) K,
value for the substrate curves of ATPase activity obtained
in these conditions is 0.078 mM in the absence of RNA and
0.21 mM in the presence of 0.88-mM poly(A) (Supplemen-
tary Figure S2).

The PFG-NMR experiments were performed using the
PFG-SLED sequence (27). Dioxane (12 pl, 6% in H,O) was
added to all samples (300 wl) as internal standard (28) with
1D 'H spectra acquired before and after to ensure that the
dioxane did not change the protein resonances. The length
of all pulses and delays in the sequence were held constant
and 19 spectra were acquired with the strength of the dif-
fusion gradient varying between 5% and 95% of its maxi-
mum value for dioxane and NS3h. The length of the diffu-
sion delay was calibrated for the sample in order to give a
maximal decay of 85-90% for the protein and dioxane sig-
nals. A T filter was used to selectively observe the dioxane
signal, without interference of the protein, and therefore to
reduce the experimental error, especially at high gradient

strengths. The dioxane NMR spectra were acquired with
16 K complex points, and the protein NMR spectra with
4 K complex points. Resonance intensity proceeding from
the protein was monitored in the aromatic/amide region of
the spectrum.

Resonance peak intensity (I/1) is related to the gradient
strength according to the Stejskal-Tanner equation (29):

I _ iea-y) )
0

where A is the diffusion delay (which was set to 200-252
ms for NS3h and 15 ms for dioxane), § is the duration of
gradient (4 ms), g is the fraction of the maximum gradient
strength used in each experiment (from 0.05 to 0.95) and d
is a constant directly proportional to the translational diffu-
sion coefficient D, d = D (y i 8 Gmax 2/7)?, where y g is the
gyromagnetic ratio for hydrogen and Gy, is the maximum
gradient strength. According to the Stokes—Einstein equa-
tion, the translational diffusion coefficient of a molecule is
inversely related to its effective hydrodynamic radius (Ry,).
This quantity is defined as the radius of a rigid uncharged
sphere which exhibits the same hydrodynamic behavior as
the solvated molecule in solution (30).

Values of parameter d for protein and dioxane were ob-
tained by fitting Equation (1) to the experimentally deter-
mined values of resonance intensity /1, as a function of g°.
The hydrodynamic radius of the protein was computed ac-
cording to

i diox
R}T’\I53h — Rglox d (2)

b
dns3n

using a value of 0.212 nm for the R, of dioxane (31).



Determination of NS3h molecular weight by SLS

The average molecular weight (MW) of NS3h—alone and
in the presence of a short ssRNA oligonucleotide—was de-
termined on a Precision Detectors PD2010 light-scattering
instrument connected in tandem to an FPLC system and a
LKB2142 differential refractometer. Samples (500 wl) were
loaded on a Superdex 200 10/300 GL column equilibrated
at room temperature (~25°C) and the flow rate was set to
0.5 ml/min with a running buffer consisting of: 25-mM
HEPES-KOH (pH 7.0), 60-mM KCl, 5% v/v glycerol, 0.20-
mM DTT, 2.0-mM MgCl, and 0.10-mM EDTA. The 90°
light scattering, refractive index and absorbance of the elut-
ing material were recorded during the measurement process
and then analyzed with the Discovery32 software supplied
by Precision Detectors. The 90° light scattering detector was
calibrated using bovine serum albumin as a standard. When
the experiments were performed in the presence of RNA,
unlabeled 10-mer Rjy oligonucleotide was premixed with
NS3h in a molar ratio of 2:1 (RNA:NS3h).

Equilibrium fluorescence titrations of ssRINA with NS3h pro-
tein

Fluorescence measurements. Steady-state fluorescence mea-
surements were done in a Jasco FP-6500 spectrofluorome-
ter equipped with a Peltier thermostat. In order to minimize
inner filter effects, all measurements were done in a 3-mm-
pathlength quartz cell. Emission and excitation slits were set
at 3-nm bandwidth.

Binding of NS3h to fluorescein-labeled ssRNA oligonu-
cleotides (see Table 1) was followed by monitoring the fluo-
rescence emitted upon excitation at 495 nm (or at 295 nm;
see the Results section and Supplementary data). Separate
tubes containing mixtures of NS3h and ssRNA at the in-
dicated concentrations were allowed to equilibrate during
30 min at 30°C (in 1.5-ml reaction tubes from Greiner Bio-
One) prior to recording the fluorescence spectra. Relative
fluorescence increase was defined as

(€)

where F denotes the fluorescence intensity observed at the
given NS3h concentration and Fy is the fluorescence inten-
sity observed in the absence of protein, and both quantities
were measured as the total intensity emitted between 510
and 640 nm (or 510 and 580 nm; see the Results section)
minus the intensity recorded in the absence of RNA.

Reaction media. Titration experiments were carried out at
30°C in buffer B (25-mM HEPES/KOH, pH 7.0 (25°C),
100-mM KClI, 2.0-mM MgCl,, 0.10-mM EDTA, 5% v/v
glicerol, 0.20-mM CHAPS and 2.0-mM DTT). We found
that at low salt content (~20-mM KCIl) NS3h protein ag-
gregates at micromolar concentrations. This problem was
overcome by increasing the monovalent salt content up to
100-mM KCI. Likewise, CHAPS detergent was added to
the reaction buffer to avoid problems that seems to be re-
lated to sticking of protein to the reaction tube walls. This
problem was evidenced by a loss of specific ATPase activ-
ity as NS3h concentration was decreased (Supplementary
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Figure S3A), which was prevented by the addition of de-
tergents such as Tween20 (as in (32)) and CHAPS (Supple-
mentary Figure S3A). The loss of specific ATPase activity
is not manifested at micromolar NS3h concentrations (Sup-
plementary Figure S3B), and thus CHAPS was not added
in the reaction media employed for PFG-NMR and size
exclusion chromatography (SEC)-SLS experiments. Addi-
tionally, we found that distortions of titration curves ob-
tained in the absence of detergent were overcome by addi-
tion of CHAPS or Tween20 (Supplementary Figure S3C).

Model-independent analysis of titration curves

Model-independent analysis of titration curves was per-
formed as previously described (33). The fundamentals of
this analysis and its application to the results presented
in this work can be explained as follows (for more details
see (33)). Fluorescence intensity is regarded to be a linear
function of the concentration of fluorophore (fluorescein-
labeled oligonucleotides, F-RNA) in each binding state i.
That is

F = ay - [F-RNA] 00 + Z'ff a; - [F-RNA-(NS3h),], (4)

where coefficients «; denote the molar fluorescence of F-
RNA bound to i protein molecules and g denotes the max-
imum number of protein molecules that may bind to one
RNA molecule. In the absence of protein [F-RNA]gee = [F-
RNA]ota1, thus we have

F = Fy=ap - [F-RNA]p1- (5
Mass balance ensures that
[F-RNA] e =[F-RNAJ oo~ 3 [F-RNA-(NS3h),](6)

thus, replacing Equations (4)—(6) in Equation (3) we have

F— F
AE'el = FO 0 =
Zi:g <ai — ao) [F-RNA-(NS3h),]
ap [F'RNA]total B

i= F-RNA-(NS3h),

i=1 [F'RNA]total
where coefficients AF; are the relative molar fluorescence in-
crease of F-RNA bound to i protein molecules with respect
to free F-RNA. In the absence of protein oligomerization,
which is compatible with the results presented in this work
(see the Results section), mass balance on the protein im-
plies

i=1

[NS3h]totul = [NS3h]f)ee + [NSSh]bound ==
[NS3hl e + 3 i -[FRNA(NSIN].  (8)

The average number of NS3h molecules bound per RNA
(the ‘binding density’) is defined by
[NS3hJbound
[F-RNAJowar
i=¢ [ - [F-RNA-(NS3h),] i=g
2 FRNALw

v =< bound NS3h per RNA >=

vj )

i=1
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and can take values from 0 to g Quantities v; are ‘partial
binding densities’ and give the contribution of each protein—
RNA complex to the binding density. Therefore Equation
(7) can be expressed as

F — FO Zi=g AE . Ul‘
= ; _—

AE‘@I = F
0

(7b)

- ;
and Equation (8) as
[NS3h]t0tul = [NS3h]flee +v- [F'RNA]total- (8b)

The importance of analyzing the titration curves in terms
of AF, is due to its linear relationship with the par-
tial binding densities (Equation (7b)). For any system in
which neither the ligand nor the macromolecule changes
its oligomeric state on the range of concentrations tested
during titrations, it can be demonstrated that the average
binding density v has to be a monotonic function of the
concentration of free ligand and this function defines the
binding isotherm of the system under a given set of condi-
tions. In such systems, if AFy is shown to be a monotonic
function of the total concentration of ligand at any given to-
tal concentration of macromolecule—that is, if the titration
curves are monotonous—then AF,, would also be a mono-
tonic function of free ligand concentration. In other words,
regardless of the total concentration of macromolecule, a
given value of AF, would be reached at a unique value
of free ligand concentration and thus of v (33). More im-
portantly, from a set of titration curves obtained at dif-
ferent concentrations of macromolecule (F-RNA) it could
be estimated the total concentrations of ligand (NS3h) as-
sociated with a given value of AF,. Then, according to
Equation (8b), the plot of [NS3h]ya as a function of [F-
RNA]ota1 Would be a straight line with slope and ordinate
intercept given by v and [NS3h]ge., respectively (33). We ap-
plied this procedure to the results of titration experiments
of fluorescein-labeled oligonucleotides in order to verify the
consistency of the data as well as to establish from the plot
of AF, versus v the maximum stoichiometries of the F-
RNA-NS3h complexes.

Model-independent analysis of competition titration curves

Competition titration experiments were performed and an-
alyzed according to the procedure described by Jezewska
et al. (34). Briefly, if the fluorescent (F-RNA) and non-
fluorescent (RNA) macromolecules compete for their bind-
ing to the ligand (NS3h), mass balance on the ligand should
read as

[NS3h]t0tal =
[NS3h] free + [F-RNAliar - vy + [RNAlorar - vy (10)

Here the binding density of NS3h to labeled and unla-
beled RNA, v, and v,, are differentiated by the f and u
subscripts, respectively. Regardless of the total concentra-
tion of unlabeled macromolecule, a given value of AFi
would be reached at a unique value of free ligand concen-
tration and thus of v, (34). Accordingly, from the series of
titration curves obtained at different concentrations of un-
labeled RNA but at a fixed concentration of the labeled

RNA, the value of v, at each value of AF. can be ob-
tained from the slope of the plot of [NS3h]. as a func-
tion of [RNA]ioa1. We applied this procedure to the results
of competition titration experiments in order to verify the
consistency of the data as well as to establish the possible
maximum stoichiometries of the RNA-NS3h complexes.

Competition titrations with poly(A)

Mixtures of NS3h and the F-p-Rjo oligonucleotide were
titrated with poly(A). Fluorescence measurements were per-
formed as before (with the same apparatus and settings
and the same reaction media and temperature), excepting
that titrations were carried out in a 1-cm-pathlength cell
equipped with a ‘tube’ stirrer. Titrant solutions of poly(A)
contained the same concentrations of NS3h and F-p-R as
the solution in the cell, so that no correction for dilution
was required. The initial volume in the cell was 1600 wl and
aliquots of poly(A) were added in volumes ranging from 20
pl to 300 pl. Fluorescence emission spectra (495 nm — 510
to 640 nm) were recorded ~2 min after the addition of an
aliquot.

Electrophoretic mobility shift assays

Electrophoretic mobility shift assays were used to resolve
the complexes formed between fluorescein-labeled oligonu-
cleotides and the NS3h. Oligonucleotides at 0.25 puM were
mixed with NS3h at various concentrations in binding
buffer B in 20-pul final volumes, and then incubated for
30 min at 30°C. Samples were loaded in 4.5% polyacry-
lamide gels prepared in buffer THE (Tris base 15 mM;
Hepes acid 50 mM; EDTA 0.01 mM; pH 7.0) plus 5% v/v
glycerol. Electrophoresis were performed in a cold room at
4-8°C to avoid overheating of the gels, in buffer THE for
80 min at a constant voltage of 60 V in a Mini-PROTEAN
Tetra Cell electrophoresis system (Bio-Rad Laboratories
Inc.). The fluorescent signal from fluorescein-labeled probes
was detected by scanning the gels with a Storm 865 device
(GE Healthcare). Densitometric analysis of electrophore-
tograms was done with ImagelJ (http://rsbweb.nih.gov/ij/).

Data analysis

Model simulations and nonlinear regression analysis of
the data were performed using Libreoffice 4.2 spreadsheets
(http://www.libreoffice.org/) and Copasi version 4.13 (http:
[Iwww.copasi.org/).

RESULTS
Oligomeric state of dengue virus NS3 helicase

In order to study the interaction of NS3h with nucleic acids
and with ligands of its NTPase catalytic site, it is necessary
to analyze previously the oligomeric states of the free pro-
tein as well as of the protein complexed with such ligands
(35,36). Since it is recommended to perform this task by
methods independent of those used for the study of bind-
ing of ligands, PFG-NMR and SEC-SLS experiments were
carried out to investigate possible self-association of NS3h.
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Figure 1. Effective hydrodynamic radius of NS3h. PFG-NMR experi-
ments were performed in four experimental conditions: NS3h alone (tri-
angles), NS3h + Ry (circles), NS3h + AMP-PNP (diamonds) and NS3h
+ Rj9 + AMP-PNP (squares). Experiments were performed in media con-
taining 10-mM Tris-HCI (pH 7.0), 100-mM KCI, 1.0-mM DTT, 2.0-mM
MgCl, and 10% D, O at 27°C. Vertical bars represent the 95% confidence
intervals of R;, values computed through propagation from the standard
errors of the estimated values of dgjox and dnsan (Equation (2)). Mean Ry,
values (+ standard error) are 3.0 (& 0.1) nm for NS3h alone, 3.1 (£ 0.1)
nm for NS3h + Ryg, 2.8 (£ 0.3) nm for NS3h + AMP-PNP and 2.9 (+0.2)
nm for NS3h + Ry + AMP-PNP.

Measurements of hydrodynamic radii by PFG-NMR spec-
troscopy.  Self-diffusion is defined as translational motions
reflecting the random movement of a molecule in the ab-
sence of a concentration gradient. The diffusion coeffi-
cient of this motion, D, is sensitive to changes in molec-
ular size and shape and provides quantitative view of as-
sociation states of molecules and oligomers. Therefore, a
concentration-dependent increase in the hydrodynamic vol-
ume of a protein as a result of self-association can be
manifested as a decrease in the measured diffusion coef-
ficient. Pulsed-field gradient NMR spectroscopy is a well-
established technique for the measurement of diffusion co-
efficients (37-39). In PFG-NMR diffusion techniques, a
magnetic field gradient is first encoded across the NMR
tube, the molecules are then allowed to diffuse during a
delay and the magnetic field gradient is subsequently de-
coded. The diffusion coefficient is then determined by mea-
suring the attenuation of the NMR signal (40) and its
value expressed as effective hydrodynamic radius (R;) of the
molecule using the Stokes—Einstein equation (see the Mate-
rials and Methods section).

We performed PFG-NMR experiments at different con-
centrations of NS3h in four experimental conditions: (i)
NS3h alone, (ii)) NS3h plus a 10-mer oligonucleotide (R ),
(ii1) NS3h plus the nonhydrolyzable ATP analog AMP-PNP
and (iv) NS3h plus Ry plus AMP-PNP (see the Materials
and Methods section and Figure 1). For each experimen-
tal condition tested, plots of the exponential decay of res-
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Figure 2. Molecular weight determinations of NS3h by static light scatter-
ing. Size-exclusion chromatography elution profiles of NS3h alone (black
solid line) and of a 1:2 mixture of NS3h and the R oligonucleotide (red
solid line) as monitored by the absorbance at 280 nm are shown (left
axis). Molecular weights computed from 90° light scattering (right axis)
are shown for the peak corresponding to elution of NS3h (black dots) and
of the NS3h-RNA complex (red dots). Mean values (+ standard error)
of the corresponding molecular weights are 53 (& 2) kDa for NS3h alone,
and 55 (% 2) kDa for the NS3h-RNA complex.

onance intensity with the square of the gradient amplitude
(attenuation plots) were obtained both for NS3h and the in-
ternal standard (dioxane) (Supplementary Figure S4). The
value of the exponential term d of Equation (1) for each
curve was obtained by nonlinear regression analysis and
then used to calculate the R according to the procedure
described in the Materials and Methods section.

In each experimental condition tested, no significant dif-
ferences were observed between R), values obtained at dif-
ferent NS3h concentrations (Figure 1). Mean values of
Ry, (averaged over different values of NS3h concentration)
for each condition were not significantly different and dis-
played the following trends: addition of the oligonucleotide
was accompanied by an increase of R;, values, whereas ad-
dition of AMP-PNP was accompanied by a decrease of Ry,
values (Figure 1).

SEC-SLS determinations of the MW of NS3h in the absence
and presence of ssRNA. SEC-SLS experiments were per-
formed to determine the MW of free NS3h and of NS3h-
ssSRNA complexes. To this end, 15-wM NS3h alone or in the
presence of 30-pM 10-mer ssSRNA was incubated at room
temperature in running buffer (25-mM HEPES-KOH (pH
7.0), 60-mM KCl, 5% v/v glycerol, 0.20-mM DTT, 2.0-mM
MgCl, and 0.10-mM EDTA) and injected in a gel filtration
column coupled in tandem with an SLS apparatus (see the
Materials and Methods section).

Analysis of the elution profiles indicates the presence of
only one aggregation state of NS3h with a unique MW (Fig-
ure 2): 53 £+ 2 kDa for free NS3h and 55 + 2 kDa for the
complex with the 10-mer R oligonucleotide. These values
are in good accordance with the theoretical values expected
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for a NS3h monomer: 53.4 kDa for free NS3h and 56.6 kDa
for the complex.

Therefore, these results indicate that NS3h appears as a
monomer even in the presence of short ssSRNA and, accord-
ing to the PFG-NMR experiments, this oligomeric state
does not change even at concentrations of protein as high
as 250 pM.

Binding of dengue virus NS3h to ssRNA

With the aim of studying the interaction between ssRNA
and NS3h, we performed a series of quantitative studies
using ssRNA oligonucleotides of different lengths and se-
quences (Table 1). The main set of such oligonucleotides
contains a repetitive sequence of five nucleotides (AGUUG)
corresponding to the first five nucleotides of DENV2
genome (NCBI Reference Sequence: NC_001474.2; see Ta-
ble 1).

Fluorescence titrations of fluorescein-labeled RNA oligonu-
cleotides.  Association of NS3h with ssRNA is not accom-
panied by adequate changes of the protein fluorescence
to examine the binding process. However, we have found
that formation of the complex between NS3h and ssRNA
oligonucleotides labeled with a fluorescein moiety is accom-
panied by a significant increase of the nucleic acid fluores-
cence upon excitation at a wavelength of 495 nm, corre-
sponding to an absorbance and excitation peak of the flu-
orescein moiety (Supplementary Figures S5 and S6). Such
emission change provides a good signal to monitor the as-
sociation of NS3h with ssRNA and to perform measure-
ments to determine the mechanism of helicase—ssRNA as-
sociation.

Fluorescence titrations of fluorescein-labeled RNA
oligonucleotides of different lengths (6-, 11-, 13-, 16-, 19-
and 21-mers) with the NS3h protein were performed at
two or three different oligonucleotide concentrations in
buffer B at 30°C (Figure 3). At higher oligonucleotide
concentrations, more protein is required to obtain the same
value of AFy. This is because at higher RNA concentra-
tions more protein is required to obtain the same degree
of binding. Titration curves of the 6-mer at 42 and 400
nM were superimposed (Figure 3A), whereas for the other
oligonucleotides, separation of the titration curves was
observed up to at least 80% of saturation (Figure 3B-F).

With the exception of the 6-mer, the fluorescence titra-
tion curves shown in Figure 3B-F have been analyzed by the
quantitative approach outlined in the Materials and Meth-
ods section to obtain thermodynamic binding parameters
independent of any assumption about the relationship be-
tween the observed signal and the binding density (v) (33).

Figure 3G-K shows the dependence of the relative flu-
orescence increase, AF., of the 11-, 13-, 16-, 19- and 21-
mers as a function of v. Extrapolation to the maximum rel-
ative fluorescence increase, A Fy,x, provides the stoichiom-
etry of the complex. This analysis indicates that a single
NS3h molecule binds to the 11-, 13- and 16-mers. The max-
imum stoichiometry of the NS3h—-RNA complex changes
for the 19- and 21-mers. In these cases, extrapolation of the
initial linear phases to v = 1 accounts for 88 + 1% and 71 £
1% of the maximum fluorescence increase. This is consistent

with binding of a second NS3h molecule to these oligonu-
cleotides accompanied with a smaller relative fluorescence
increase than the binding of the first.

Taking into account these stoichiometries, binding of
NS3h to the 6-, 11-, 13- and 16-mers was analyzed using
a single-site binding isotherm:

K [NS3h] (1)
1 + K [NS3h] |’
whereas the sequential binding of two NS3h molecules to

the 19- and 21-mers was analyzed using a two-site binding
isotherm:

Al =AFuu v =A0AFu- |:

AF. = AFv +AFmax% (12a)
AF. = AF Ki[NS3h] +
rel = 25 T K [NS3h] + K K5[NS3h]2
K K>[NS3h]?
APvmavc . 12b
: [1 + Ki[NS3h] + K; K5[NS3h]? (12b)

where K and K, are the macroscopic association constants
characterizing the binding of NS3h to an empty oligonu-
cleotide or to an oligonucleotide with one bound protein,
respectively (see Scheme 1); AFyax is the maximum rela-
tive fluorescence increase and AF; is the relative fluores-
cence increase associated with the binding of the first NS3h
molecule to the 19- and 21-mers (see Equation (7)). Note
that Equations (11) and (12) are given as functions of the
concentration of free NS3h, which is unknown, and must
be solved in terms of the total concentrations of both NS3h
and RNA to fit these equations to the titration curves. Each
set of titration curves is well described by these equations
(dashed lines in Figure 3). Best-fitting values for K} and K>
are given in Table 2.

We found that titration of the fluorescein-labeled oligonu-
cleotides with NS3h was also accompanied by an increase
in the fluorescence emitted upon excitation at a wavelength
of 295 nm, which is located close to the absorbance and ex-
citation peak of the protein (Supplementary Figures S7 and
S8). Although the absolute fluorescence intensity was much
lower, the magnitude of relative fluorescence increase was
about two times that observed upon excitation at 495 nm
(Supplementary Figure S7). Examination of the emission
spectra of NS3h (295 nm —) and of the excitation spec-
tra of the fluorescein-labeled oligonucleotides (— 522 nm)
provided evidence that part of the fluorescence increase can
be ascribed to fluorescence resonance energy transfer (Sup-
plementary Figure S8). Titration curves obtained from the
record of this signal (total emission between 510 and 580
nm; Supplementary Figure S9) were analyzed as before and
best-fitting values of parameters are shown in Supplemen-
tary Table S1. Given the low fluorescence intensities and,
mainly, the need for inner filter corrections due to the ab-
sorbance of the protein, we judged that more reliable results
are obtained from the fluorescence emitted upon excitation
at 495 nm.

Additional titration experiments were carried out em-
ploying a 10-mer oligonucleotide with the AGUUG re-
peat labeled at its 3’ terminus (Rjo-F) and with other 5'-
fluorescein-labeled oligonucleotides with different base se-
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Figure 3. Fluorescence titrations of 5'-fluorescein-labeled oligonucleotides of different lengths with NS3h. Binding of NS3h to the oligonucleotides was
monitored by the relative fluorescence increase upon excitation at 495 nm. (A-F) Titrations were performed in buffer B at 30°C at the indicated concen-
trations of the F-p-R oligonucleotides (see Table 1). Colored dashed lines are simulations based on Equation (11) (A-D) or Equation (12) (E and F) with
parameter values shown in Table 2, which in turn were obtained from simultaneous nonlinear least-squares analysis of the data from each set of titration
curves. Black solid lines are simulations of the statistical thermodynamic model with parameter values shown in Table 5 and Supplementary Table S2.
(G-K) Dependence of the relative fluorescence increase on the binding density (v) was obtained as explained in the Materials and Methods section. Solid
straight lines are linear least-square fits that follow the initial linear phase of the plots and have no theoretical basis. Horizontal dashed lines indicate the
value of the maximum fluorescence increase AFp,x obtained from the titration curves.
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K [
1 RNA-NS3h]
NS3h + RNA RNA-NS3h K=
" [NS3h][RNA]
K [RNA-(NS3h),]
2 -
NS3h + RNA-NS3h RNA-(NS3h) K.= 2
? 27 [NS3h][RNA-NS3h]
Scheme 1. Reaction scheme for the binding of NS3h to ssRNA oligonucleotides.
Table 2. Empirical analysis of the titration curves of the fluorescein-labeled F-p-R oligonucleotides
F-p-Rs F-p-Ryo F-p-Rip F-p-R;s Fp-Ryg F-p-Ryo
Ky (10° M~ 0.10 £ 0.01 11.3£0.1 20.8£0.5 3642 5342 68 +5
K> (106 M~1) - - - - 1.5+0.3 82409
AF} - - - - 1.19 £ 0.01 1.06 £ 0.02
A Finax 1.21 £0.05 1.430 + 0.003 1.380 + 0.004 1.250 + 0.008 1.28 £ 0.01 1.29 + 0.01

Best-fitting values and standard errors of spectroscopic and interaction parameters in Equation (11) or (12) were obtained by nonlinear regression analysis

of the titration curves shown in Figure 3.

quences (Supplementary Figures S10 and S11). The re-
sults were analyzed as described above and, when possi-
ble, the stoichiometries and macroscopic association con-
stants were obtained. Although the stoichiometries were
coincident with those corresponding to the F-p-R oligonu-
cleotides with the AGUUG repeat, lower affinities toward
NS3h were observed, with values of macroscopic constants
differing in as much as an order of magnitude (see the Dis-
cussion section). Interestingly, the change in affinity and in
AF .« observed upon changing the position of fluorescein
label—from the 5’ to the 3’ end of the R |y oligomer—is simi-
lar to what was reported in a study of NS3h from HCV (41).

Determination of maximum stoichiometries from elec-
trophoretic mobility shift assays. In order to obtain an in-
dependent evaluation of the protein-RNA stoichiometries,
we performed a series of gel retardation experiments in
polyacrylamide gels under non-denaturing conditions using
fluorescein-labeled oligonucleotides (Figure 4 and Table 1).

No retardation of the F-p-Rs oligonucleotide was ob-
served in any of the RNA:NS3h mixtures assayed (Figure
4A) which is in accordance with the extremely low affinity
observed in fluorescence titrations experiments (Figure 4A).
Titrations of the F-p-Ry and longer oligonucleotides with
NS3h produced one or two retarded bands depending on
the oligonucleotide length and the RNA:protein ratio. Only
one retarded band is observed for the F-p-Rp and F-p-R,
oligonucleotides, in accordance with a 1:1 stoichiometry,
whereas two such bands are detected for the F-p-Rs, F-p-
Rig and F-p-Ry oligonucleotides. In these latter cases, the
increase of the intensity of the more retarded band (band
11) is concomitant with the decrease in the less retarded one
(band I) (Figure 4 and Supplementary Figure S12), which
is in accordance with the binding of two NS3h molecules
on these longer oligonucleotides. Note that the stoichiom-
etry for the F-p-R s oligonucleotide diverges from the 1:1
stoichiometry obtained from fluorescence titrations experi-
ments (Figure 3D and I). As will be discussed later this dis-
crepancy may be the result of binding through a number of

nucleotides lower than the minimum binding site size (see
the Discussion section).

Additional gel retardation experiments were carried out
with a 10-mer RNA labeled at its 3’ terminus (Ro-F) and
with a fluorescein-labeled 21-mer ssDNA (F-p-Dyg) (Figure
4G and H). One retarded band is observed for the Rjo-F
oligonucleotide, as expected, whereas no retardation was
observed for the ssDNA oligonucleotide, which is in accor-
dance with the extremely low affinity for ssDNA reported
by Wang et al. (21).

Fluorescence competition titrations of unlabeled RNA
oligonucleotides. The change in fluorescence signal
associated with NS3h binding to fluorescein-labeled
oligonucleotides was exploited to monitor the interaction
of NS3h with unlabeled RNA. According to the procedure
described in (34) and the Materials and Methods section,
we performed a series of competition titration experiments
to characterize the binding of NS3h to unlabeled RNA
oligonucleotides having the same AGUUG repetitive
sequence as the fluorescein-labeled F-p-R oligonucleotides
used above (see Table 1).

Fluorescence titrations of 50-nM F-p-R;, oligonu-
cleotide with NS3h were performed in buffer B at 30°C
and in the presence of different concentrations of unla-
beled oligonucleotides of different lengths (10-, 12-, 15-,
18- and 20-mers) (Figure 5). In all cases, as the concen-
tration of unlabeled oligonucleotide is increased, more pro-
tein is required to obtain the same value of AF,, as would
be expected if the unlabeled oligonucleotides compete with
the fluorescein-labeled oligonucleotide for their binding to
NS3h.

Competition titration experiments shown in Figure
5 were analyzed according to the quantitative model-
independent approach outlined in the Materials and Meth-
ods section to obtain the dependence of the relative fluo-
rescence increase, AFy, as a function of the binding den-
sity to the unlabeled oligonucleotides (Supplementary Fig-
ure S13). In these experiments, the determination of maxi-
mum stoichiometries is not as direct and unambiguous than
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Figure 4. Electrophoretic mobility shift assays of fluorescein-labeled oligonucleotides with NS3h. The indicated fluorescein-labeled oligonucleotides at
0.25 pM were incubated with NS3h at the indicated concentrations. Free oligonucleotides migrate rapidly to the bottom of the gels, while oligonucleotides
bound to NS3h are retarded. A laser scanner was used to visualize the fluorescent samples in the gels.

in the analysis of direct titrations as those obtained in Fig-
ure 3. However, it may be recognized that the monotonous
hyperbolic dependence of the curves for the 10-, 12-, 15- and
18-mers is compatible with a maximum stoichiometry of
1 NS3h molecule per RNA (Supplementary Figure SI3A-
D), whereas the straight line passing through v, = 1 at a
value of AF well below AFp,. 1s not (34). Therefore this
analysis suggests that one single NS3h molecule binds to
the unlabeled 10-, 12-, 15- and 18-mers, whereas titration
experiments in the presence of the 20-mer are compatible
with a maximum stoichiometry of two NS3h molecules per
oligonucleotide.

Therefore, taking into account these observations, bind-
ing to the unlabeled 10-, 12-, 15- and 18-mers was described
using a single-site binding isotherm:

_ [RNA-NS3h]

K1,[NS3h]
v, =
[RNA]total

"~ 14 K1,[NS3h]’

(13)

whereas binding to the unlabeled 20-mer was analyzed as a
sequential binding of two NS3h molecules using a two-site

binding isotherm:
[RNA-NS3h] + 2[RNA-(NS3h),]
\)u = =
[RNAJoa

Klu[NS3h] + 2Ky, Kzl,[NS?)h]z
1 + K1,[NS3h] + K, K2, [NS3h]*’

(14)

where Kj, and K, are the macroscopic association con-
stants characterizing the binding of NS3h to the unlabeled
oligonucleotides (see Scheme 1).

The values of Kj, and K5, were obtained by nonlinear
regression analysis of the results using the model defined
by binding isotherms given by Equations (13) or (14) and
Equation (11), with values of Kjrand A,y for the F-p-R o
oligonucleotides as given in Table 2, and the mass balance
Equation (10). Best-fitting values of K, and K, are given
in Table 3.

Additional competition titration experiments were car-
ried out employing homo-oligonucleotides of adenine,
(A)12 and (A);s, and of uracil, (U);, and (U),o (Supplemen-
tary Figure S14). Titration curves obtained in the presence
of the (A);; and (A);s oligonucleotides were analyzed as
described above. As expected, both oligomers bind a sin-
gle NS3h molecule albeit with lower values of macroscopic
association constants (Supplementary Figure S14A and B).
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Figure 5. Competition titrations of unlabeled R oligonucleotides of different lengths with NS3h. Mixtures of F-p-R ¢ at 50 nM and each R oligonucleotide
at the indicated concentrations were titrated with NS3h. Binding of NS3h to the F-p-Rjy oligonucleotide was monitored by the relative fluorescence
enhancement upon excitation at 495 nm. Titrations were performed in buffer B at 30°C. Colored lines are simulations of the model defined by Equations
(11), (13) and (14) with values of parameters given in Table 2 for the binding of NS3h to the F-p-R ¢ oligonucleotide and with best-fitting parameter value
given in Table 3 for the binding of NS3h to the R oligonucleotides. Black solid lines are simulations of the statistical thermodynamic model with parameter
values shown in Table 5..

Table 3. Empirical analysis of the competition titrations of the unlabeled R oligonucleotides with NS3h using F-p-R g as the reference macromolecule

Riyo Rz Ris Rig Roo
Ky (105 M1 1.69 4 0.04 2.64 4 0.06 74402 115403 16.740.7
K> (100 M1 - - - - 0.6 +0.1

Best-fitting values and standard errors of interaction parameters in Equations (13) or (14) were obtained by nonlinear regression analysis of the titration

curves shown in Figure 5 using values of K| and A Fyax for F-p-Rjg given in Table 2.

In contrast, addition of the (U);, oligomer at the concen-
trations tested (1.7 puM and 5.1 pM) produced no shift in
the titration curves (Supplementary Figure S14C), whereas
a slight shift was observed after addition of the (U)yg
oligomer (Supplementary Figure S14D). These results in-
dicate that binding of NS3h to uracil oligonucleotides is ex-
tremely weak under the reaction conditions employed.

Dependence of the macroscopic association constants on the
oligonucleotide length. The macroscopic association con-
stants K; and K, either for labeled or unlabeled oligonu-
cleotides, are those that govern the sequential binding of
one or two NS3h molecules to the oligonucleotide (Scheme
1) and contain hidden within them intrinsic association con-
stants and statistical and, possibly, cooperativity factors.
In order to extract information about these quantities, we
first analyzed the dependence of the macroscopic associa-
tion constant K; on the oligonucleotide length (Figure 6).
For lengths longer than 10 nucleotides, values of K; varied

linearly with the length of the RNA. This implies that bind-
ing of NS3h to the oligonucleotides can be described by the
theory of non-specific interactions of large ligands to one-
dimensional lattices (42), according to which the linear de-
pendence of K; on the oligonucleotide length is the result
of the presence of multiple identical binding sites along the
RNA, whose number increases with the length of the nucleic
acid.

According to this theory, for lengths longer than the min-
imum number of nucleotides required for the protein to en-
gage all possible contacts with the RNA (the ‘minimum
binding site size’), the macroscopic association constant for
the binding of the protein to a naked oligonucleotide is
given by

Ky =(L—n+ 1)Ky, (15)

where L denotes the length of the oligonucleotide, n is the
minimum binding site size and Kjy is the intrinsic associa-
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Figure 6. Length dependence of the macroscopic association constant K
for the binding of NS3h to a naked oligonucleotide. Values of K| were
obtained from the analysis of the titration curves of the F-p-R oligonu-
cleotides shown in Figure 3 (diamonds) and of the competition titrations
of the R oligonucleotides shown in Figure 5 (circles). Error bars represent
the standard error of estimated values of K| provided by nonlinear regres-
sion analysis. The continuous lines are the plots of Equation (15) with best-
fitting parameter values of n = (10.0 £ 0.2) nucleotides and Kj, = (5.6 =
0.2) 10° M~! for F-p-R oligonucleotides and of n = (10.2 = 0.6) nucleotides
and Kjy = (1.3 £ 0.2) 10° M~ for unlabeled R oligonucleotides.

tion equilibrium constant. This equation plotted as a func-
tion of L describes a straight line with slope Kj,; and ab-
scissa intercept (n — 1). According to this preliminary anal-
ysis, binding of NS3h to the fluorescein-labeled oligonu-
cleotides containing the AGUUG repeat (Figure 6 and Sup-
plementary Figure S15) involves an intrinsic association
constant of 5.6 &+ 0.2 10° M~! and a minimum binding
site size n of 10.0 & 0.2 nucleotides, whereas the values of
these parameters for the binding to the unlabeled oligonu-
cleotides (Figure 6) are 1.3 £ 0.2 10° M~! and 10.2 £+ 0.6
nucleotides. It is evident from these results that the pres-
ence of the fluorescent label employed (see Supplementary
Figure S1) mainly affects the value of the intrinsic associa-
tion constant Kj,, of the interaction of NS3h with RNA (see
the Discussion section). The same analysis was done with
the macroscopic association constants obtained for other
oligonucleotides and the resulting values of Kj,; and n are
shown in Table 4.

Binding of NS3h to long poly(A). In order to expand the
experimental basis employed for estimating the occluded
site size, we additionally studied the interaction of NS3h
with poly(A), which was previously shown to modulate
the ATPase activity of NS3h (10,32). To this end, we per-
formed competition experiments in which different mix-
tures of NS3h and the F-p-R ¢ oligonucleotide were titrated
with poly(A) (Figure 7).

Addition of poly(A) caused a decrease in the fluorescence
intensity of the mixture toward that of the free F-p-Rjg as
expected if these molecules compete for their binding to
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Figure 7. Competition of poly(A) and the F-p-Rj( oligonucleotide for
binding to NS3h. Mixtures of F-p-Rjp at 51 nM and NS3h at the indi-
cated concentrations were titrated with poly(A). Solid lines are simulations
of the model defined by Equation (11) with values of K| and AFyax for the
F-p-Rjp RNA as given in Table 2, and Equations (16-19) with best-fitting
parameter values of K,o = (9.0 £0.1) 10* M1, wpp =14 £ 1andm =
(10.9 £ 0.8) nucleotides. AF values of mixtures of F-p-Rj at 51 nM with
poly(A) in the absence of NS3h (blank titration) are shown with asterisk
labels.

NS3h. In that case, the mass balance equation for NS3h is
[NS3h]tota/ =

[NS3h] + [F-p-Rgliorar - v + [POLY(A)sorar - vp 4, (16)

where vy and vpa are the binding densities for the F-p-Ro
oligonucleotide and poly(A),

[NS3h-R] K [NS3h] .
V= =
g [F-p-Rygliorar 1+ Ki[NS3h]
[NS3h, ]
Vpd = r————— s 18
i [pOIY(A)]total ( )

where [NS3h-R] and [NS3h;4] are the concentrations of
NS3h bound to the F-p-R o oligonucleotide and to poly(A),
respectively, and [poly(A)]ital 18 the total concentration
of poly(A) in nucleotide residues. Values of v, were com-
puted using Equation (11) with parameter values obtained
above (Table 2). Binding to poly(A) was analyzed accord-
ing to the formalism developed by McGhee and von Hippel
for the non-specific interaction of large ligands to a one-
dimensional lattice of infinite length (43). In such model,
the generalized equation for the binding density is (44)

Vpa = [NS3h]KpA(1 - mva)

[ 2wy 4(1 — mv, »)
Qwpa—1)(1—mv, ) +v, 441

" l=(m + D, 441 7
2(1 —mv, ) ’

(192)

where r is given by

r = [(1—vpa—mv, > +4wp, v, s(1—mv, ]2, (19b)
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Table 4. Intrinsic association constant, Kj,;, and minimum binding site size, 7, obtained from the analysis of the dependence of K| on the oligonucleotide
length

n (nucleotides) Kine (106 M1 ArG®ypp (kI mol 1) @)

F-p-R 10.040.2 5.6+0.2 —39240.1
F-p-S 10.740.8 0.53 4 0.08 —33.24+04
F-p-Tyg 10M 22403 —36.8+0.3
Fp-Vi, 10® 1.1+0.1 —351+£02
R 1024 0.6 13402 —355+04
(A) 10M 0.14 4+ 0.02® —299+04
(U) 10M <0.010 >—23

Values of parameters Kj, and n in Equations (15) for the F-p-R, F-p-S and R oligonucleotides were obtained by weighted linear regression analysis of the
dependence of K on the oligonucleotide length. (1) Values of Kj, for F-p-Tig, F-p-V12, (A)12 and (A);g oligonucleotides were computed from Equation (15)
using an n value of 10 nucleotides and (2) the value of Kjy for the (A) oligonucleotides was calculated as the average of the respective Kj, values for (A);, and
(A)13. (3) The limit value of Kjy,; for (U) oligomers was computed from the analysis of titration curves shown in Supplementary Figure S14C and D. (4) The

apparent standard state free energy change for the binding reaction of NS3h and each RNA was computed as A, G2, = —RT.In Kj,, using temperature 7'

app =

P 0 2
=303.15 K and gas constant R =8.314 10~3 kI mol~! K~!. Its standard error, SE, was estimated by error propagation as SE4, Gopp = \/ (%) -SEk;,,-

Kya, m and wpa denote the intrinsic association constant,
the occluded site size and the cooperativity factor, respec-
tively, characterizing the binding of NS3h to poly(A).

Fitting these equations to the experimental results pro-
vided the best values of parameters shown in Figure 7.
These results indicate that the intrinsic affinity of NS3h for
poly(A) is about an order of magnitude lower than for the
oligonucleotides and show the presence of positive cooper-
ative interactions between NS3h molecules bound on adja-
cent sites. Additionally, this analysis provides an estimate of
about 11-nucleotide residues for the occluded site size, m,
which is defined as the average number of contiguous nu-
cleotide residues made inaccessible to other proteins by the
binding of one protein (43).

Statistical thermodynamic model for the interaction between
NS3h and ssRNA. Up to this point, we have shown that
ssSRNA oligonucleotides used in this work can bind one or
two NS3h molecules depending on their lengths and that
binding of NS3h to free RNA can be described as a non-
specific interaction with multiple identical and overlapped
binding sites along the RNA (Figure 6). In order to fit a
unique set of interaction parameters to the titration curves
presented above, a general statistical thermodynamic model
was formulated.

The grand canonical partition function for the two reac-
tions depicted in Scheme 1 is

Zryva =1+ K;[NS3h] + (g — ) K; K5[NS3h]*  (20)
and the binding density is given by

_ BanRNA
Y 9 In[NS3h]’

where [NS3h] is the concentration of free NS3h, g is the
maximum number of protein molecules that can bind to
the RNA which, in this case, can take the values 1 or 2. K,
and K are, as before, the macroscopic association constants
for the binding of the first and second NS3h molecules to
the RNA and, as we have seen, must be functions of the
oligonucleotide length. The definition of the first macro-
scopic constant, K;, was given above, and it is simply the

@0

product of the number of identical binding sites per RNA
molecule and the intrinsic association constant Kj,, (see
Equation (15)). The second macroscopic constant, K>, is
also readily obtained from the combinatorial formalism de-
veloped by Epstein (42) and it is composed of the intrinsic
association constant Kj,;, combinatorial factors and, unlike
K, a cooperativity factor. Two kinds of binding sites are
distinguished for the ingress of the second NS3h molecule:
(1) isolated sites, which are separated by at least one nu-
cleotide from the NS3h already bound to the RNA, and
(i1) contiguous sites, which are in immediate adjacency of
the firstly bound NS3h. Thus, K, can be expressed as the
sum of a macroscopic constant for the binding of the sec-
ond NS3h molecule to an isolated site (K»;s0) and a constant
for the binding to a contiguous site (Kscon),

KZ = KZis‘o + K2con~ (22)

Under these definitions, Kj;s, is the product of the intrin-
sic association constant Kj,; and the average number of iso-
lated binding sites per RNA-NS3h complex, whereas Ko
is the product of Kj,, a cooperativity factor o and the aver-
age number of contiguous sites per RNA-NS3h complex:

K»iso =< isolated sites per RNA—NS3h complex > Kjy
_(L—m—-n+1)(L—m—n)
N 2AL—n+1)

I<int (23)

Kj.o,n=<contiguous sites per RNA—NS3h complex>w Kiy
(L—m—-—n+1)
= —————wKjy, 24
(L—n+1) @ Kint (24)
where L denotes the length of the oligonucleotide, n is the
minimum binding site size, K, is the intrinsic association
equilibrium constant and m is the occluded site size. The dif-
ference between m and n denotes the number of nucleotide
residues that are covered—and occluded—by the protein
but do not belong to the length of the minimum binding
site.



Replacing Equations (23) and (24) with Equation (22),
we obtain

(L—m—n) +w

(T 2
Ky =(L—m n+1)|:(L—n+1)

:| Kine.  (25a)
In the case that the minimum and occluded site size are
coincident, n = m, this expression (25a) simplifies out to

(L—2n)

o >~ tow
Kz—(L 2n+1)|:—(L_n+1)

] Kin.  (25D)

The model defined by Equations (15) and (20)—(25) to-
gether with Equations (11) and (12) was used to analyze
the titration curves of the 5'-fluorescein-labeled oligomers
with the AGUUG repeat excepting the titration curves of
the F-p-Rs oligonucleotide (Figure 3) and, together with
Equations (11), (13) and (14), the competition titration
curves obtained with the unlabeled oligonucleotides with
the AGUUG repeat (Figure 5). The value of minimum
binding site size n for both labeled and unlabeled oligomers
was fixed at a value of 10 nucleotides on the basis of the re-
sults shown in Table 4. Given that the estimated value of n
is, within experimental error, equal to the value of occluded
site size m estimated from the experiments with poly(A)
(10.9 £ 0.8 nucleotides; Figure 7), Equation (25b) was em-
ployed. Additionally, in order to make the implementation
of the model well posed, a special treatment of the titra-
tion curves of the F-p-R g oligomer was required. We ob-
served a maximum stoichiometry of 2 NS3h molecules per
F-p-R 3 oligomer. And, under our assumption that the 5'-
fluorescein label adds one nucleotide to the oligonucleotide
length L, its length (19 nucleotides) is not large enough to
admit the binding of 2 NS3h molecules occupying n = 10
nucleotides each, and thus one of the two NS3h molecules
bound in a 2:1 complex must engage its binding through
9 nucleotides. Although it is absolutely physically plausible
that such interaction takes place, the model, as was formu-
lated above, cannot cope with its possibility. Indeed, it can
be verified from Equation (25b) that the value of K, van-
ishes if L = 19 and n = 10 nucleotides. To solve this prob-
lem, the value of K for the binding of NS3h to F-p-R g was
modeled as (cf. Equation (25b)):

- Ky - x - Ky - x
K, = = , 26
T (L-n+) 10 (26)

where x denotes a factor < 1 accounting for a smaller affin-
ity than that dictated by Kj,.o.

Nonlinear least-square regression analysis provided the
best-fitting values of the parameters shown in Table 5 and
Supplementary Table S2. It can be seen that these sets of
parameters provide a good description of the experimen-
tal results obtained with the labeled and unlabeled oligonu-
cleotides (solid lines in Figures 3 and 5).

The same analysis was applied to the titration curves of
the 5'-fluorescein-labeled oligomers with the GUUCU re-
peat (F-p-S in Table 1; Supplementary Figure S11) and the
best-fitting values of the parameters are also shown in Table
5.
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DISCUSSION
Oligomeric state of dengue virus NS3h
It is generally accepted that superfamily 2 (SF2)

helicases—to which Flaviviridae NS3 proteins belong—are
active enzymes as monomers or dimers (19,20,45). For
instance, HCV NS3 helicase—the most studied NS3
protein—has been proposed to function as a monomer
(46,47) and as a dimer (48), with different oligomerization
properties having been assigned to the full-length protein
and the isolated helicase domain (49). Feito et al (50)
studied the quaternary structure of West Nile virus NS3
helicase and found it to be monomeric albeit the enzyme
preparation used in that work was devoid of helicase
activity. Mastrangello er al. (51) studied the oligomeric
state of Kunjin virus NS3 and found that, in the absence of
nucleic acids, both the full-length protein and the isolated
helicase domain were monomeric molecules.

Dengue virus NS3 protein was proposed to be a
monomer on the basis of crystallographic studies (13) and,
more recently, of small-angle X-ray scattering measure-
ments (52). In the present work, we have specifically studied
the oligomeric nature of dengue virus NS3h by the determi-
nation of the hydrodynamic radius and MW in solution.

PFG-NMR experiments showed that the hydrodynamic
radius (R;) of NS3h did not change when the enzyme con-
centration was varied, both in the absence and presence of
a 10-mer RNA oligonucleotide containing the AGUUG re-
peat (Ro in Table 1) and of the nonhydrolyzable ATP ana-
log AMP-PNP. Mean values of R; were (i) 3.0 (£ 0.1) nm
for NS3h alone, (ii) 3.1 (& 0.1) nm for NS3h in the pres-
ence of Ry, (iii) 2.8 (£ 0.3) nm for NS3h in the presence of
AMP-PNP and (iv) 2.9 (£ 0.2) nm for NS3h in the presence
of both Rjy and AMP-PNP (Figure 1). These values may
be compared to the expected values for a globular folded
protein taking into account only the number of amino acid
residues (Equation (3) in (53)): 2.84 nm for a monomer (469
residues) and 3.46 nm for a dimer. Additionally, R; val-
ues computed considering only the crystallographic coor-
dinates of DENV4 NS3h monomers (18,54) provide esti-
mates of 3.13 and 3.15 nm for apo-NS3h (PDB ID 2JLQ)
and for NS3h complexed with ssRNA (PDB ID 2JLU), re-
spectively. Notably, higher values of R;, were assigned by dy-
namic light scattering measurements to a monomeric form
of Kunjin virus NS3h (3.4 nm; (51)) and of HCV NS3h (3.9
nm; (49)), both of which shares homology with dengue virus
NS3h and has approximately the same number of amino
acid residues.

Ultimately, the oligomeric state of NS3h associated with
the observed value of R, (Figure 1) was assessed by the de-
termination of its MW by SEC-SLS experiments. We ob-
served that NS3h eluted as a monodisperse protein with an
MW nearly equal to that expected for a monomeric NS3h
(53 kDa) both in the absence and presence of a 10-mer RNA
oligonucleotide (Figure 2).

Interaction of dengue virus NS3h with ssRNA

Fluorescence titrations of fluorescein-labeled oligonu-
cleotides and competition titrations of unlabeled oligonu-
cleotides allowed us to obtain quantitative information
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Table 5. Energetic binding parameters of the statistical thermodynamic model for the binding of NS3h to ssRNA

F-p-R oligomers R oligomers F-p-S oligomers poly(A)
Kint (106 M1 5.37£0.07 1.30 £ 0.02 0.44 £ 0.02 0.090 £ 0.001
® 9+1 8+1 n.d.(V 14+1

Best-fitting values and standard errors of the parameters in Equations (15) and (22) were obtained by simultaneous nonlinear regression analysis of titration
curves for each series of ssSRNA, (Figures 3B-F, 5 and Supplementary Figure S11). For comparison, energetic parameters for the binding to poly(A)
obtained from experiments shown in Figure 7 are also included. Best-fitting values of spectroscopic parameters for F-p-R and F-p-S oligonucleotides are
given in Supplementary Table S2 and Supplementary Figure S11, respectively. Best fitting value of parameter x of Equation (26) is 0.35 = 0.09. () The
value of w for the F-p-S oligonucleotides was poorly defined by the data, obtaining a variation coefficient larger than 100% in the fitting process.

about the stoichiometry (the minimum and the occluded
binding site sizes) and the energetics (intrinsic affinity and
cooperativity) of the interaction of dengue virus NS3h and
ssRNA.

The first point to be made about the analysis of the titra-
tion curves is that all of them could be described by simple
isotherms derived for a monomeric ligand (NS3h) (Figures
3, 5 and 7, Supplementary Figures S10, S11 and S14 and
Equations (11)—(14) and (19)) which constitutes a further
support to the findings discussed above.

Model-independent analysis of titration curves obtained
with fluorescein-labeled oligonucleotides indicated that the
maximum number of NS3h molecules that can bind to
each oligonucleotide was 1 for the F-p-Rs, F-p-Ryo, F-p-
R, and F-p-R;s5 oligomers and 2 for the F-p-R g and F-
Pp-Ryg oligomers (Figure 3). The same stoichiometries were
obtained in electrophoretic mobility shift experiments ex-
cepting the case of the F-p-R s oligomer, which, in these ex-
periments, was able to bound two NS3h molecules (Figure
4). In order to analyze this discrepancy, it must be noted
that quite different measurement conditions were applied
in these two experimental techniques. We can mention the
following relevant points: the temperature was ~4°C during
running in the mobility shift assays, whereas it was 30°C in
the fluorescence titrations; the composition of the running
buffer greatly differs from that of the media employed dur-
ing fluorescence titrations both in monovalent and divalent
salts content (see the Materials and Methods section); be-
sides the non-equilibrium condition inherently associated
with the migration driven by an electric field, it is known
that binding reactions can be influenced by the presence of
the gel matrix (55).

In any case, binding of two NS3h molecules to the F-p-
R5 oligomer would require that at least one NS3h molecule
binds through a number of nucleotide residues smaller than
the estimated value for the minimum binding site size (~10
nt; Figure 6 and Table 4) and, such as it is observed in
the titrations of the 6-mer F-p-Rs (Figure 6A), this inter-
action would occur with an affinity lower than that dictated
by the value of the intrinsic association constant Kj, (see
Equation (15)). We tested the 2:1 stoichiometry model (de-
scribed by Equation (12)) to fit the titration curves of the
F-p-R s oligomer and found that fitting was not improved
and that the parameters characterizing the binding of the
second NS3h molecule (K, and AF>) remained highly un-
determined (data not shown). More importantly, the esti-
mated value of K; was nearly equal to the value obtained
with the 1:1 stoichiometry model (Equation (11))—(37 +
1) 10 M~! and (36 & 2) 10° M~!, respectively—and thus

does not alter the results of the analysis of the dependence
of K; on the oligonucleotide length.

Binding of NS3h to ssRNA can be described by the the-
ory of non-specific interactions of large ligands to a one-
dimensional lattice. A first conclusion that can be drawn
from the analysis of the dependence of K on the oligonu-
cleotide length (Figure 6) is that, from a phenomenologi-
cal perspective, binding of one NS3h molecule to ssSRNA
can be described as a non-specific interaction with multiple
identical and overlapped binding sites along the RNA. In
other words, as mentioned in the Results section and ex-
plained elsewhere (42), a linear dependence of K; on the
oligonucleotide length implies that the whole set of K; val-
ues may be described with a unique value of intrinsic asso-
ciation constant (Kj,.) and of minimum binding site size ()
(see Equation (15)) and, in turn, indicates that ‘end effects’
are not evident and that there is a unique binding mode in
which NS3h establishes its association with ssSRNA (42,56).

Additionally, the analysis of the dependence of K| on the
oligonucleotide length (Figure 6) provided a quantitative
characterization of the effect of the fluorescent label on the
interaction of NS3h with the ssSRNA tested in this work. In
particular, the introduction of the fluorescein label at the 5’
terminus produced an ~4-fold increase in the value of the
intrinsic association constants Kj,; evaluated as the slope of
the plot of K as a function of oligonucleotide length ((5.6 +
0.2) uM~!and (1.3 + 0.2) pM~! for labeled and unlabeled
oligonucleotides, respectively). This observation can best be
discussed within the framework of the theory of the non-
specific interaction of large ligands with one-dimensional
lattices applied to the interaction of a protein with a nucleic
acid for the case of a single binding mode. Two fundamental
concepts of this theory are pointed out here: (i) the observed
value of the ‘macroscopic’ association constant for the bind-
ing of one protein molecule is equal to the sum of ‘micro-
scopic’ association constants over all possible binding sites
along the nucleic acid, and (ii) the addition of nucleotides
to the length of the nucleic acid involves an increment in the
number of those possible binding sites. Therefore, a linear
increment in the observed value of the macroscopic associ-
ation constant K; with the length of the nucleic acid impli-
cates that the binding sites added as a results of the incor-
poration of nucleotides to the nucleic acid present the same
value of microscopic association constant.

Taking into account these premises, it may be expected
that the introduction of the fluorescein label at the end of
an oligonucleotide would not alter the slope of the plot of
K as a function of the oligonucleotide length. That is, the



plot would be expected to be parallel to the plot obtained
for the unlabeled oligonucleotides and only the value of the
abscissa intercept would be affected. Naturally, such would
be the case if the label only affects the microscopic associa-
tion constant of the binding sites in which the 5" terminus is
directly involved and not of those binding sites incorporated
as the oligonucleotide length is increased. On the contrary,
the change in the value of intrinsic association constant Kjp,
indicates that the action exerted by the 5'-fluorescein label
extends beyond the binding sites involving the 5’ terminus.
Moreover, the observed linearity in the values of K; indi-
cates that the label exerts an effect of virtually equal mag-
nitude over all binding sites incorporated in the range of
oligonucleotide lengths tested (from 10 to 20 nucleotides).

From an energetic point of view, the effect of 5'-
fluorescein label on the interaction of NS3h with ssRNA
involves a change in the apparent standard state free energy
change for the binding reaction of about —3 kJ mol~! (com-
puted as AAr Gounlabeled — labeled = ArGOlabeled - Ar Gounlabeled;
see Table 4), a value that is close to the average contribution
of each nucleotide residue within the RNA binding site of
NS3h computed as A, G° ynjabeled /7

Another important point of this analysis is concerned
with the estimation of the minimum binding site size n char-
acterizing the interaction of NS3h with ssRNA. The re-
sults obtained through titrations of 5'-fluorescein-labeled
oligonucleotides and through competition titrations of the
unlabeled oligonucleotides are both consistent with a mini-
mum site size of about 10 nucleotides (Table 4), which indi-
cates that, unlike the value of the intrinsic association con-
stant, the estimated value of n was little affected by the in-
troduction of the 5'-fluorescein label.

The agreement between these results is somewhat surpris-
ing as there are at least two ways in which the introduction
of the 5'-fluorescein label could affect the estimation of n.
Firstly, its value will be affected by the contribution of the
fluorescein label to the effective length L of the oligonu-
cleotides (whereas the estimation of Kj, is not; see Equa-
tion (15)). In this regard, we must recall here that the values
of the oligonucleotide lengths employed in the analysis were
assigned assuming that the introduction of fluorescein label
through a phosphodiester bond was equivalent to the ad-
dition of 1 nucleotide residue (see the Materials and Meth-
ods section). Secondly, in addition to its contribution to the
effective length, the introduction of the fluorescent label at
the oligonucleotide end will affect the estimated value of n if
its action over the binding sites located at the labeled end is
of different magnitude than over those sites incorporated as
the oligonucleotide length is increased. This can be deduced
from the definition of macroscopic association constant K.

Through competition experiments, it was found that
binding of NS3h to poly(A) can be satisfactorily analyzed
by the formalism developed by McGhee and von Hippel
for the non-specific interaction of large ligands to a one-
dimensional lattice of infinite length (Figure 7 and Equa-
tion (19)) (43,57). The analysis of these experiments indi-
cated that binding of each NS3h molecule is accompanied
by the occlusion of about 11-nucleotide residues. This esti-
mate of the occluded site size () turns out to be approx-
imately equal to the estimated value for the minimum site
size (n).

Nucleic Acids Research, 2014, Vol. 42, No. 18 11683

The statistical thermodynamic model described in the
Results section (Scheme 1 and Equations (15) and (25)),
formulated according to the combinatorial approach devel-
oped by Epstein (42,57), allowed us to obtain estimates of
the stoichiometric and energetic parameters characterizing
the binding of NS3h to ssRNA from simultaneous fitting to
the titration curves shown in Figure 3 (panels B-F) and in
Figure 5 (see Table 5).

The minimum and occluded binding sites of dengue virus
NS3h comprise between 10 and 11 nucleotides. Global fit-
ting to the results indicated that the estimated values of the
minimum and occluded site sizes are not significantly differ-
ent (Table 5), both having a value of about 10 nucleotides.
This value may be compared with the binding site size es-
timated from crystallographic studies of dengue virus NS3
complexed with ssSRNA (18), where a stretch of 7-nucleotide
residues was resolved within the RNA-binding cleft of the
protein. More recently, from the analysis of the effect of
poly(A) and poly(C) on the steady-state ATPase activity of
dengue virus NS3h (32), we obtained an estimate for the oc-
cluded site size of 11 nucleotides, which is in excellent agree-
ment with the results reported in this work.

Notably, similar values were obtained for other SF2 and
SF1 helicases (46,58-60). A closely related example is that
of HCV NS3h for which Levin et al. (46) reported a mini-
mum and occluded site sizes of 8 and 11 nucleotides, respec-
tively, based on fluorescence titrations with ssDNA. For
the RecQ protein, another SF2 helicase, Shuo-Xing Dou
et al. (60) reported a value of 10 nucleotides for the mini-
mum binding site size based on fluorescent titrations of 5'-
fluorescein-labeled ssDNA. These similarities in the binding
site sizes may be rooted on the structural similarities dis-
played by these types of monomeric helicases (19,45).

It is important to recall here that the experiments pre-
sented in this work—as well as in the two examples refer-
enced above—were carried out in reaction media containing
a fixed total concentration of Mg?*, which is known to in-
duce changes in the binding site sizes of other nucleic acid
binding proteins (61,62). We are currently performing ex-
periments to address this issue.

NS3h binds to ssRNA oligonucleotides and to poly(A) with
different intrinsic affinities but with similar values of coop-
erative interaction factor. ~Analysis of binding experiments
with labeled and unlabeled ssSRNA indicated that the in-
trinsic affinity of NS3h for oligonucleotides containing the
AGUUG repeat was higher than for the other sequences
tested. In the case of unlabeled AGUUG oligonucleotides,
the affinity was ~10 times higher than for adenine oligonu-
cleotides as well as for poly(A) and at least 100 times higher
than for uracil oligonucleotides (Table 4). These results sug-
gest that NS3h displays a preference for the alternating se-
quence present in the AGUUG oligonucleotides. However,
we cannot exclude the possibility that such differences in
affinity were due to some degree of folding of the adenine
and uracil homopolymers (63,64).

Interestingly, while both poly(A) and poly(C) were found
to modulate the ATPase activity of NS3h (at 25°C, 20-
mM KCI and pH 6.5 (32)), poly(C) did not displace the
F-p-R |, oligonucleotide under the reaction conditions em-
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ployed in this work (data not shown). However, we verified
that poly(C), as well as poly(A), did displace the F-p-Rj
oligonucleotide when the concentration of KCI was low-
ered from 100 mM to 20 mM—as in the media where AT-
Pase activity was previously measured—(data not shown).
Although more experiments are needed to elucidate the
origin of this apparent change in NS3h specificity toward
poly(A) and poly(C), it may be mentioned that such change
could be due to the presence of structured conformations of
poly(C)—inaccessible to NS3h—which are thermodynami-
cally favored by higher salt concentrations (65).

According to the models employed for the analysis of the
titration experiments (42,43), the estimated value of the co-
operativity factor o indicates that NS3h binds to sites con-
tiguous to other NS3h molecule about 10 times more tightly
than to isolated sites along the RNA molecule (Table 5).
Contrasting with the differences observed in the values of
the intrinsic association constant, the estimated values of
o were almost equal for the oligonucleotides and poly(A)
(Table 5). It is appealing to consider that the observed sim-
ilarity in the values of w arises from the fact that the same
protein—protein interactions are involved. However, it must
be kept in mind that cooperative interactions in the binding
of a ligand to a nucleic acid can result from ligand-ligand
interactions and/or short-range conformational and elec-
trostatic changes that are induced in the nucleic acid on lig-
and binding (66). Regarding possible implications of coop-
erative binding to RNA for the function of DENV NS3h,
it is important to mention that multiple helicase molecules
along the loading strand of a double-stranded nucleic acid
substrate were previously reported to be accompanied with
an enhancement of helicase activity for SF1 and SF2 heli-
cases, and ‘functional cooperative’ models have been pro-
posed to explain these observations (20).

Comparison of the estimated values of the energetic pa-
rameters K;,; and o with those obtained for other helicases
will be meaningful only after characterizing the effects of
temperature, pH and salt concentration. Such studies are
still required to get an insight of the forces involved in the
interaction of NS3h with ssRNA.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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