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Fundamental aspects of interactions of the Dengue virus type
3 full-length polymerase with the single-stranded and double-
stranded RNA and DNA have been quantitatively addressed.
The polymerase exists as amonomer with an elongated shape in
solution. In the absence of magnesium, the total site size of the
polymerase-ssRNA complex is 26 � 2 nucleotides. In the pres-
ence of Mg2�, the site size increases to 29 � 2 nucleotides, indi-
cating that magnesium affects the enzyme global conformation.
The enzyme shows a preference for the homopyrimidine
ssRNAs. Positive cooperativity in the binding to homopurine
ssRNAs indicates that the type of nucleic acid base dramatically
affects the enzymeorientation in the complex. Both the intrinsic
affinity and the cooperative interactions are accompanied by a
net ion release. The polymerase binds the dsDNAwith an affin-
ity comparable with the ssRNAs affinity, indicating that the
binding site has an open conformation in solution. The lack of
detectable dsRNA or dsRNA-DNA hybrid affinities indicates
that the entry to the binding site is specific for the sugar-phos-
phate backbone and/or conformation of the duplex.

The dengue virus (DENV)2 is a member of the Flaviviridae
family and the etiological agent of dengue fever, a disease affect-
ing worldwide �100million people each year (1–5). The Flavi-
viridae family includes such human pathogens as tick-borne
encephalitis virus, hepatitis C virus, West Nile virus, yellow
fever virus, and Japanese encephalitis virus (1–5). The dengue
virus exists in four distinct types, DENV1, -2, -3, and -4, which
show �60% genomic sequence identity (1). The dengue fever
often develops into the dengue hemorrhagic fever, an acute form
of the disease, possibly as a result of sequential infection with dif-
ferent types of the virus. It is characterized by a significantmortal-
ity, particularly for individuals with a weakened or undeveloped
immunesystem.Thesmall, 10.7-kbppositive strandRNAgenome
of the dengue virus encodes only 10 proteins: three structural pro-

teins (capsid, premembrane, and envelope proteins) and seven
nonstructuralproteins (NS1,NS2A,NS2B,NS3,NS4A,NS4B,and
NS5 proteins) (3, 6–8). The entire viral genome is translated as a
single polyprotein, subsequently cleaved by viral and cellular pro-
teases into functional entities.
The NS5 protein is the viral replicative RNA-dependent

RNA polymerase (1, 3, 6–8). The primary structure of the full-
length polymerase encompasses 900 amino acids (i.e. it is the
largest of the nonstructural proteins of the dengue virus)
(6–10). The enzyme is built of two functional domains (6–10).
The N-terminal domain includes the first 263 amino acids. It
functions as amethyltransferase (MTase), whose activity is nec-
essary for viral RNA recognition by the host cell translational
apparatus. Correspondingly, amino acids �273–906 form the
polymerase domain, containing the active site of the RNA syn-
thesis (Fig. 1a) (6–8). The crystal structures of the isolated
N-terminal and polymerase domains have been determined up
to 1.8–2.8 and 1.85 Å resolutions, respectively, providing cru-
cial insights about their topologies (8–10). The polymerase
domain has a tertiary structure with palm, thumb, and finger
subdomains, typical for the RNA and DNA polymerases, with
the catalytic site containing conserved aspartic residues and
coordinated magnesium cations, which points to a common,
two-metal ion catalytic mechanism of the nucleotide incorpo-
ration. The active site is encircled by several loops, predomi-
nantly protruding from the thumb subdomain, resulting in a
“tunnel-like” template-binding site (Fig. 1b) (9). The domain
also possesses two zinc-binding pockets, although their func-
tional role is at present not clear. Nevertheless, the structure of
the full-length DENV polymerase is still unknown.
Analogously to other viral polymerases of the Flaviviridae fam-

ily, the DENV polymerase can catalyze de novo synthesis of RNA
(i.e. synthesis of the complementary RNA strand), which does not
require the primer, although it requires the presence of the GTP
cofactor, whose binding site is located on the palm subdomain (6,
7, 10–14). Thus, the interactions with the ssRNA are sufficient to
initiate and continue the nucleic acid synthesis. Both the isolated
polymerase domain and the full-length enzyme can catalyze the
RNA synthesis in vitro (9, 13). Nevertheless, the isolated polymer-
ase domain shows decreased enzymatic activity (9).
Interactions of the dengue RNA polymerase with the ssRNA

play a vital role in the function of the enzyme as one of themajor
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elements that determine the degree of fidelity of the RNA syn-
thesis (15–17). Despite its paramount importance for under-
standing the RNA recognition process by the full-length den-
gueRNApolymerase, the direct andquantitative analyses of the
enzyme interactions with the nucleic acid have not been
addressed. The fundamental aspects of these interactions, like
stoichiometries (site size of the DENV polymerase-ssRNA
complex (i.e. the number of nucleotides occluded by the protein
in the complex)), energetics of intrinsic affinities, cooperativi-
ties, and base specificity in the RNA recognition process, are
unknown. Nothing is known about the effect of solution condi-
tions on the energetics of the complex formation. Little is
known about the role of the nucleic acid conformation in
engaging the tunnel-like, encircled template-binding site,
which is proposed to accommodate only the single-stranded
conformation of the RNA (9). These characteristics constitute
the essential framework for addressing any specificity of the
polymerase activities and the reference points for the potential
behavior of the polymerase in the nucleic acid synthesis.
In this paper, we report the first quantitative analyses of the

full-length DENV polymerase interactions with the single-
stranded and double-stranded RNA and DNA. We establish
that, in solution, in the absence of magnesium, the enzyme
occludes 26 � 2 nucleotides. Binding of Mg2� to the enzyme
affects its global conformation and increases the site size of
the complex to 29 � 2 nucleotides. The polymerase binds the
homopurine polymers with a significant positive cooperativity,
indicating that the type of base affects the enzyme orientation
in the complex with the nucleic acid. The DENV polymerase
binds the dsDNA with affinity comparable with the ssRNA,
indicating that the proposed tunnel-like binding/active site is in
open conformation in solution.

EXPERIMENTAL PROCEDURES

Reagents and Buffers—All solutions were made with distilled
and deionized �18-megaohm (Milli-Q Plus) water. All chemi-
cals were reagent grade. Buffer T5 contained 50 mM Tris
adjusted to pH 7.6 with HCl at a given temperature, 100 mM

NaCl, 1 mM DTT, and 10% glycerol (w/v). Temperatures and
concentrations of salts in the buffer are indicated throughout.
Expression and Purification of the Dengue Virus Full-length

RNA Polymerase—Full-length DENV (type 3) NS5 polymerase
with a C-terminal hexahistidine tag was expressed in BL21-
CodonPlus-RIL Escherichia coli cells. The cells were grown at
37 °C in Luria Broth (LB) containing 34 �g/ml kanamycin and
30 mg/ml chloramphenicol to an absorbance of 0.7 at 600 nm.
The expression of the protein was induced by adding 1.5 mM

isopropyl 1-thio-�-D-galactopyranoside, and the cell growth
was continued overnight at 18 °C. The cells were suspended in
the lysis buffer (100mM sodium phosphate, pH 8.0, 0.5 M NaCl,
2 mM �-mercaptoethanol, and 1 tablet of EDTA-free protease
inhibitor (Roche Applied Science) and subjected to sonication.
After centrifugation, the protein in the soluble fraction was
purified by Talon metal affinity chromatography (Clontech).
The polymerase was eluted with a 5–100 mM gradient of imid-
azole in 100 mM sodium phosphate (pH 7.0), 0.5 M NaCl, and 2
mM �-mercaptoethanol. The fractions containing the polymer-
ase were collected and concentrated to 1–2 ml, using an Ultra-

free centrifugal filter device (Millipore, Billerica, MA). Subse-
quently, the sample was loaded on a Superdex 200 gel column
(GE Healthcare) equilibrated with 20 mM Tris-HCl (pH 7.0),
0.4 M NaCl, and 2 mM DTT. The DENV polymerase elutes as a
monomer. The protein was �99% pure as judged by polyacryl-
amide electrophoresis with Coomassie Brilliant Blue staining.
The concentration of the DENV polymerase was spectropho-
tometrically determined with the extinction coefficient �280 �
21.2198 � 104 cm�1 M�1 (monomer) obtained using an
approach based on the method of Edelhoch (18, 19).
Nucleic Acids—Nucleic acid oligomers and polymers have

been purchased from Midland Certified Reagents (Midland,
TX). Nucleic acids were at least �1000 nucleotides long as
determined using the sedimentation velocity method (20). The
concentrations of the nucleic acids were determined using
extinction coefficients: poly(dA), �257 � 10,000 cm�1 M�1;
poly(A), �260 � 10,300 cm�1 M�1; poly(C), �267 � 6.5� 103 M�1

cm�1; and poly(U), �260 � 9,200 cm�1 M�1 (nucleotide) (21).
The etheno-derivatives of poly(A) (poly(�A)) were obtained by
modification with chloroacetaldehyde (22–26). This modifica-
tion goes to completion and provides a fluorescent derivative of
the nucleic acid. The concentration of poly(�A) was determined
using the extinction coefficient, �257 � 3700 cm�1 M�1 (nucleo-
tide) (22–26). The dsRNA and dsDNA 30-mer were random
sequence oligomers containing �60% of GC base pairs with the
sequence GGAGUCCACGACUUCGCAGGCUCGUUACGU,
with T replacing U in the case of the DNA. The double-stranded
conformations of the nucleic acids have been obtained by mixing
oligomers with the complementary strands, heating the sample to
95 °C, and slowly cooling for a period of�4 h. The integrity of the
dsRNAanddsDNA30-mer has been tested usingUVmelting and
analytical ultracentrifugationmethods (27–29).
Fluorescence Measurements—Steady-state fluorescence ti-

trations were performed using an ISS PC1 spectrofluorometer
(ISS, Urbana, IL). In order to avoid possible artifacts, due to the
fluorescence anisotropy of the sample, polarizerswere placed in
excitation and emission channels and set at 90 and 55° (magic
angle), respectively. The DENV polymerase binding was fol-
lowed by monitoring the fluorescence of the etheno-derivative
of adenosine homopolymer poly(�A) (�ex � 325 nm, �em � 410
nm). Computer fits were performed using KaleidaGraph soft-
ware (Synergy Software, PA) and Mathematica (Wolfram
Research, IL). The relative fluorescence increase of the nucleic
acid,�F, uponbinding theDENVpolymerase isdefinedas follows,
�Fobs � (Fi � Fo)/Fo, where Fi is the fluorescence of the nucleic
acid solution at a given titration point i, and Fo is the initial fluo-
rescence of the sample (30–38). Both Fo and Fi are corrected for
the background fluorescence, including residual protein fluores-
cence at the applied excitation wavelength (30–38).
Determination of Thermodynamically Quantitative Binding

Isotherms of the DENV Polymerase-ssDNA Complexes—To
obtain quantitative estimates of the total average binding den-
sity, 	vi (number of bound polymerase molecules per nucleo-
tide of the single-stranded nucleic acid) and the free protein
concentration, PF, independent of any assumption about the
relationship between the observed spectroscopic signal and	vi,
we applied an approach previously described by us (30–38).
Briefly, each different possible “i” complex of the DENV RNA
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polymerase with the ssDNA contributes to the experimentally
observed relative fluorescence increase, �Fobs. Thus, �Fobs is
functionally related to 	vi by Equation 1,

�Fobs��vi�Fi (Eq. 1)

where �Fi is the molecular parameter characterizing the max-
imum fluorescence increase of the nucleic acid with the DENV
polymerase bound in complex i. The same value of �Fobs,
obtained at, for example, two different total nucleic acid con-
centrations,MT1 andMT2, indicates the same physical state of
the nucleic acid (i.e. the total average binding density, 	vi, and
the free DENV polymerase concentration, PF, must be the
same). The values of 	vi and PF are then related to the known
total protein concentrations, PT1 and PT2, and the known total
nucleic acid concentrations,MT1 andMT2, at the same value of
�Fobs, by the following,

�vi �

PT1 � PT2�


MT1 � MT2�
(Eq. 2)

PF � PTx � � �vi�MTx (Eq. 3)

where x � 1 or 2 (30–38).
Analytical Ultracentrifugation Measurements—Analytical

ultracentrifugation experiments were performed with an
Optima XL-A analytical ultracentrifuge (Beckman Inc., Palo
Alto, CA), as we described previously (39–43). Sedimentation
equilibrium scans were collected at the absorption band of the
DENV polymerase (280 nm). The sedimentation was consid-
ered to be at equilibrium when consecutive scans, separated by
time intervals of 8 h, did not indicate any changes. For the
n-component system, the total concentration at radial position
r, cr, is defined by Equation 4,

cr � �
i � 1

n

cbiexp�
1 � v� i���2Mi
r2 � rb
2�

2 RT � 	 b (Eq. 4)

where cbi, v�, andMi are the concentration at the bottom of the
cell, partial specific volume, andmolecular weight of the i com-
ponent, respectively, � is the density of the solution, � is the
angular velocity, and b is the base-line error term (39–44).
Equilibrium sedimentation profiles were fitted to Equation 4
withMi and b as fitting parameters (39–44).
Sedimentation velocity scans were collected at the absorp-

tion band of the DENV polymerase at 280 nm. Time derivative
analyses of the sedimentation scans were performed with the
software supplied by the manufacturer using averages of 8–15
scans for each concentration. The reported values of sedimen-
tation coefficients were corrected to s20,w for solvent viscosity
and temperature to standard conditions (44).

RESULTS

The Oligomeric State of the Full-length DENV RNA Polymer-
ase in Solution—The schematic primary structure of the full-
length DENVRNA polymerase is shown in Fig. 1a. The protein
molecule contains 900 amino acid residues, with monomer
molecularmass of�104,000 kDa.The amino acids correspond-

ing to the methyltransferase and polymerase domains, respec-
tively, are marked by different colors. Fig. 1b shows the crystal
structures of the isolated MTase and polymerase domains of
the enzyme, schematically connected through the 10-amino
acid linker, as in the full-length enzyme (9, 10). In the case of
the polymerase domain, modeling analysis suggests that the
nucleic acid occupies the tunnel-like binding site on the
domain, which spans the length of �5–7 nucleotides (9). As
discussed below, the total site size of the full-length DENV
polymerase-ssRNA complex is much larger than �5 -7 nucle-
otides, indicating significantly more complex interactions.
An example of the sedimentation equilibrium profile of the

DENV RNA polymerase recorded at the protein absorption
band (280 nm) is shown in Fig. 2a. The protein concentration is
1.41 � 10�6 M. The solid red line is the nonlinear least squares
fit, using the single exponential function defined by Equation 4
(see “Experimental Procedures”). The fit provides an excellent
description of the experimental curve indicating the presence
of a single species with molecular weight of 101,000 � 6000.
Adding additional exponents does not improve the statistics of
the fit (data not shown). The same equilibrium sedimentation
experiments have been performed at different protein concen-
trations, providing molecular weights ranging between
�101,000 and 106,000 (data not shown). These results indicate
that the full-length DENV polymerase exists as a monomer in
the concentration range studied in this work.
Global Conformation of the DENV Polymerase in Solution—

The sedimentation velocity profiles (monitored at 280 nm) of
the DENV polymerase in buffer T5 (pH 7.6, 10 °C) are shown in
Fig. 3a. The concentration of the protein is 1.89 � 10�6 M

(monomer). Inspection of the profiles clearly shows that there
is a single moving boundary, indicating the presence of a single
molecular species (41, 42, 44). To obtain the sedimentation
coefficient of the protein, s20,w, the sedimentation velocity
scans have been analyzed using the time derivative approach
(45, 46). The dependence of s20,wof theDENVpolymerase upon

FIGURE 1. a, the domain structure of the DENV phenotype 3, full-length poly-
merase used in this work within the primary structure of the enzyme. The MTase
and polymerase domains are colored green and red, respectively. The linker is
colored blue. b, the corresponding crystal structures of the MTase and polymerase
domains with the schematic linker connecting the domains in the full-length
enzyme (9, 10). The structures have been generated using data from the Protein
Data Bank, under the codes 2XBM and 2J7U, for the MTase and polymerase
domains, respectively, using PyMOL (Schrodinger, LLC, New York). In the case of
the polymerase domain, typical polymerase folds, fingers, palm, and thumb, as
well as the location of the proposed nucleic acid binding site, are labeled in b.
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the protein concentration is shown in Fig. 3b. The value of s20,w
shows very little dependence upon [DENV polymerase].
Extrapolation of the plot to [DENV polymerase] � 0 provides
s20,w0 � 6.0 � 0.08 S (Fig. 3b).

Having the experimental values of s20,w0 , one can address the
hydrodynamic shape of the free DENV polymerase monomer
in solution (44). Independently of any hydrodynamic models,
the sedimentation coefficient is related to the average transla-
tional frictional coefficient, f�p, of the protein by the following,

fp �
M
1 � v���

NAS20,w
0 (Eq. 5)

where v� is the partial specific volume of the protein, M is the
molecular weight of the anhydrous DENV RNA polymerase, �
is the density of the solvent in g/ml, andNA is Avogadro’s num-
ber. The average translational frictional coefficient ratio, F, is
defined, as follows (44),

F �
fp

6
�Rh
(Eq. 6)

where Rh is the hydrodynamic radius of the corresponding
hydrated sphere, defined as follows,

Rh � �3M
v� 	 hv� S�

NA4
 �
1

3

(Eq. 7)

where � is the viscosity of the solvent (poise), h is the degree of
the protein hydration expressed as gH2O/gprotein, and v�S is the
partial specific volume of the solvent equal to the inverse of its
density. The degree of hydration can be estimated by the

method of Kuntz (47). For the DENV polymerase, it provides
h � 0.41 gH2O/gprotein. However, this value of h is calculated for
the mixture of amino acids completely exposed to the solvent
and represents the maximum possible value of the degree of
hydration. Part of the amino acid residues will not be accessible
to the solvent in the native structure of the protein. Thus, the
value of h should be corrected for the part of residues in the
native structure that is not accessible to the solvent. The cor-
rection factor can be obtained in a systematicway by comparing
Kuntz’s values for a series of proteins with the degree of hydra-
tion of the folded structure of the same protein (47–49). In the
case of theDENVpolymerase, the correction factor amounts to
�0.91; thus,�91%of themaximumvalue ofh is associatedwith
the folded protein molecule. The corrected value of the degree
of hydration for the DENV polymerase is then h � 0.37 gH2O/
gprotein. The value of the sedimentation coefficient, s20,w0 �
6.0� 0.08 S, of theDENVpolymerase provides F� 1.16� 0.01,
indicating that the DENV polymerase, in solution, has an elon-
gated structure (44).
The Total Site Size of the DENV RNA Polymerase-ssRNA

Complex in the Absence of Magnesium—In the course of our
studies, we have found that formation of the complex between
the DENV polymerase and the etheno-derivative of the adeno-
sine homopolymer, poly(�A), causes a strong nucleic acid fluo-

FIGURE 2. Sedimentation equilibrium concentration profile of the DENV
polymerase in buffer T5 (pH 7.6, 10 °C), containing 1 mM MgCl2. The con-
centration of the protein is 1.41 � 10�6

M (monomer). The profile has been
recorded at 280 nm and at 12,000 rpm. The solid red line is the nonlinear least
squares fit to a single exponential function (Equation 4), with a single species
having a molecular weight of 101,000 � 6000. The bottom panel shows the
residuals of the fit.

FIGURE 3. a, sedimentation velocity absorption profiles at 280 nm of the DENV
NS5 polymerase in buffer T5 (pH 7. 6, 10 °C). The concentration of the protein is
1.89 � 10�6

M; 40,000 rpm. b, dependence of the DENV polymerase sedimenta-
tion coefficient, s20,w, upon the protein concentration in buffer T5 (pH 7.6, 10 °C).
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rescence increase, providing an excellent signal required to per-
form high resolution measurements and to address the
fundamental problem of the stoichiometry and mechanism of
the enzyme interactions with the nucleic acids (see “Experi-
mental Procedures”) (30–38). Fluorescence titrations of the
poly(�A)with theDENVpolymerase at threedifferentnucleic acid
concentrations, in buffer T5 (pH 7.6, 10 °C), are shown in Fig. 4a.
At a higher nucleic acid concentration, the titration curves shift
towardhigher protein concentrations, resulting from the fact that,
at high nucleic acid concentration, more protein is required to
obtain the same total binding density, 	vi. The applied poly(�A)
concentrations provide separation of the titration curves up to the
relative fluorescence increase of �1.5.
In order to obtain thermodynamic binding parameters, inde-

pendent of any assumption about the relationship between the
observed signal and the total average binding density, 	vi, the
fluorescence titration curves, shown in Fig. 4a, have been ana-
lyzed, using the quantitative approach outlined under “Experi-
mental Procedures” (30–38). Fig. 4b shows the dependence of
the relative fluorescence increase of poly(�A), �Fobs, as a func-
tion of 	vi of the DENV polymerase. Within experimental
accuracy, the plot is linear, indicating that binding of the sub-
sequent protein molecules induces similar changes of the
nucleic acid fluorescence.Moreover, the linearity of the plot also
indicates the lack of any detectable heterogeneity in the binding
process (see “Discussion”). Although the plots in Fig. 4a show
clear plateaus, the maximum change of the nucleic acid fluores-
cence,�Fmax, has been additionally determined by adding nucleic
acid to the sample containing highly concentrated stock solution
of the enzyme (32–35). Extrapolation to the determined maxi-
mum fluorescence change, �Fmax � 1.81 � 0.03, provides the
maximum average binding density of the complex, 0.039� 0.003.
The reciprocal of this value is the site size of the complex (i.e. n�
1/0.039 � 26 � 2 nucleotides) (30–33, 35–38, 50–52). Thus, the
full-length DENVRNA polymerase occludes in the complex with
the ssRNA of �26 nucleotides.
Statistical Thermodynamic Model of the DENV RNA Polymer-

ase Binding to the ssRNA Polymers; Intrinsic Affinities and
Cooperativities—For association of a large protein ligand with a
long homogeneous nucleic acid lattice, the McGhee-von Hippel
model is the simplest statistical thermodynamic description for
the binding process (50–52). The model takes into account the
cooperativity of the protein association and the overlap of the
potential binding sites. Although the original work provides two
expressions for thenoncooperative andcooperativebinding, a single,
generalized equation for theMcGhee-vonHippel model, which can
be applied to both cooperative and noncooperative binding systems,
has beenderived and is defined by the following (52),

�vi � K� 1 � n�vi�� 2�� 1 � n�vi�

2� � 1�� 1 � n�vi� 	 �vi 	 R�


n � 1�

� � 1 � 
n 	 1��vi 	 R

2� 1 � n�vi� �
2

[L]F (Eq. 8)

where K is the intrinsic binding constant, n is the site size of the
protein-nucleic acid complex, � is the parameter characterizing

thepossible cooperative interactions, and r� ((1� (n�1)	vi)2�
4�	vi(1 � n	vi))0.5 (55). The linearity of the plot of �Fobs, as a
function of 	vi (Fig. 4b) indicates that the observed relative fluo-
rescence change, �Fobs, is then described by the following,

�Fobs � �Fmax��vi�n (Eq. 9)

where �Fmax is the maximum observed relative molar fluores-
cence increase (30–33). The value of the total site size of the
DENV polymerase-ssRNA complex, n � 26, is known (see
above). The value of �Fmax can be estimated from the parental
fluorescence titration curves, as shown in Fig. 4a. Thus, there
are two independent parameters, K and �, which must be deter-
mined. The solid lines in Fig. 4a are nonlinear least squares fits of
the titration curves using Equations 8–9, which provide an excel-
lentdescriptionof theexperimentaldata. In theexaminedsolution
conditions, the intrinsic binding constantK is�4� 106 M�1. The

FIGURE 4. a, fluorescence titrations of the poly(�A) with the DENV polymerase
(�ex �325 nm, �em �410 nm) in buffer T5 (pH 7.6, 10 °C) at three different nucleic
acid concentrations: 5.99 � 10�6

M (f), 8.55 � 10�6
M (�), and 1.71 � 10�5

M

(nucleotide) (F). The solid lines are nonlinear least squares fits of the titration
curves, using the generalized McGhee-von Hippel isotherm, described by Equa-
tions 8–9 with the intrinsic binding constant, K � 4 � 106

M
�1, cooperative inter-

actions parameter, � � 17, and maximum fluorescence increase, �Fmax � 1.81.
b, dependence of the relative fluorescence increase, �Fobs, of poly(�A) upon the
total average binding density, 	vi of the DENV polymerase (f). The solid line
follows the experimental points and has no theoretical basis. The dashed line is
the extrapolation of �Fobs to its maximum value, �Fmax � 1.81.
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value of the cooperative interaction parameter, � � 17, indicates
that binding of the DENV polymerase to the ssRNA, poly(�A), is
characterized by a significant positive cooperativity. Nevertheless,
� strongly depends upon the base type of the nucleic acid and salt
concentration (see below).
Salt Effect On the DENV RNA Polymerase-ssRNA Inter-

actions—Fluorescence titrations of poly(�A) with the DENV
polymerase in buffer T5 (pH 7.6, 10 °C) containing different
NaCl concentrations are shown in Fig. 5a. As the salt concen-
tration increases, there is a decrease of the maximum fluores-
cence increase at saturation, �Fmax, from �1.8 at 100 mM to
�1.5 at 199 mM NaCl, indicating only a modest change of the
nucleic acid structure in the complex (see “Discussion”). The
titration curves have been analyzed using the quantitative
approach outlined under “Experimental Procedures,” indicat-
ing that the site size of the complex remains at n � 26 � 2
nucleotides in all examined solution conditions (30–38). The
solid lines in Fig. 5a are nonlinear least squares fits to Equations
8–9 with two fitting parameters, K and �.

The dependence of the logarithm of the intrinsic binding
constantK upon the logarithm of NaCl concentrations (log-log
plot) is shown in Fig. 5b (53, 54). Although, in general, the
increase of the salt concentration decreases the value of K, the
plot is clearly nonlinear in the examined salt concentration
range. At the lowNaCl concentrations, the plot is characterized
by the slope, ∂logK/∂log[NaCl] � �0.4 � 0.2, whereas in the
high NaCl concentration range, ∂logK/∂log[NaCl] � �6.2 �
1.6. The nonlinear character of the log-log plot strongly sug-
gests that the observed ion exchange includes progressive sat-
uration of the ion binding site(s) in the protein and/or protein-
nucleic acid complex (see below). The value of the slope in the
high [NaCl] range indicates that there is amaximumnet release
of �6 ions upon complex formation.

The dependence of the logarithm of the cooperative interac-
tions parameter, �, upon the logarithm of NaCl concentration
is shown in Fig. 5c. The values of � strongly decrease with the
increasing salt concentration.However, unlike the salt effect on
the intrinsic binding constant (Fig. 5b), the plot in Fig. 5c is
linear in the examined salt concentration range and character-
ized by the slope, ∂log�/∂log[NaCl] � �4.2 � 1.2. Thus, the
value of the slope indicates that there is a net release of �4 ions
as a result of cooperative interactions between the bound
DENV polymerase molecules (see “Discussion”).
Magnesium Effect on the DENV RNA Polymerase-ssRNA

Interactions; Total Site Size of the DENV RNA Polymerase-
ssRNA Complex—Magnesium cations are absolutely neces-
sary for catalytic activity of the DENV RNA polymerase (13).
Moreover, binding ofMg2� cations also play a structural role

in several well studied polymerases (15). Fluorescence titra-
tions of poly(�A) with the DENV polymerase at three differ-
ent poly(�A) concentrations, in buffer T5 (pH 7.6, 10 °C)
containing 1 mM MgCl2, are shown in Fig. 6a. The applied
poly(�A) concentrations provide separation of the titration
curves up to the relative fluorescence increase of �0.9. Fig.
6b shows the dependence of the relative fluorescence
increase of poly(�A), �Fobs, as a function of 	vi of the DENV
polymerase on the nucleic acid. Within experimental accu-
racy, the plot is linear. Extrapolation to the maximum fluo-
rescence change,�Fmax � 1.2� 0.02, provides themaximum
average binding density of the complex, 0.034 � 0.003,
which indicates the site size of the formed complex, n� 29�
2 nucleotides (53–55). Although the effect is only slightly
larger than the measurement error, these data indicate that,
in the presence of Mg2�, the polymerase occludes a larger
number of nucleotides than in the absence of magnesium
(see “Discussion”). The solid lines in Fig. 6a are nonlinear
least squares fits of the titration curves using Equations 8–9,
which provide an excellent description of the experimental
data.
Fluorescence titrations of poly(�A) with the DENV polymer-

ase, in buffer T5 (pH 7.6, 10 °C), containing different MgCl2
concentrations, are shown in Fig. 7a. The effect of magnesium
on the protein interactions with the nucleic acid is much more
pronounced than that observed for theNaCl effect. As themag-
nesium concentration increases, the value of �Fmax decreases
from�1.8 in the absence ofmagnesium to�0.4 in the presence
of 3 mM MgCl2, indicating a strong change of the nucleic acid
conformation in the complex (see “Discussion”). Analysis of the
titration curves has been performed as described above. The
larger site size of n � 29 is preserved at all examined MgCl2
concentrations (data not shown). The solid lines in Fig. 7a are
nonlinear least squares fits to Equations 8–9, with the site size
n � 29 and two fitting parameters, K and �.

Fig. 7b shows the dependence of the logarithm of K upon the
logarithm of [MgCl2]. Similar to the analogous effect of NaCl
(Fig. 6b), the log-log plot is clearly nonlinear, although placed at
amuch lower salt concentration thanNaCl. At low [MgCl2], the
slope, ∂logK20/∂log[MgCl2]� �0� 0.2. Above�1mMMgCl2,
the affinity dramatically decreases, indicating that the intrinsic
binding process is accompanied by a net ion release. At high
magnesium concentrations, the linear part of the plot is char-
acterized by the ∂logK/∂log[MgCl2] � �0.8 � 0.2, indicating
that a net release of �1 ion accompanied the formation of the
intrinsic DENV polymerase-ssRNA interactions. Nevertheless,
this value is significantly lower than the �6 obtained in the
presence of NaCl (Fig. 5b) (see “Discussion”).

TABLE 1
Intrinsic binding constant, K, cooperativity parameter, �, and the site size, n, characterizing the binding of the DENV full-length polymerase to
different nucleic acids, in buffer T5 (pH 7.6, 10 °C), containing 1 mM MgCl2

The binding parameters for the unmodified RNAs and DNAs were determined using the macromolecular competition titration method (for details, see “Results”). Errors
are S.D. Values determined using 3–4 independent titration experiments.

Parameter poly(�A) poly(A) poly( U) poly(C) poly(dA) dsRNAa 30-mer dsDNAa 30-mer dsRNA-DNAa 30-mer

K (M�1)b (2.5 � 0.5) � 106 (3.0 � 0.6) � 105 (9 � 1.8) � 105 (1.3 � 0.4) �106 (1.3 � 0.4) � 105 1 � 105 (4.3 � 0.8) � 105 1 � 105
� 14 � 3 35 � 9 1 � 0.3 1 � 0.3 37 � 9
n 29 � 2 29 � 2 29 � 2 29 � 2 29 � 2

a Macroscopic binding constant.
b Intrinsic binding constant.
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The dependence of the logarithm of the cooperative interac-
tions parameter,�, upon the logarithmofMgCl2 concentration
is shown in Fig. 7c. The behavior of the plot is distinct from the
analogous plot forNaCl (Fig. 5c). It is nonlinear in the examined
MgCl2 concentration range. The initial part of the plot is charac-
terized by the slope ∂log�/∂log[MgCl2] �0. Above 1 mM MgCl2,
the values of � strongly decrease, and the plot is characterized by
the slope ∂log�/∂log[MgCl2] � �0.9 � 0.3, indicating that a net
release of �1 ion accompanies the engagement of the bound
polymerase molecules in cooperative interactions. Similar to the
intrinsic interactions, this value is significantly lower than the �4
obtained in the presence of NaCl (see “Discussion”).
Base Specificity of DENV Polymerase-ssDNA Interactions;

Lattice Competition Titrations Using the Macromolecular
Competition TitrationMethod—Quantitative determination of
affinities of the DENV polymerase for unmodified ssRNAs, dif-
fering by the type of base, has been performed using the mac-
romolecular competition titration method (31, 32, 36). The

approach is based on the same thermodynamic arguments as
applied to quantitative titrations of fluorescent nucleic acids
with the protein (see “Experimental Procedures”). In the pres-
ence of the competing unmodified ssDNA oligomer, the pro-
tein binds to two different nucleic acids that are present in the
solution, but the observed signal originates only from the fluo-
rescent “reference” nucleic acid. In studies described in this
work, we use, as a reference lattice, poly(�A), and the base spec-
ificity of the DENV polymerase has been examined using dif-
ferent ssRNAhomopolymers, poly(A), poly(U), and poly(C). At
a given titration point, i, the total concentration of the bound
protein, Pb, is defined as follows (31, 32, 36, 38),

Pb � � �vi�
R

MTR 	 � �vi�
S

MTS (Eq. 10)

where (	vi)R and (	vi)S are the total average binding densities of
the polymerase on the reference poly(�A) and the examined

FIGURE 5. a, fluorescence titrations of poly(�A) with the DENV polymerase (�ex � 325 nm, �em � 410 nm) in buffer T5 (pH 7.6, 10 °C), containing different NaCl
concentrations: 100 mM (f); 127 mM (�); 154 mM (F); 172 mM (E); 199 mM (Œ). The concentration of poly(�A) is 5.99 � 10�6

M (nucleotide). The solid lines are
nonlinear least squares fits of the titration curves, using Equations 8 –9, with K, �, and �Fmax: 4.0 � 106

M
�1, 17, 1.81 (f); 3.3 � 106

M
�1, 8, 1.77 (�); 2.7 � 106

M
�1,

3, 1.73 (F); 1.5 � 106
M

�1, 2, 1.67 (E); 5.8 � 105
M

�1, 1, 1.54 (Œ). b, the dependence of the logarithm of the intrinsic binding constant, K, upon the logarithm of
NaCl (f). The solid lines are linear least squares fits of the low and high NaCl concentration regions of the plot, which provide the slopes �logK/�log[NaCl] �
�0.9 � 0.2 and �logK/�log[NaCl] � �6.2 � 1.6, respectively. c, the dependence of the logarithm of the cooperative interactions parameter, �, upon the
logarithm of NaCl (�). The solid line is the linear least squares fit of the of the plot, which provides the slope �log�/�log[NaCl] � �4.2 � 0.8. Error bars, S.E.

Dengue Virus Polymerase-ssRNA Interactions

SEPTEMBER 23, 2011 • VOLUME 286 • NUMBER 38 JOURNAL OF BIOLOGICAL CHEMISTRY 33101



ssRNA polymer, respectively. MTR and MTS are the total con-
centrations of the reference and the unmodified ssRNA poly-
mer, respectively. The concentration of the free protein, PF, is
then as follows,

PF � PT � Pb (Eq. 11)

where PT is the known total concentration of the DENV
polymerase.
It should be stressed that the McGhee-von Hippel model is

equivalent to the combinatorial model as the length of the
homogenous lattice approaches infinity (51). To overcome the
problem of resorting to complex numerical calculations, one
can apply a combined application of the generalized McGhee-
von Hippel model, as defined by Equations 8 and 9, and the
combinatorial theory for large ligand binding to a linear, homo-
geneous lattice (31, 32, 36, 38). In this approach, the ligand
binding to the reference fluorescent nucleic acid is described by
the generalized McGhee-von Hippel equation. Binding of the

protein to the competingnonfluorescent lattice is describedby the
combinatorial theory. For a long enough lattice, the isothermgen-
eratedusing thecombinatorial theory,will be,withinexperimental
accuracy, indistinguishable from the isotherm generated, using
the generalized Equation 8. For instance, in the case of a protein
like theDENVpolymerase (n�26or 29), a lattice that can accom-
modate�30proteinmolecules (�1000nucleotides) represents an
“infinite” lattice for any practical purpose.
In the combinatorial theory, the partition function of the

protein-nucleic acid system, ZS, is defined as follows (54),

ZN � �
k � 0

g �
j � 0

k � 1

PN
k, j�
KiPF�
k� j (Eq. 12)

where g is themaximumnumber of proteinmolecules thatmay
bind to the finite nucleic acid lattice (for the nucleic acid lattice
N residues long, g � N/n), � is the cooperative interactions
parameter, k is the number of ligand molecules bound, and j is
the number of cooperative contacts between the k bound
protein molecules in a particular configuration on the nucleic
acid. The combinatorial factor PN (k, j) is the number of distinct
ways that k protein molecules bind to a nucleic acid lattice with
j cooperative contacts and is defined by the following.

PN
k, j� �

N � nk 	 1�!
k � 1�!


N � nk 	 j 	 1�!
k � j�!
k � j � 1�!

(Eq. 13)

The total average binding density, (	vi)S, on the unmodified
ssRNA polymer is then as follows.

� �vi�
S

�

�
k � 1

g �
j � 0

k � 1

kPN
k, j�
KiPF�
k� j

�
k � 0

g �
j � 0

k � 1

PN
k, j�
KiPF�
k� j

(Eq. 14)

The observed relative fluorescence increase, �Fobs, is defined
by Equation 7.
Fluorescence titrations of poly(�A) with the DENV polymer-

ase in buffer T5 (pH 7.6, 10 °C), containing 1 mM MgCl2, in the
presence of poly(C), are shown in Fig. 8a. For comparison, the
titration curve of poly(�A) in the absence of the competing
poly(C) is also included. In the presence of poly(C), the titration
curve shifts toward high protein concentrations, indicating sig-
nificant competition between poly(�A) and poly(C) for the
DENV polymerase. Note that the competition curve covers
�95% of the total titration curve. Moreover, because KR �
2.5 � 106 M�1, � � 14, and �Fmax � 1.2 are known from inde-
pendent titration experiments (Fig. 4a), the solid lines in Fig. 8a
are nonlinear least squares fits of the experimental titration
curves, with only two parameters, KS and �S, as fitting param-
eters, using Equations 10–14. Analogous fluorescence titration
of poly(�A) with the DENV polymerase, in the presence of
poly(U), is shown in Fig. 8b, together with the titration curve of
poly(�A) in the absence of the competing ssRNA. The binding

FIGURE 6. a, fluorescence titrations of the poly(�A) with the DENV polymerase
(�ex � 325 nm, �em � 410 nm) in buffer T5 (pH 7. 6, 10 °C), containing 1 mM

MgCl2, at three different nucleic acid concentrations: 9.0 � 10�6
M (f), 1.71 �

10�5
M (�), and 3.4 � 10�5

M (nucleotide) (F). The solid lines are nonlinear
least squares fits of the titration curves, using the generalized McGhee-von
Hippel isotherm, described by Equations 8 –9, with the intrinsic binding con-
stant, K � 2.5 � 106

M
�1, cooperative interactions parameter, � � 14, and

maximum fluorescence increase, �Fmax � 1.19. b, dependence of the relative
fluorescence increase, �Fobs, of poly(�A) upon the total average binding den-
sity, 	vi of the DENV polymerase (f). The solid line follows the experimental
points and has no theoretical basis. The dashed line is the extrapolation of
�Fobs to its maximum value, �Fmax � 1.19.
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constants for all examined ssRNA polymers, differing by the
base type, are included in Table 1.
The obtained value of the intrinsic binding constants, KS, for

pyrimidine polymers are by a factor of �3 and �4 higher than
the analogous parameter determined for the homopurine poly-
mer, poly(A), although they are similar to the intrinsic binding
constant obtained for the modified poly(�A). However, the
most striking difference between the examined polymer
ssRNAs is in the value of the cooperativity parameter, � (Table
1). Whereas the binding of the DENV polymerase to the aden-
osine ssRNA polymers is characterized by a significant positive
cooperativity, with � in the range of 14–35, binding of the
enzyme to the homopyrimidine RNAs is noncooperative and
characterized by � � 1 (see “Discussion”).
Lattice Competition Analysis of the DENV Polymerase-

dsRNA, dsRNA-DNA Hybrid, and dsDNA Interactions—Next,
we addressed the DENV polymerase affinity for the double-

stranded conformations of both the RNA and the DNA. The
studies have been performed with the 30-mers of the nucleic
acids and using the macromolecular competition titration
method (see “Experimental Procedures”). The length of the
oligomers is dictated by the fact that the site size of the enzyme
in the complex with the single-stranded nucleic acids is �29
nucleotides (see above). Thus, both 30-mers should bind only a
single molecule of the polymerase, which greatly simplifies the
binding analysis. The reference fluorescent nucleic acid is
poly(�A) (31, 32, 36, 38). In the presence of the unmodified
30-mer, at a given titration point, i, the total concentration of
the bound protein, Pb, is defined by an expression analogous to
Equation 10, as follows,

Pb � � �vi�
R

MTR 	 � � i�
S

MTS (Eq. 15)

FIGURE 7. a, fluorescence titrations of poly(�A) with the DENV polymerase (�ex � 325 nm, �em � 410 nm) in buffer T5 (pH 7. 6, 10 °C), containing different MgCl2
concentrations: 0 (f), 1 mM (�), 2 mM (F), and 3 mM (E). The concentration of poly(�A) is 5.99 � 10�6

M (nucleotide). The solid lines are nonlinear least squares
fits of the titration curves, using Equations 8 –9, with K, �, and �Fmax: 4.0 � 106

M
�1, 17, 1.81 (f); 2.5 � 106

M
�1, 14, 1.19 (�); 1.5 � 106

M
�1, 9, 0.90 (F); 1.0 � 106

M
�1, 5, 0.38 (E). b, the dependence of the logarithm of the intrinsic binding constant, K, upon the logarithm of NaCl. The solid line is the linear least squares fit

of the high MgCl2 concentration region of the plot, which provides the slopes �logK/�log[MgCl2] � �0.8 � 0.2. The dashed line indicates the slope of the plot,
�logK/�log[MgCl2], in the low magnesium concentration range. c, the dependence of the logarithm of the cooperative interactions parameter, �, upon the
logarithm of MgCl2. The solid line is the linear least squares fit of the high MgCl2 concentration region of the plot, which provides the slope �log�/�log[MgCl2] �
�0.9 � 0.3. The dashed line indicates the slope of the plot, �log�/�log[MgCl2], in the low magnesium concentration range. Error bars, S.E.
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where (	vi)R and (	�i)S are the total average binding density of
the DENV polymerase on the reference poly(�A) and the total
average degree of binding on the examined unmodified 30-mer,
respectively. MTR and MTS are the total concentrations of the
reference and the unmodified 30-mer, respectively. For one
DENV polymerase molecule binding to the 30-mer, Equation
15 is as follows,

Pb � � �vi�
R

MTR 	 � K30SPF

1 	 K30SPF
�MTS (Eq. 16)

where K30S is the macroscopic binding constant of the enzyme
for the examined dsRNA or the dsDNA 30-mer. As discussed
previously, �Fobs is defined by Equation 7 (see above).

Fluorescence titrations of poly(�A) with the DENV polymer-
ase in buffer T5 (pH 7.6, 10 °C), containing 1 mM MgCl2, in the
presence of the dsRNA 30-mer, are shown in Fig. 9a. For com-
parison, the titration curve of poly(�A) in the absence of the
competing dsRNA oligomer is also included. Because the sys-
tem precipitates at high protein concentrations, only titration
points where no precipitation has been observed are included
in the plot. The titration curve hardly shifts in the presence of
the oligomer, indicating the lack of detectable competition
between poly(�A) and the dsRNA for the polymerase. Analo-
gous competition fluorescence titrations have been performed
in the presence of the dsRNA-DNA hybrid (data not shown).
Similar to the dsRNA 30-mer, the hybrid hardly shifts the titra-
tion curves, indicating that the 30-mer very weakly competes
with poly(�A) for the enzyme. These data indicate that themac-
roscopic binding constant, K30S, of the polymerase for the
dsRNA or the dsRNA-DNA hybrid must be 1 � 105 M�1.
The situation is different in the case of the dsDNA. Fluores-

cence titrations of poly(�A) with the DENV polymerase, in the
absence and presence of the dsDNA 30-mer, are shown in Fig.
9b. Although the DENV polymerase is an RNA enzyme, the
observed shift of the titration curve, in the presence of the
dsDNA, shows that the protein has significant affinity for
the dsDNA. As pointed out above, because the system precipi-
tates at high protein concentrations, only titration points,
where no precipitation has been observed, are included in the
plot. The solid lines in Fig. 9b are nonlinear least squares fits of
the experimental titration curves, with a single fitting parame-
ter, K30S, using Equations 8, 10, and 16, which provides K30S �
8.5 � 105 M�1 for the dsDNA (see “Discussion”).
Temperature Effect on the DENV Polymerase Association

with the ssRNA—To further probe the nature of the DENV
polymerase-ssRNA interactions, we examined the temperature
effect on the energetics of the DENV polymerase binding to the
ssRNA. Fluorescence titrations of poly(�A) with the enzyme
have been performed in buffer T5 at several different tempera-
tures (data not shown). The titration curves have been analyzed
as described above (Fig. 4, a and b), using Equations 8 and 9. Fig.
10 shows the dependence of the natural logarithm of the bind-
ing constants, Kin and cooperativity parameter, �, upon the
reciprocal of the temperature (Kelvin). Within experimental
accuracy, the plots are linear in the examined temperature
range. Both the intrinsic binding constant and the cooperativity
parameter, �, strongly decrease with a temperature increase.
The temperature dependence of an equilibrium constant, Keq,
is described by van’t Hoff’s equation,

�lnKeq

��1

T�
� �

�H0

R
(Eq. 17)

where Keq is an equilibrium constant characterizing a given
equilibrium process, and �H0 is the corresponding enthalpy
change. The intrinsic binding of the enzyme to the ssRNA and
cooperative interactions between bound polymerasemolecules
are characterized by the apparent enthalpy changes, �Hin

0 �
�17.8 � 3 kcal/mol and �Hcoop

0 � �8.1 � 2 kcal/mol, respec-
tively. Using the thermodynamic relationship, �G0 �

FIGURE 8. a, fluorescence titrations of poly(�A) with the DENV polymerase (�ex �
325 nm, �ex � 410 nm) in buffer T5 (pH 7. 6, 10 °C), containing 1 mM MgCl2,
in the absence (f) and presence of the ssRNA homopolymer, of poly(C)
(�). The concentration of poly(�A) is 9.41 � 10�6

M (nucleotide). The con-
centration of poly(C) is 1.34 � 10�5

M (nucleotide). The solid lines are
nonlinear least squares fits of the binding titration curves, using Equations
8 –14, with K � 2.5 � 106

M
�1, � � 14, and �Fmax � 1.19 for poly(�A), and

KS � 3 � 106
M

�1 and �S � 1 for poly(C). b, fluorescence titrations of
poly(�A) with the DENV polymerase (�ex � 325 nm, �em � 410 nm) in
buffer T5 (pH 7.6, 10 °C), containing 1 mM MgCl2, in the absence (f) and
presence of the ssRNA homopolymer, of poly(U) (�). The concentration of
poly(�A) is 9.41 � 10�6

M (nucleotide). The concentration of poly(U) is
1.92 � 10�5

M (nucleotide). The solid lines are nonlinear least squares fits of
the binding titration curves, using Equations 8, 9, and 12–14, with the
binding and spectroscopic parameters for poly(�A) as in a and KS � 9 �
105

M
�1 and �S � 1, for poly(U).
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�RTlnKin and �G0 � �RTln�, one obtains the corresponding
apparent entropy changes as �Sin0 � �91 � 21 cal/mol degrees
and �Scoop0 � �34 � 5 cal/mol degrees, respectively. The large
difference between thermodynamic functions for the intrinsic
binding and the cooperative interactions indicate that the pro-
cesses of very different natures are observed.Nevertheless, both
the intrinsic binding and cooperative interactions in the DENV
polymerase association with the ssRNA are enthalpy-driven
processes (see “Discussion”).

DISCUSSION

In the Absence of Magnesium, the Total Site Size of the Full-
lengthDENVPolymerase-ssRNAComplex Is 26� 2Nucleotides—
To our knowledge, studies described in this work are the first

quantitative characterization of the full-length Flaviviridae
RNA-dependent RNA polymerase interactions with both sin-
gle- and double-stranded conformations of the RNA andDNA.
The total site size of the protein-nucleic acid complex is a fun-
damental parameter indispensable in any quantitative analysis
of the energetics and dynamics of the formed complex (31, 32,
36, 38, 50–52). It is the nucleic acid fragment occluded by the
protein and prevented from interacting with another protein
molecule (50–52). For instance, any design of the nucleic acid
substrates to address the catalytic activities of the polymerase
must take into account the site size of the protein-ssRNA com-
plex. The obtained results show that, in the absence of magne-
sium, the full-length DENV polymerase occludes �26 nucleo-
tides in the complex with the ssRNA (Fig. 4b). On the other
hand, the model based on crystallographic studies of the iso-
lated polymerase domain suggests that the binding site of the
enzyme could accommodate only 5–7 nucleotides of the
ssRNA (Fig. 1b) (9). First, the proposed crystallographic model
addresses only the size of theRNA in the binding tunnel, not the
total fragment of the RNAoccluded by the domain. Second, the
dimensions of the isolated domain (65 � 60 � 40 Å) are too
small to occlude a fragment of �26 nucleotides of �92 Å in
length, without assuming a very peculiar folding pattern of the
nucleic acid in the complex.
Analytical ultracentrifugation studies indicate that the

full-length DENV polymerase has an elongated shape in
solution. Such an elongated shape can accommodate the site
size of �26 nucleotides. Moreover, it indicates that the
enzyme assumes a rather rigid structure where the MTase
and polymerase domains are placed side-by-side in the full-
length protein. Thus, the strikingly large difference between
the size of the proposed binding site of the isolated polym-
erase domain and the determined total site size of the full-
length DENV polymerase-ssRNA complex in solution indi-
cates that the methyltransferase domain of the full-length
enzyme must protrude over the bound nucleic acid.
Magnesium Binding to the DENV Polymerase Affects the

Global Conformation of the Enzyme, Leading to the Increased

FIGURE 9. a, fluorescence titrations of poly(�A) with the DENV polymerase (�ex �
325 nm, �em � 410 nm) in buffer T5 (pH 7. 6, 10 °C), containing 1 mM MgCl2, in
the absence (f) and presence (�) of the dsRNA 30-mer (see “Experimental
Procedures”). The concentration of poly(�A) is 9.41 � 10�6

M (nucleotide). The
concentration of the dsRNA 30-mer is 1.44 � 10�5

M (oligomer). The solid lines
are nonlinear least squares fits of the binding titration curves, using Equations
6, 7, 13, and 14, with K � 2.5 � 106

M
�1, � � 14, and �Fmax � 1.19 for poly(�A)

and KS  1 � 105
M

�1 for the dsRNA oligomer. b, fluorescence titrations of
poly(�A) with the DENV polymerase (�ex � 325 nm, �em � 410 nm) in buffer T5
(pH 7.6, 10 °C), containing 1 mM MgCl2, in the absence (f) and presence (�) of
the dsDNA 30-mer (see “Experimental Procedures”). The concentration of
poly(�A) is 9.41 � 10�6

M (nucleotide). The concentration of the dsDNA
30-mer is 1.0 � 10�5

M (oligomer). The solid lines are nonlinear least squares
fits of the binding titration curves, using Equations 8, 9, 15, and 16, with K �
2.5 � 106

M
�1, � � 14, and �Fmax � 1.19 for poly(�A) and KS � 8.5 � 105

M
�1

for the dsDNA oligomer.

FIGURE 10. The dependence of the natural logarithm of the intrinsic bind-
ing constant, Kin (f) and cooperativity parameter, � (�), for the binding
of the DENV polymerase to poly(�A) upon the reciprocal of the temper-
ature (Kelvin) (van’t Hoff plots). The solid lines are linear least squares fits to
Equation 15 (for details, see “Results”). Error bars, S.E.
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Total Site Size of the Protein-ssRNA Complex—In the presence
of magnesium, the site size of the DENV polymerase-ssRNA
increases from 26 � 2 to 29 � 2 nucleotides (Figs. 4b and 6b).
The transition is already completed at [MgCl2] � 1 mM, indi-
cating that association of magnesium cations with a binding
constant of at least �104 M�1 participates in the process. In the
applied solution condition (100mMNaCl), theMg2� binding to
the single-stranded nucleic acid is characterized by a signifi-
cantly lower affinity of �102 M�1 (55). Note that although the
site size is increased at 1 mMMgCl2, the intrinsic affinity of the
polymerase is only slightly affected in these conditions. Thus,
the conformational transition does not seem to have an effect
on the intermediate vicinity of the binding site. Altogether, the
data indicate that the increase of the site size by the additional
�3 nucleotides is due to the specific, high affinity magnesium
binding to the polymerase, resulting in the global conforma-
tional transition of the enzyme possibly affecting the mutual
reorientation of the methyltransferase and polymerase do-
mains of the protein.
Above 1 mMMgCl2, the intrinsic affinity diminishes, and the

log-log plot becomes linear (Fig. 7b). Nevertheless, the slope of
the plot indicates that only �1 ion participates in the ion
exchange reaction at the protein-nucleic acid interface (53, 54).
If a simple ion exchange process occurred, then the slope of the
log-log plot forMgCl2 would be half the value of�6.2 observed
for NaCl (Fig. 5b) (53, 54). Because much larger changes of the
NaCl concentration do not produce a similar decrease of the
intrinsic affinity of the enzyme (Fig. 5b), the effect of anions on
the polymerase-ssRNA association seems to be negligible.
Therefore, the simplest explanation of the observed behavior
is that an additional low affinity magnesium binding process to
the protein is observed, which affects the intrinsic association
with the nucleic acid.
The DENV Polymerase Forms a Single Type of Complex with

the ssRNA—Although the total site size of the protein-DNA
complex includes nucleotides inaccessible for the binding of
another protein molecule, it may have a heterogeneous struc-
ture and contain an area(s) that is directly involved in interac-
tions with the nucleic acid as well as the nucleotides occluded
by the protruding protein matrix. Previously, we found a pro-
found heterogeneous structure of the total DNA-binding site of
the rat and human polymerase � as well as the polymerase X of
the African swine fever virus, which plays a significant func-
tional role in activities of these enzymes (28, 36, 56–59). How-
ever, whereas the rat and human polymerase � form different
binding modes in the complex with the ssDNA, in which the
enzyme engages different domains andoccludes different number
of nucleotides, theAfrican swine fever virus polymeraseX forms a
single complex with the nucleic acid, despite the heterogeneous
structure of its total DNA-binding site (28, 36, 56–59).
In this context, the dependence of the poly(�A) fluorescence

upon the total average binding density, 	vi, of the DENV
polymerase is, within experimental accuracy, linear (Figs. 4b
and 6b). The advantage of using the etheno-derivatives of the
ssDNA and ssRNA is that their fluorescence depends little
upon the polarity of the environment and predominantly
reflects the structure of the nucleic acid (23, 60). The linear
dependence of �Fobs over a large range of 	vi does not exclude

the heterogeneous structure of the total binding site, as is the
case of the African swine fever virus polymerase X (28, 36).
Nevertheless, it indicates that, similar to theAfrican swine fever
virus polymerase X, the full-length DENV polymerase forms a
single type of complex with the polymer nucleic acid. This is
true both in the absence and presence of Mg2� where the
enzyme has different total site sizes (see above). The structural
and functional heterogeneity of the total nucleic acid binding
site of the DENV polymerase awaits further quantitative
studies.
The Intrinsic Affinity of the DENV Polymerase Shows Prefer-

ence for the Homopyrimidine RNAs, whereas a Significant Pos-
itive Cooperativity in the Binding Process Is Observed Only for
the Homopurine Nucleic Acids—The statistical thermody-
namic approach applied in this work allows us to quantitatively
extract both the intrinsic affinities and the cooperative interac-
tions parameter,�, characterizing the interactions between the
bound DENV polymerase molecules (52). With the exception
of poly(�A), the intrinsic affinity of the enzyme is moderately
higher for the homopurine ssRNAs, poly(U) and poly(C), than
for poly(A) (Table 1). However, the most striking difference
between the homopyrimidine and homopurine polymers is in
the value of the cooperative interactions parameter, �.
Whereas the binding to poly(U) and poly(C) is noncooperative,
association with poly(A) is characterized by a significant posi-
tive cooperativity. The same is true for poly(�A) and poly(dA)
(Table 1).
There are two important aspects of these data. First, in order

to engage in cooperative interactions, the DENV polymerase
must have different orientation on the nucleic acid, which
favors the engagement of the interacting areas of the protein,
without changing its site size in the complex. Second, depend-
ing on the RNA sequence, the enzyme will act alone or form
clusters on the nucleic acid lattice, with possible different
catalytic activities. Moreover, the cooperative interactions
strongly decrease with the increase of the salt and/or magne-
sium concentration in solution (Figs. 5c and 7c). The slopes of
the log-log plots for NaCl and MgCl2 are ��4.2 and ��0.9,
respectively. The difference between the values of the slopes
indicates that a specific ion binding, not a simple ion exchange
process, controls the cooperative interactions between bound
polymerase molecules and, in turn, orientation of the enzyme
on the nucleic acid (see above).
The DENV Polymerase Binds the dsDNA with an Affinity

Similar to the Intrinsic Affinity of the ssRNA, IndicatingThat the
Total Nucleic Acid Binding Site of the Enzyme Has an Open
Conformation in Solution—As mentioned above, crystallo-
graphic studies of the isolated DENV polymerase domain as
well as other viral RNA-dependent polymerases indicate that
the nucleic acid binding site forms a tunnel-like entity, �30 Å
deep and only 24 Åwide, on the surface of the protein (9). It has
been proposed that the enzyme is initially in a closed confor-
mation, with several loops predominantly originating from the
thumb domain, hindering/closing the access of the nucleic acid
to the site (Fig. 1b). Thus, the catalytic competence of the
polymerase would not be a preexisting state of the enzyme, but
the nucleic acid binding would induce it. A very slow binding
step in the association of the isolated DENV polymerase
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domain-template-primer complex seems to support thismodel
and was proposed to result from the temperature-dependent,
structural rearrangement of the closing loops (13).
However, direct thermodynamic studies reported in this

work, with the full DENV polymerase, clearly show that the
enzyme has a dsDNA intrinsic affinity in the range of �4.3 �
105 to�8.0� 105M�1 (i.e. comparablewith the affinities for the
examined ssRNA homopolymers) in the same solution condi-
tions (Table 1). These data are not compatible with the closed
binding site model, with a strong preference for the single-
stranded conformation of the nucleic acid, and indicate that the
solution structure of the binding site of the full-length enzyme
is different from that seen in the crystal structure of the isolated
domain (9). It is possible that the lack of the methyltransferase
domain and the domain-domain interactions result in the
closed state of the binding site of the isolated polymerase
domain seen in the crystal. In other words, the full-length
DENV polymerase is in an open conformational state prior to
the binding of the nucleic acid and can accept both the single-
and double-stranded conformations of the nucleic acid.
In this context, the lack of detectable affinity of the enzyme

for the dsRNA and the dsRNA-DNA hybrid is puzzling. Never-
theless, these results are in agreement with previous studies,
which indicated that the enzyme affinity for the dsRNA is very
low, if any (14). It has also been proposed that the DENV poly-
merase binding site can accommodate the dsRNA at higher
temperatures (14). Such behaviorwould indicate that the trans-
formation of the binding site and the binding process should be
characterized by a large and unfavorable enthalpy change. On
the other hand, intrinsic binding of the enzyme to the ssRNA
(as well as the cooperative interactions) is characterized by
large and favorable apparent enthalpy changes (Fig. 8). In effect,
both reactions are enthalpy-driven processes with large and
unfavorable entropy changes. These results corroborate the
conclusion that the binding site of the full-length polymerase is
open in solution, as indicated by fact that it can easily accom-
modate the dsDNA and energetically favorably adjusts to the
entering nucleic acid (see above). In consequence, the data
strongly suggest that, in the entry process of the duplex nucleic
acid to the binding site, the site specifically checks the nature of
the sugar-phosphate backbone of the duplex conformation
and/or the duplex conformation (A versus B structure) and
requires additional conformation adjustment for the dsRNA
and dsRNA-DNA hybrid with their A structures, in a process
characterized by positive enthalpy change.
Note that the DENV polymerase, which is a RNA-dependent

RNA polymerase, shows similar intrinsic affinity for both the
ssRNA and the ssDNA. It is possible that the preference for
ssRNA is determined by interactions with other components of
the viral replication apparatus in the cell (34). Moreover, the
fact that the enzyme shows preference for the pyrimidine
stretches of the nucleic acid, while changing its orientation and
engaging in positive cooperative interactions on the purine-
rich fragments, strongly suggests that the replication mecha-
nism of the viral RNA by DENV polymerase depends on the
sequence of the encountered nucleic acid. Our laboratory is
currently studying these issues.
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