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ABSTRACT: Dengue virus (DENV) nonstructural protein S o Wy, W
(NSS) is composed of two globular domains separated by a logita) iretative) £ 6% PR A e
10-residue linker. The N-terminal domain participates in the : ; . ‘: o

synthesis of a mRNA cap 1 structure (™°GpppA,ope) at the . u?,:’ " oo

5" end of the viral genome and possesses guanylyltransferase, 1o (Al
guanine-N7-methyltransferase, and nucleoside-2’O-methyl- os = [

transferase activities. The C-terminal domain is an RNA- 99 M:

dependent RNA polymerase responsible for viral RNA % =~ . .0 o0 a@dy b 7 iy
synthesis. Although crystal structures of the two isolated

domains have been obtained, there are no structural data for full-length NSS. It is also unclear whether the two NS5 domains
interact with each other to form a stable structure in which the relative orientation of the two domains is fixed. To investigate the
structure and dynamics of DENV type 3 NS5 in solution, we conducted small-angle X-ray scattering experiments with the full-
length protein. NS5 was found to be monomeric and well-folded under the conditions tested. The results of these experiments
also suggest that NS5 adopts multiple conformations in solution, ranging from compact to more extended forms in which the
two domains do not seem to interact with each other. We interpret the multiple conformations of NS5 observed in solution as
resulting from weak interactions between the two NS5 domains and flexibility of the linker in the absence of other components
of the replication complex.

engue infection is the most prevalent arthropod-borne flavivirus genome is a positive sense single-stranded RNA that

disease in the world, with 50—100 million cases of acts as a mRNA upon infection.® Similar to most cellular
infection annually and approximately 2.5 billon people at risk of mRNAs, the flavivirus genome is capped on the 5’ end with a
infection."” Because of the dramatic increase in its incidence cap 1 structure that consists of a 7-methylguanosine linked to
around the world over the past 25 years, dengue is classified by the genome via a 5'=5’ triphosphate link with a methyl group
the Centers for Disease Control and Prevention (CDC) as an added onto 2’0 of the genomic 5'-terminal nucleotide, which is
emerging infectious disease.”* Dengue infection results in a an adenine in all flaviviruses.” The genome thus consists of the
wide spectrum of clinical manifestations that range from S’-cap 1 structure (7MerppA2/OMe), a 5'-untranslated region
asymptomatic to life-threatening disease, often associated with (§-UTR), a single open reading frame (ORF), and a 3'-
unpredictable clinical evolution and outcome.”> The World untranslated region (3'-UTR), but unlike cellular mRNAs,
Health Organization (WHO) currently classifies symptomatic flavivirus genomes do not contain a poly-A tail on their 3’
infections in three categories: undifferentiated fever, a flu-like ends.® After translation of the ORF by the host machinery, the
dengue fever, and dengue hemorrhagic fever (DHF) charac- resulting polyprotein is processed by cellular and viral proteases
terized by plasma leakage. The most serious complication of into three structural proteins (C, prM, and E) and seven

DHF is dengue shock syndrome (DSS), which occurs when nonstructugal proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B,
signs of circulatory failure are detected in addition to other and NSS).” Nonstructural proteins NS1, NS2A, NS3, NS44,
DHF symptoms.>” Dengue is caused by four serologically and NSS5, along with the viral RNA and host proteins, associate
different types of dengue virus, DENV-1—-DENV-4, and while into a viral replicase in a modified membrane structure derived

infection with one of the four DENV serotypes provides from the endoplasmic reticulum.*® Among the nonstructural
lifelong immunity to that serotype, a secondary infection with proteins, .the two—dolma.in proteins NS3 and NS$ are the key
another serotype results in a greater risk for developing DHF enzymes m.t.h.e replication complex, as togetber.they account
and DSS. Despite the significant health impact of dengue for all activities needed for genome replication and cap

synthesis.”'® NS3 (~70 kDa) consists of an N-terminal serine

infections, neither an effective vaccine, which must confer
protease domain, which requires NS2B as a cofactor, and a C-

immunity to all four serotypes, nor a specific antiviral therapy is

available .23 terminal domain possessing three distinct activities: an RNA
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helicase, RNA-stimulated nucleoside triphosphatase (NTPase),
and §'-RNA triphosphatase (5'-RTPase).'” NS5, the largest NS
protein (~103 kDa), consists of an N-terminal domain
possessing three activities necessary for cap synthesis
(guanylyltransferase, guanine-N7-methyltransferase, and nu-
cleoside-2'O-methyltransferase) and a C-terminal domain that
harbors the primer—indegendent RNA-dependent RNA poly-
merase (RdRp) activity.'”~** This latter domain is responsible
for the replication of the positive-strand RNA genome in an
asymmetric and semiconservative process in which the
antigenome is present in only a double-stranded RNA
replication intermediate.® During replication, the helicase
activity of the NS3 C-terminal domain is thought to be
involved in unwinding the replicative form. After replication of
the viral genome by the NS5 RdRp domain, the cap structure is
added onto the 5’ end of the genome by four enzyme
activities.'"* First, the 5’ y-phosphate of the RNA genome is
cleaved by the NS3 C-terminal domain to produce a
diphosphate-terminated RNA (ppAX,, where X, represents
the RNA). Second, the NSS guanylyltransferase/methyltrans-
ferase (GTase/MTase) domain catalyzes the transfer of a GMP
moiety from GTP to the RNA. The third and fourth activities
are two S-adenosyl-L-methionine (SAM)-dependent methyl-
ations, also catalyzed by the NSS GTase/MTase domain. These
methylations occur sequentially, with guanine N7 methylation
preceding the nucleoside 2’0 methylation.'"* Genome capping
likely occurs during the initial stages of replication, but little is
known about how flaviviruses coordinate these two processes.

The interdependence of the NS3 and NSS activities,
suggested by the sequence of reactions during genome
replication and capping, was shown by experiments in which
NS5 stimulates NS3's NTPase and $'-RTPase activities,">™”
and NS3 stimulates NSS's GTase activity.'> Moreover, multiple
experiments (e.g, co-immunoprecipitation and pull-down
assays in DENV-infected cells) demonstrate that NS3 and
NS5 interact with each other.'*™"® The modularity of NS3 is
functionally relevant because the protease domain influences
the activities and specificity of the helicase/NTPase/5'-RTPase
domain.'®"®~*? In contrast, the linkage between the two NS$
domains does not seem to be relevant to the function of these
two domains, because the RdRp activity is not altered by the
presence of the GTase/MTase domain, and the GTase and
MTase activities are not affected by the RdRp domain.'>*?
While three structures of full-length NS3 have been determined
in two different conformations,””**** only the structures of the
two isolated NSS domains have been determined,zs’26 and there
is no structural information available for full-length NSS. The
NS5 N-terminal GTase/MTase domain has a globular shape
with dimensions of 55 A X 45 A X 40 A and has a fold similar
to the SAM-dependent methyltransferase fold*>*” (Figure 1).
Biochemical and structural analyses identified K61-D146-K182-
E218 (KDKE motif) as the active site residues of the
nucleoside-2’O-MTase activity, while only D146 is essential
for the guanine-N7-MTase activity.”® The guanylyltransferase
catalytic residue has been proposed to be K29,'>'? though this
residue is not conserved among the flavivirus NS5 sequences
and the reaction mechanism remains uncertain. The NS5 C-
terminal RdRp domain has the characteristic shape of the
DNA/RNA polymerase superfamily (structural classification of
proteins database),”” commonly compared to a right hand with
fingers, palm, and thumb subdomains and overall dimensions of
65 A X 60 A x 40 A*® (Figure 1). However, RdRps differ from
other polymerases of the same superfamily in that they adopt a
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Figure 1. Crystal structures of NSS GTase/MTase (left) and RdRp
(right) domains. The RdRp subdomains are colored yellow, red, and
orange for the fingers, palm, and thumb subdomains, respectively.
Active site residues are represented as spheres, and residues at the
extremities of each domain are represented as sticks and labeled
accordingly.

“closed-hand” conformation, which results from an extension of
the fingers subdomain, called the fingertips, connecting the
thumb subdomain.*****' The active site of the RARp domain is
contained in the palm subdomain where the conserved RdRp
motif C (GDD motif, G662-D663-D664) is found. In all
primer-independent RdRp structures, the active site is encircled
by the fingers and thumb subdomains, the fingertips, and a
thumb protrusion that occlude the proposed dsRNA product
exit site.*>*' Thus, structural and biochemical analyses of
Flaviviridae RdRps suggest that large conformational changes
are required during the exit of the dsRNA product.**>*

Herein, we report the first structural analysis of full-length
DENV-3 NSS in solution using small-angle X-ray scattering
(SAXS). Our results indicate that NSS is monomeric in
solution, as described previously.34 The low-resolution shape of
NSS in solution, which resembles an asymmetric and elongated
spheroid, has a volume that can accommodate the crystal
structures of the DENV NS5 GTase/MTase and RdRp
domains very well. However, the relative orientation of the
two domains could not be determined accurately. Because the
refinement of an atomic model directly against the experimental
data is more reliable than docking domain structures into a low-
resolution SAXS-derived shape, we used this strategy to
compare our SAXS data to a previously published model of a
flavivirus NS5>° and to generate alternate models by rigid-body
modeling. In addition, we analyze the flexibility of NSS in
solution and demonstrate that it can adopt conformations
ranging from compact to more extended forms, with a
predominance of compact forms. Overall, our results suggest
that in absence of any other protein or nucleic acids, the two
domains of NS5 do not interact tightly with each other and that
the nonconserved linker is flexible in solution.

B EXPERIMENTAL PROCEDURES

Expression and Purification of NS5;_g;s. The DNA
fragment encoding DENV-3 NS5, _g;5 (residues 1—878) was
amplified via polymerase chain reaction from the full-length
clone (900 residues) and subcloned into a pET28a vector
(EMD biosciences) containing the coding sequence for six
histidines and a thrombin cleavage site at the 5’ end of the
cloning site. Recombinant NS5, g3 was produced in BL21-
CodonPlus-RIL Escherichia coli cells (Stratagene). The culture
was grown in Luria Broth (LB) medium supplemented with 25
ug/mL chloramphenicol and 50 pg/mL kanamacyn at 37 °C
until an absorbance (at 600 nm) of 0.6 was reached. Protein
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expression was induced by addition of 1 mM isopropyl 1-thio-
p-D-galactopyranoside at 18 °C overnight. Cell pellets were
collected by centrifugation (5000 rpm for 30 min) and
resuspended in lysis buffer [SO mM sodium phosphate (pH
7) and 1.3 M NaCl] complemented with 1 mg/mL lysozyme,
10 pug/mL ribonuclease A, and one tablet of protease inhibitor
cocktail (Roche Applied Science). After incubation for 20 min
at 4 °C, the cell lysate was sonicated and clarified by
centrifugation (17600g for 30 min). NSS,_g¢ was first purified
by cobalt metal affinity chromatography (TALON metal affinity
resin, Clontech) using an imidazole gradient from S to 150 mM
in 0.75 M NaCl and 25 mM sodium phosphate buffer (pH 7).
This was followed by size-exclusion chromatography (SEC)
purification using HiLoad 16/60 Superdex 200 preparative
grade (GE Healthcare) equilibrated in SEC buffer [25 mM
Tris-HCl (pH 7), 400 mM NaCl, 5% glycerol, and 2 mM
DTT]. The homogeneity of the protein was then assessed by
densitometry on denaturing polyacrylamide gel electrophoresis
(SDS—PAGE) and by detection of a single species by analytical
ultracentrifugation (AUC) (data not shown), in accordance
with previously published results for NS5, _g00.>* The protein
concentration was determined by UV absorbance at 280 nm
with a NanoDrop 1000 spectrophotometer (Thermo Scientific)
and a theoretical molar extinction coefficient of 210708 M™
cm™,

Collection and Evaluation of SAXS Data. SAXS
experiments were performed on ALS beamline 12.3.1 (SIBYLS,
Lawrence Berkeley National Laboratory, Berkeley, CA).
Scattering intensities I(q) for protein and buffer samples were
recorded as a function of scattering vector q (q = 4z sin 6/4,
where 20 is the scattering angle and 4 is the X-ray wavelength).
The sample-to-detector distance was set to 1.5 m, which
resulted in a g range of 0.01—0.32 A7 ] was 1.0 A, and all
experiments were performed at 20 °C. The data collection
strategy described by Hura et al.’® was used in this study.
Briefly, SAXS data were collected for three protein concen-
trations (1.2, 1.8, and 3.5 mg/mL) to evaluate the effects of
concentration on the scattering curves and for two buffer
samples (SEC buffer) to minimize errors due to instrumenta-
tion. For each sample measurement, SAXS data were collected
for three X-ray exposures: one long exposure (S s) flanked by
two short exposures (0.5 s) to assess radiation damage.
Scattering contributions of the SEC buffer were subtracted
from sample scattering data using ogreNew (SIBYLS beam-
line). Data analysis was performed using PRIMUS from ATSAS
suite 2.3.>” Experimental SAXS data obtained for the different
protein concentrations were analyzed for aggregation and
folding state using Guinier and Kratky plots, respectively. The
forward scattering intensity 1(0) (also called the extrapolated
scattering intensity at zero angle) and the radius of gyration Ry
were evaluated using the Guinier approximation: I(q) ~ 1(0)
exp[(—q’R¢?)/3], with the limit gRg < 1.3. These parameters
were also determined from the pair-distance distribution
function P(R), which was calculated from the entire scattering
pattern via indirect Fourier inversion of the scattering intensity
1(g) using GNOM.?® The maximal particle diameter D, was
also estimated from P(R). The hydrated volume V, of the
particle was computed from the Porod invariant and was used
to estimate the molecular mass of a globular protein. Indeed, it
was empirically found that the hydrated volume in cubic
nanometers should numerically be between 1.5 and 2 times the
molecular mass in kilodaltons.*® The apparent molecular mass
was also determined from I(0) using the formula MM, =
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MM, {[1(0),/c,]/[1(0)s/cy]}, where MM, I(0), and c are the
molecular mass, the forward scattering intensity, and the
concentration of the protein of interest (subscript p) or the
standard protein (subscript st), respectively.*® Lysozyme (2, 3,
and 6 mg/mL) and bovine serum albumin (1 and 2 mg/mL)
were used as standard proteins.

SAXS Data Analysis. The overall shape of the protein was
modeled ab initio by fitting the SAXS data to the calculated
SAXS profile of a chainlike ensemble of dummy residues in
reciprocal space using GASBOR, version 2.2i.*" The radius of
the volume in which dummy atoms are placed is determined by
D,,.x/2. Ten independent calculations were performed with no
symmetry restrictions. The agreement between the three-
dimensional model and the SAXS data was determined using
the discrepancy j?, defined according to Konarev et al,*” and
the molecular envelope showing the lower y* was chosen as the
reference model. Suite DAMAVER was then used to align the
molecular envelopes, select the most typical ones, and build an
averaged model.™ The alignment of two molecular envelopes
was conducted by minimizing the value of the normalized
spatial discrepancy (NSD), which indicates that two shapes are
similar when the NSD value is close to 1.* The R and D,
values of the averaged model were calculated using CRYSOL.*”
The atomic structures of both domains [Protein Data Bank
(PDB) entry 1L9K for the GTase/MTase domain and PDB
entry 2J7U for the RdRp domain] were fit into the averaged
molecular envelope using SUPCOMB.** SASREF* was used to
calculate a model that best fits to the experimental SAXS data
(minimization of discrepancy y*) while agreeing with a
previously proposed model based on results from genetic
interaction experiments.>® The tertiary structure of NS5;_gg
was also modeled using the crystal structures of the individual
domains and BUNCH.* This program performs modeling of
multidomain proteins against SAXS data using a combined rigid
body for the atomic structures of the domains and an ab initio
modeling approach for regions of unknown structure. As with
the GASBOR calculations, 10 independent models were
generated, and the comparison between atomic structures of
models and the envelope calculated by GASBOR was
conducted using SUPCOMB as described above. To assess
the flexibility of this two-domain protein, we employed the
EOM (Ensemble Optimization Method) suite,*® which can be
used to select the best-fitting conformational ensemble when
the atomic structures of globular domains are known. First,
RanCh (Random Chain) creates 10000 randomized models
with different conformations of the linker and protein
extremities. GAJOE (Genetic Algorithm Judging Optimization
of Ensembles) selects a pool of models that best fit the
experimental curve. The dimensions of models from the
selected pool are then compared to those from the random
pool to evaluate protein flexibility. For rigid-body calculations,
domain extremities were chosen on the basis of comparison of
all available crystal structures for each flavivirus NSS
domain.’>*™*° The GTase/MTase domain included residues
between T8 and R262, and the RdRp domain comprised
residues between M273 and E878 (last residue of the
construct).

B RESULTS

NS5,_g;5 Is Monomeric in Solution, As Determined by
SAXS Experiments. The quality of the SAXS measurements
was estimated by comparing data from different exposure times
and different concentrations. No radiation damage was detected
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Figure 2. SAXS data analysis. (A) Guinier plot of the scattered intensities of NSS;_g.5 at 1.2 mg/mL (+). The Guinier region (qRg < 1.3) is delimited
by the gray vertical lines. The red solid line is the linear regression fit in the Guinier region, expanded by a red dashed line. The residuals are colored
green. (B) Experimental scattering patterns for three concentrations of NSS,_gs scaled to concentration. The concentration dependence of the
scattering curves at very low scattering angles is shown in the inset. (C) Concentration dependence of I(0)/concentration, where I(0) is the forward
scattering intensity derived using the Guinier law. (D) Pair-distance distribution function P(R) of NSS,_gs at 1.2 and 1.8 mg/mL. Kratky plots of

NSS,_g7s SAXS data at 1.2 and 1.8 mg/mL are shown in the inset.

Table 1. Parameters Derived from SAXS Data for Three Concentrations of NSS,_g-s and Extrapolated to Zero Concentration”

“0” mg/mL
R (Guinier®) (A) 344+ 1
R; [P(R)*] (A) 350+ 1
Dy [P(R)*] (A) -
Vp (Porod”) (nm®) 151.4
molecular mass [1(0)*’] (kDa) 95.5 + 10
molecular mass (Porod®”) (kDa) 883 + 13
oligomerization state monomer

“The methods used to determine the parameters are given.

1.2 mg/mL 1.8 mg/mL 3.5 mg/mL
351 +1 354 +1 364 + 1
356+ 1 36.1 +£1 369 + 1
125 128 135

155.6 155.9 162.2

974 + 10 984 + 10 101.1 + 10
90.8 + 13 909 + 13 94.6 + 13
monomer monomer monomer

over the 5 s exposure time, so the data obtained after the long
exposure were used for analysis. Several parameters describing
the shape, size, and volume can be extracted directly from
scattering curves, but only if the solution is monodisperse. NS5
eluted from SEC as a single peak corresponding to the size of a
monomer. After concentration of the protein fractions, the
sample homogeneity and purity were estimated by densitom-
etry on SDS—PAGE (>97% pure). The monodispersity and the
monomeric state of NS5, _g-¢ were then confirmed by analytical
ultracentrifugation (data not shown). The linearity of the
Guinier plot {In[I(q)] vs ¢*} for qRg < 1.3 also indicated the
quality of the sample®’ (Figure 2A). A minor concentration
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dependence was observed at a very small angle for scattering
vectors (q < 0.035 A) (Figure 2B,C), while at larger angles, the
scattering curves superimposed well when the data were scaled
for concentration (Figure 2B). This concentration dependence,
indicating a slight attractive interparticle interference, appeared
to be linear to a good approximation (R* = 0.9988) (Figure 2C)
and so can be eliminated by extrapolating the experimental data
to zero concentration.”> The SAXS parameters extrapolated to
zero concentration were within the margin of error of those
calculated from 1.2 and 1.8 mg/mL samples (Table 1),
suggesting that the scattering curves at these concentrations can
be considered free from any interparticle interference.

dx.doi.org/10.1021/bi300406n | Biochemistry 2012, 51, 5921-5931
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Two parameters addressing the size of the particle in
solution, the radius of gyration (Rg) and the maximal
dimension (D,,,,), were determined from the SAXS data.
First, the value of Rg can be obtained using two independent
methods: the Guinier approximation, where only the innermost
portion of the scattering curve is used, and the pair-distribution
function P(R), which has the advantage of taking into account
the whole scattering curve. Both methods provided values in
good agreement with each other: 35.1 + 1 and 35.6 + 1 A,
respectively, at 1.2 mg/mL and 354 + 1 and 36.1 + 1 A,
respectively, at 1.8 mg/mL. These values are also in agreement
with those obtained by extrapolating to zero concentration:
344 + 1 and 350 + 1 A, respectively (Table 1). Next, the
maximal dimension of the particle, D,,,,, was estimated from
the pair-distance distribution function P(R), which represents
the probable distribution of interatomic distances. D, was
found to be 125 + 10 A for both 1.2 and 1.8 mg/mL protein
solutions (Figure 2D). The molecular mass of an object in
solution can also be determined from two independent
measurements: the forward scattering intensity I(0) and the
hydrated particle volume (Vp). Apparent molecular masses
estimated from I1(0) were 97.4 + 10 and 98.4 + 10 kDa for 1.2
and 1.8 mg/mL samples, respectively. The hydrated particle
volumes estimated from Porod plots were 155.6 nm”® at 1.2 mg/
mL and 155.9 nm® at 1.8 mg/mL, corresponding to average
molecular masses of 90.8 + 13 and 90.9 + 13 kDa, respectively
(Table 1). These values, as well as the extrapolated molecular
mass at zero concentration [95.5 + 10 kDa (Table 1)], are
consistent with the value of 103 kDa, calculated from the amino
acid sequence. These results thus indicate that NSS,_g/5 is
monodisperse and monomeric in solution at both 1.2 and 1.8
mg/mL. The shape and other modeling calculations presented
below were based on the experimental data collected with the
1.2 mg/mL sample, which are very similar to those based on
the data set of the 1.8 mg/mL sample (data not shown).

Ab Initio Shape Calculations of NS5;_gss. The shape of
NSS,_g7g in solution can be estimated from the shapes of the
Kratky plot and the pair-distance distribution function P(R).
The Kratky plot [I(q) X q* vs q] (Figure 2D, inset) shows a
bell-shaped peak at low angles that indicates a well-folded
protein, and the pair-distance distribution function P(R) shows
a characteristic shape of a prolate spheroid (Figure 3).>*%* A
better approximation of the NS5, s shape was then obtained
using GASBOR. Ten independent ab initio reconstructions of
the NSS,_g,5 envelope produced a similar ellipsoidal envelope
[NSD 12 + 0.1 (see Experimental Procedures)], in
accordance with the prediction from the shape of the pair-
distance distribution function. These models fit the exper-
imental data well, as shown by the fit between the calculated
SAXS profile from the reference model and the measured SAXS
data [* of 1.3 (Figure 3)]. The averaged model has a relatively
flat and asymmetric shape, with a larger bulge at one extremity
(Figure 3, inset). The Rg and D, of the averaged shape are
34.6 and 125.6 A, respectively, as calculated from the
coordinate file (see Experimental Procedures). The crystal
structures of the individual domains have disklike shapes,
although the GTase/MTase domain (55 A X 45 A x 40 A,
PDB entry 1L9K) is significantly smaller than the RdRp
domain (65 A X 60 A X 40 A, PDB entry 2J7U). On the basis
of these crystal structures, the averaged model was divided into
two portions that seem to correspond to the GTase/MTase
domain for the smaller part and to the RdRp domain for the
larger part (Figure 3). The crystal structures fit the shape well,
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Figure 3. Ab initio shape determination of NSS;_gg. Fit of the SAXS
profile derived from the ab initio reference model (red curve, y* = 1.3)
to the experimental scattering curve of NSS,_g s at 1.2 mg/mL (black).
The inset shows two views of the averaged molecular envelope rotated
by 90° from each other shown as surface representations, with fitted
crystal structures of GTase/MTase and RdRp domains (same color
code as in Figure 1).

but the precise mutual arrangement of the domains could not
be determined without ambiguity, even when using a distance
restriction (between 10 and 35 A>*) that mimics the 10-residue
linker. This is likely due to the overall globular shape of each
domain and the low resolution of SAXS-derived shapes.
Comparison of the SAXS Data with a Previously
Published Model. In 2007, Malet et al** published a
structural model of full-length NS5 from West Nile virus,
another member of the flavivirus family. The model was
constructed on the basis of reverse genetic experiments that
identified potentially interacting residues in the dengue virus
GTase/MTase and RdRp domains. Specifically, the authors
used the proposed interaction between residues K46, R47, and
E49 from the GTase/MTase domain and residue L512 from
the RdRp domains to build their model by protein—protein
docking. Two distance restraints were applied during modeling:
(a) a restraint of 36 A between the C-terminal end of the
GTase/MTase domain and the N-terminal end of the RdRp
domain and (b) a restraint of 6 A between residues K46, R47,
and E49 from the GTase/MTase domain and residue L512
from the RdRp domain. To determine whether the published
model of the full-length NSS structure is consistent with the
SAXS data, we used rigid-body refinement implemented in
SASREF. Indeed, rather than comparing the structure of the
published model directly with the SAXS data, SASREF was
used to perform rigid-body modeling to generate a model that
satisfies the same distance restraints as the published model
while fitting the SAXS data. The structure of the DENV-3
GTase/MTase domain was generated by homology modeling
based on the DENV-2 GTase/MTase crystal structure (PDB
entry 1L9K). This homology model and the DENV-3 RdRp
crystal structure (PDB entry 2J7U) were used in the SASREF
calculations. The model that complies with the distance
restraints and best fits the data does so very poorly, with a y*
of 6 (Figure 4A). This indicates that the previously proposed
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Figure 4. Comparison of the NSS,_g,5 models with SAXS data. (A) Fit of the SAXS profile derived from the “genetic interaction” restrained rigid-
body model (red curve, y* = 6.0) to the experimental scattering curve of NS5, _gs at 1.2 mg/mL (black). Two views of the atomic model are also
shown (same color code as in Figure 1). (B) Fit of the scattering profile of the BUNCH model with the best y* (red curve, y* = 2.0) to the
experimental scattering curve of NSS,_g at 1.2 mg/mL (black). Four models of 10 generated by BUNCH are superimposed. These four models
were selected to highlight the variety of conformations obtained. The RdRp domains are colored as in Figure 1, and the GTase/MTase domains are
colored in different shades of blue. The flexible regions are represented as spheres.
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A Frequency Frequency Frequency —Random pool
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Figure S. Multiple conformations of NSS,_g;s. (A) Distributions of radii of gyration for the random (black) and selected (colored area) pools of
NSS,_g7s structures for each concentration (red, blue, and green for 1.2, 1.8, and 3.5 mg/mL, respectively). (B) Fit of the scattering profile derived
from the selected ensemble of conformations to the experimental scattering curve of NS5, _g;g at 1.2 mg/mL (red, y* = 1.5), 1.8 mg/mL (blue, > =
1.2), and 3.5 mg/mL (green, y* = 1.5). (C) Front and side views of two structures in the selected pool (1.2 mg/mL sample). A “compact
conformation” (left, Rg = 33.9 A, D,,,,, = 120.3 A) and an “extended conformation” (right, R; = 44.6 A, D,,, = 163.3 A) are shown with the same
color code as in Figure 1. The flexible regions are represented as gray spheres.
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model alone could not explain the experimental SAXS data
presented herein.

Rigid-Body Modeling of NS5,_g;5. Ab initio calculations
of the NSS,_g,4 molecular envelope and comparison of SAXS
data with a published NSS model were not successful in
producing an atomic model of NS5;_g5 in solution. Because it
is more reliable to directly refine the relative positions of the
two domains against the experimental data, a combination of
rigid-body and ab initio modeling was performed, using
BUNCH.* As described in Experimental Procedures, rigid-
body modeling was applied to the domain structures (T8—
R262 for the GTase/MTase domain and M273—E878 for the
RdRp domain), and ab initio modeling was used for the N-
terminal extremity (a total of 28 residues including a
hexahistidine tag, a thrombin cleavage site, and residues G1—
E7) as well as for the 10-residue linker (H263—N272). All 10
independent models showed a similar fit to the data, with y*
values ranging from 2.0 to 2.6 (Figure 4B). While the 10
calculations led to very different models in which the
interdomain interaction surface varied significantly from one
to the other, all the models present similarities to the averaged
ab initio shape because they can be described as elongated, with
the two domains arranged in a side-by-side configuration. In
addition, the two NSS domains interact with each other via a
relatively small surface area (Figure 4B). In all these models, the
fingers subdomain of the RdRp domain was always involved at
the intermolecular interface, while the GTase/MTase domain
displayed a variety of orientations.

Conformational Flexibility of NS5, _g;5 in Solution. The
modular organization of proteins is often associated with
flexibility and multiple conformations in solution.>® For
NS5,_g73, the prolate ellipsoidal shape determined by
GASBOR, the small and various interface between the two
domains in the BUNCH models, and the absence of marked
features (i.e., several peaks) in the Kratky plot and the P(R)
function may suggest a weak interaction between the two
domains and thus the presence of flexibility in domain
orientation.” We used EOM* to determine if these
observations are due to linker flexibility that permits NS5, _g-q
to adopt different conformations in solution. From an ensemble
of random NSS5,_g;5 models in which the interdomain linker
and the N-terminal extremity were allowed to have different
conformations, EOM selected a subensemble of ~20 models
that best fit the experimental data [* = 1.5 (Figure S)].
Comparing the Rg; distribution of the selected ensemble against
that of the random ensemble gives an indication of the
flexibility of NSS,_g75 in solution. The random R distribution
covers the Rg range from ~30 to ~S0 A, corresponding to
compact to very extended conformations, respectively. In
contrast, the R distribution of the selected pool has a bimodal
distribution that could result from a linker region switching
between two major conformations in solution. The first peak is
relatively sharp and centered around an Rg of 33—34 A and
represents ~80% of the selected ensemble of models. This
suggests that the most highly populated conformations of
NSS,_g7g are compact in solution. However, the R distribution
contains a second small peak at 44—4S A, which accounts for
~20% of the subensemble of models (Figure S).

To determine whether the presence of an extended
conformation is an artifact from protein aggregation, EOM
analysis was also performed on SAXS data obtained for higher
protein concentrations [1.8 and 3.5 mg/mL (Figure S)]. In
both cases, the selected ensemble fit the SAXS data well with >
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values of 1.2 and 1.5 for the 1.8 and 3.5 mg/mL samples,
respectively (Figure SB). Similar to the EOM results from the
1.2 mg/mL sample, the R distribution is bimodal for both
concentrations (Figure SA). Additionally, the frequency of
some “compact” conformations (34 A < Rg < 41 A) increased,
while the proportion of “extended” conformations (Rg > 41 A)
decreased at higher concentrations. The extended conforma-
tions represent 18 and 12% of the selected pool of structures
for concentrations of 1.8 and 3.5 mg/mL, respectively (Figure
SA). Taken together with the EOM results obtained for the
concentration of 1.2 mg/mL, we found that the percentage of
the population with extended conformations is linearly
dependent on NS5 concentration to a good approximation
(coefficient of determination R* of 0.996). Therefore, the
percentage of the population in extended conformations was
calculated to be 23.3% when extrapolated to zero concen-
tration. Because the proportion of extended conformations
does not increase as the protein concentration increases, we
conclude that the observed extended population is not an
artifact of interparticle interference or protein aggregation.

B DISCUSSION

The dengue virus NSS protein is the catalytic subunit of the
viral replication complex and so is essential for viral
transcription and genome replication. This critical protein is
composed of two globular domains tethered by a 10-residue
linker. Althouégh their crystal structures have been determined
separately,”*° little is known about the potential interaction
between the two domains. To tackle this question in the
absence of a crystal structure of full-length NS5, we performed
SAXS experiments, because they are a powerful tool for
obtaining structural information regarding the overall shape of
objects in solution. Analysis of SAXS and analytical ultra-
centrifugation data clearly shows that NS5, g/ is monomeric
and monodisperse in solution under our experimental
conditions. Multidomain proteins consisting of two or more
folded domains joined by linkers represent a high fraction of
proteins in the three kingdoms of life, with a prediction of 65%
of the proteins in eukaryotes and 40% in bacteria and archaea.>
This modular organization is often associated with flexibility
and the presence of several protein conformations in solution.*
Flexibility between the NS5 domains was established from
SAXS data. Therefore, models obtained from ab initio shape
calculations and rigid-body modeling represent an “average” of
all NSS,_g;3 conformations and do not reflect a unique
structure of the protein in solution. Approximately 80% of
NSS,_g73 ensemble structures have a relatively compact
structure in which the two domains likely interact with each
other. However, the broad R; (from 30 to 41 A) of this
population hints at the existence of multiple conformations in
solution, possibly with diverse contacts between the GTase/
MTase and RdRp domains. More extended conformations of
NSS, _g7g in which the two domains do not interact, represent
~20% of NSS,_g;5 ensemble structures in solution. These
calculations suggest that the interaction between the GTase/
MTase and RdRp domains may be transient and heteroge-
neous. Thus, even if the model proposed by Malet et al.>* does
not fit well with our SAXS data by itself, we cannot exclude the
existence of such a conformation in solution and/or in the
replication complex. The NSS linker region (residues 263—
273) was rarely observed in crystal structures of flavivirus NSS
domains. When it is seen in the structure, this region does not
have any secondary structure and shows conformational
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disorder, as observed in the crzstal structures of the Wesselbron
virus GTase/MTase domain.' In this latter structure, the linker
is a loop connected to the first helix of the RdRp domain
(residues 275—285), and these two regions show a higher
degree of dynamics compared to the rest of the protein.'* The
high mobility of the C-terminal region of the Wesselbron virus
GTase/MTase domain is in accordance with the SAXS data
presented here indicating flexibility between the NS5 GTase/
MTase and RdRp domains. Furthermore, activity assays
indicate that the two domains are functionally independent of
each other, because it was shown that the GTase/MTase
domain does not affect RdRp activity”> and that the RdRp
domain does not affect GTase activity."”” To fully understand
the dynamics of NS5 and the importance of the linker for viral
replication, it would be informative to test different sequences,
lengths, or even the absence of the linker, in vitro and in the
context of viral replication. Moreover, transcomplementation
experiments between the two domains of NS5 would also be
valuable for understanding why the GTase/MTase and RdRp
domains are linked together. On the other hand, it has been
shown that NSS modulates NS3 NTPase and S'-RTPase
activities, and NS3 modulates NS5 GTase activity.'>">~"7
Interactions between NS5 and NS3 were also identified by
different methods. For example, the NS3 C-terminal domain
was shown to interact with residues from the NSS fingers
domain (residues 320—368) using the yeast two-hybrid
system, and a genetic interaction was demonstrated between
the NS3 C-terminal domain and the NSS GTase/MTase
domain.'”*” From these data, we propose that NS5 can adopt
different conformations in solution, and the flexibility of the
linker may be restrained upon interaction with NS3 or other
components of the replication complex during the viral life
cycle. A structure of the complex between NSS and NS3 will
provide key information regarding essential interaction sites
that could become a target for the design of dengue replication
inhibitors.
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AUC, analytical ultracentrifugation; DENV, dengue virus;
DHF, dengue hemorrhagic fever; D,,,, maximal dimension;
DSS, dengue shock syndrome; GTase, guanylyltransferase;
MTase, methyltransferase; NS, nonstructural protein; NSD,
normalized spatial discrepancy; NTPase, RNA-stimulated
nucleoside triphosphatase; ORF, open reading frame; P(R),
pair-distribution function; RdRp, RNA-dependent RNA poly-
merase; Rg, radius of gyration; S'-RTPase, 5'-RNA triphos-
phatase; SEC, size-exclusion chromatography; SAM, S-
adenosyl-L-methionine; SAXS, small-angle X-ray scattering;
UTR, untranslated region; Vp, hydrated particle volume.
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