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Abstract

The presence of ATP is known to stimulate helicase activity of the Dengue Virus Non-structural protein 3 helicase (NS3h), and the presence
of RNA stimulates NS3h ATPase activity, however this coupling is still mechanistically unclear. Here we use atomistic models and molecular
dynamics simulations to evaluate the single-stranded RNA (ssRNA)-length dependence of the NS3h—-ssRNA binding affinity and its modulation
by bound ATP Considering complexes with 7. 11, 16 and 26 nucleotides (nts), we observe that both the binding affinity and its modulation by
bound ATP are augmented with increased ssRNA lengths. In models with at least 11 nts bound, the binding of ATP results in a shift from a tightly
bound to a weakly bound state. We find that the weakly bound state persists during both the ADP-Pi- and ADP-bound stages of the catalytic
cycle. We obtain the equilibrium association constants for NS3h binding to an ssRNA 10-mer in vitro, both in the absence and presence of ADR
which further support the alternation between tightly and weakly bound states during the catalytic cycle. The length of bound ssRNA is critical
for understanding the NS3h—RNA interaction as well as how it is modulated during the catalytic cycle.
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Introduction

The Dengue virus (DENV) is the cause of Dengue fever, a
mosquito-borne disease that is a global public health concern.
Dengue fever is prevalent in South America, India and South-
east Asia, although the area of influence of the disease is ex-

pected to increase due to climate changes that favor the pro-
liferation of the vector species (A. aegypti and A. albopictus)
(1). Despite recent strides in vaccine development, an effective
vaccine is not yet widely available (2), making the develop-
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ment of novel antiviral therapies of particular interest in the
affected countries (3).

Non-structural protein 3 (NS3) is one such potential antivi-
ral drug target as it is a multifunctional protein that is critical
(4) in the DENV life cycle. NS3 is involved in viral replica-
tion, encapsidation, host immune evasion and processing of
the polyprotein precursor (5,6). NS3 consists of an N-terminal
serine protease domain (residues 1 to 169) connected via a
flexible linker to a C-terminal helicase domain (residues 179 to
618) (Figure 1a). Despite its name, the C-terminal helicase do-
main of NS3 (NS3h) also functions as an NTPase, RTPase and
possesses RNA annealing activities (7-10). Importantly, these
activities are retained to an extent even in recombinant NS3h
isolated from the N-terminal protease domain (4,11,12).

Even though NS3h performs multiple functions, here we
will focus on its role as an energy transducer or molecular
motor that translocates along single-stranded and unwinds
double-stranded RNA in a 3'-to-5’ direction while catalyz-
ing the hydrolysis of nucleoside triphosphates (NTPs). The
NTPase and helicase activities of the DENV NS3h are cou-
pled such that the hydrolysis of NTPs is necessary for the
translocation along a strand of RNA or the unwinding of
double-stranded RNA (12). Crystallographic studies of the
DENV NS3h have shed substantial light on our understand-
ing of the physical mechanisms that underlie the coupled NT-
Pase and helicase activities (13,14). NS3h recognition of single
stranded RNA (ssRNA) is known to be sequence independent
(15) and crystal structures of NS3h in absence and presence
of RNA have depicted that the NTPase catalytic site adopts a
hydrolysis-competent conformation in presence of RNA. This
conformational change has been proposed to be key in the
RNA-stimulated NTPase activity (12).

Crystallographic structures of NS3h bound to ssRNA re-
veal only subtle conformational changes during the NTPase
catalytic cycle (13). This is in sharp contrast to the differences
observed in the crystallographic snapshots obtained for the
hepatitis C virus (HCV) NS3h, in which clear open and closed
conformations could be mechanistically related to the RNA
displacement that occurs during the NTPase hydrolysis cycle
(16). Even though the communication between the ATP bind-
ing site and the RNA binding site within the DENV NS3h is
expected, thermodynamic data are still needed to confirm this
hypothesis.

In previous work (17), we focused on the ssRNA-bound
NS3h structures and used molecular dynamics (MD) simula-
tions to further explore the conformational landscape of NS3h
in three stages of the ATP hydrolysis cycle (apo, ATP-bound
and ADP-Pi-bound states). In these simulations, we observed
a flexible-rigid-flexible alternation in the protein dynamics for
the apo, ATP-bound and product-bound stages of the ATP hy-
drolysis cycle, respectively. Furthermore, we identified a novel
open-loop conformation of the B6-f1" loop (residues 316 to
330) that forms a backdoor channel to the active site, facil-
itating the release of Pi, the first product of the ATP hydrol-
ysis (18). Other computational studies of the allostery in the
DENYV NS3h provided a possible description of the effect of
RNA binding on the hydrolysis reaction and proposed that
motif V controls the communication between the ATP and
RNA binding sites (19,20). Nevertheless, a thermodynamic
relationship between the ATPase catalytic site and the RNA
binding site has yet to be established.

Interestingly, thermodynamic studies of the binding of the
helicase to oligonucleotides of different lengths have been car-
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ried out and indicate that the minimum ssRNA binding site
size of NS3h is 10-11 nucleotides (nts) (15). Although the
available crystal structures of NS3h were obtained in complex
with a 12-mer ssRNA, only 7 nucleotides (nts) were resolved
(13) and of these 7 nts, only four appear to form stable inter-
actions with the protein.

Here, we test the hypothesis that the RNA binding site
size (namely, the number of nucleotides that form the NS3h-
ssRNA interface) of the DENV NS3h is indeed greater than
the 7 nts resolved in the crystal structures, and ask whether the
presence of a longer ssRNA is necessary to observe the interac-
tion between the NTPase and RNA binding sites. To address
this question, we modeled the DENV NS3h bound to a 7-,
11-, 16- and 26-mer ssRNA (Figure 1b) and performed MD
simulations to examine conformational changes in the protein
as well as the relative RNA binding affinity in the presence or
absence of ATP. We then use a single ssRNA length (16 -mer)
to evaluate how the affinity of NS3h for ssRNA changes in
different stages of the ATP hydrolysis cycle (Figure 1c). To
evaluate the RNA binding affinity in different stages of the
catalytic cycle, we used both molecular mechanics general-
ized born surface area (MM-GBSA) calculations from MD
simulations as well as isothermal titration calorimetry (ITC)
and conclude that on binding ATP, the NS3h—ssRNA complex
shifts from a tightly bound to a weakly bound state, which
is maintained until both products of hydrolysis are released.
Together, these results clearly establish an allosteric commu-
nication between the ssRNA and ATP binding sites of NS3h.
We relate the changes in affinity to conformational changes in
the protein that shed light on the physical translocation mech-
anism.

Materials and methods

System preparation

The DENV NS3h was crystallized bound to a 12-mer frag-
ment of ssSRNA with the active site free (PDB ID 2JLU) (13),
of which only 7 nts were resolved. Three additional complexes
were created using this initial structure (sequence correspond-
ing to DENV 4 serotype (residues 180 to 618)) by adding a
total of 4, 9 and 19 nts of adenosine. The nucleotides were
added using the program VMD (21) to move copies of ex-
isting nucleotides to the corresponding ends of the RNA and
saving the coordinates. Thus, four complexes were obtained:
a 7-, 11-, 16- and 26-mer ssRNA, each bound to the NS3h
with a free active site. For the 11-mer, two adenosines were
added to each the 3’ and 5’ termini of the 7-mer in crystal
structure, for the 16-mer 4 and 5 adenosines were added to
the 3’ and 5’ termini, respectively, and for the 26-mer a to-
tal of 9 and 10 adenosines were added to the 3’ and 5’ ter-
mini, respectively. For all lengths, both apo and ATP-bound
complexes were simulated, while for the 16-mer two addi-
tional complexes were simulated: an ADP-Pi-bound system,
NS3h bound to ADP and HPO4* (Pi) and an ADP-bound
system, NS3h bound to only ADP. The ATP-, ADP- and ADP-
Pi-bound states were constructed by aligning the respective
crystal structures and adding the relevant molecule(s) to the
active site (coordinates were taken from the PDB IDs 2JLV,
2JLZ and 2]JLY, respectively).

ATP and ADP molecular parameters were obtained from
literature (22), while protein residues and ssRNA were mod-
eled with the Amber ff14SB force field using the ILDN correc-
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Figure 1. Structural organization of the DENV NS3h and studied complexes. (A) Crystal structure of NS3h (PDB ID 2JLV). Subdomains are color-coded
with D1 (residues 180 to 329), D2 (residues 330 to 479) and D3 (residues 480 to 618) in purple, magenta and green, respectively. A tan ribbon represents
the bound ssRNA, and bound ATP is shown as sticks (Adapted from Sarto et al. (17), with permission). (B) Schematic representation of the numbering of
RNA bases. NS3h subdomains are color-coded as in (A). The nucleotides are numbered in the 5" to 3’ direction according to its corresponding base, with
numbers 0 to 6 reserved for the nucleotides resolved in the crystal structure. The gray arrow shows the 3'-to-5" direction of translocation of the NS3h.
(C) Schematic diagram of the NS3h ATP hydrolysis cycle, with the apo, ATP-bound, ADP-Pi-bound and ADP-bound complexes labeled.

tion for protein residues and revised RNA dihedral parame-
ters (23,24). Phosphate parameters are the same as described
in our previous work (17). Hydrogens and other atoms not re-
solved in the crystallographic structures were added using the
tLeAP module of the Amber simulation suite (25). The proto-
nation states of ionizable residues were also conserved from
our previous work (17). The water model used was TIP3P
(26). Each system was solvated in an octahedron at 8 A from
the protein—nucleic acid surface, with added TIP3P residues
ranging from ~10 000 in the smaller complexes to ~100 000
in the larger ones. Ions (Na* and CI') were added so that a
concentration of 0.15 M of salt was obtained, and so that the
total system charge was neutralized.

MD simulations

Three simulations were performed for each system, i.e. dif-
ferent ssSRNA lengths and stages of the hydrolysis cycle, to-
talling 30 independent simulations of 1 us each (see Table 1
for a more detailed breakdown). Simulations were performed
with the PMEMD cuda module of the Amber simulation suite.
Each system was heated at constant volume from 0 to 200K
with restraints (100 kcal/mol/A2 force constant) on the pro-
tein backbone during 50 ps, and then weaker restraints were
used (50 keal/mol/A2) to heat from 200 to 300 K. The system
was then equilibrated without restraints for 50 ps, and finally
an unrestrained constant-pressure simulation was run to al-
low volume to fluctuate and density of the solvent to equili-
brate during 100 ps with the Berendsen barostat with isotropic
position scaling and a pressure relaxation time of 2 ps. Finally
three independent replicas were run at constant volume and
temperature with the Langevin thermostat for roughly 1 us
with a 2.0-fs timestep, of which the initial 200 ns were dis-
carded from the analysis.

Table 1.  Breakdown of simulations performed (three replicas ~ 1 us
each)
Condition ssRNA length
apo 7-mer
11-mer
16-mer
26-mer
ATP-bound 7-mer
11-mer
16-mer
26-mer
ADP-Pi-bound 16-mer
ADP-bound 16-mer

MM/GBSA calculations

Frames were saved at 10-ns intervals for each run, discarding
the initial 200 ns, from the trajectories of the ssRNA-NS3h
complexes, either in presence or absence of ATP. A modified
Generalised Born (GB) model developed by A. Onufriev, D.
Bashford and D.A. Case was used (Amber flag ’igh’ equal to 2)
(27) with a salt concentration of 0.15 M.

Isothermal Titration Calorimetry

A construct encoding the helicase domain of NS3 (residues
171-618) was derived from the cDNA of an infected clone of
DENV serotype 2 (GenBank accession number U87411) (28).
Calorimetric titrations were carried out between NS3h and
the ssRNA p-5'-AGUUGAGUUG-3’ (p-Ryp) in absence and



presence of ADP (0.18 M) to obtain binding equilibrium con-
stants that characterize the NS3h—-ssRNA interaction in these
two states. ITC and spectroscopy experiments were carried
out at 25°C and pH 6.5 in presence of 0.11 M monovalent
cations.

Results

Effect of RNA length on NS3h-RNA structural
models

NS3h evidences increased conformational flexibility when
bound to longer ssRNA

To gauge the ssRNA-length dependence of NS3h flexibility,
we calculated the root mean squared deviation (RMSD) of
the protein backbone atoms from the crystallographic confor-
mation of NS3h bound to a 7-mer ssRNA (PDB ID 2JLU).
Histograms of the RMSD values corresponding to the con-
catenated three 1-us simulations are shown in Figure 2 for
each of the four ssRNA lengths considered (7, 11, 16 and 26-
mers). The histograms indicate a shift toward higher values
of RMSD for the NS3h bound to longer ssRNA, suggesting a
larger deviation from the crystallographic conformation due
to the presence of longer ssRNA. Furthermore, the histograms
tend to broaden in states with longer ssRNA, suggesting in-
creased conformational flexibility of the protein backbone on
the timescales simulated. In general, the presence of ATP stabi-
lizes the protein conformation (Figure 2, opaque series), as has
been reported for other helicases (29,30); nevertheless, even
these distributions broaden when longer ssRNA is bound to
the protein.

To further explore the deviations from the crystallographic
conformation due to the presence of longer ssRNA, we evalu-
ated the per-residue root mean square fluctuation (RMSF) for
the backbone atoms (Figure 3a and b). In both the apo and
ATP-bound states, we found higher per-residue RMSF values
for regions in D3, specifically in two a-helices: «-helix 3" (526
to 541) and «-helix 77 (603 to 616), both of which grip the
RNA within the binding site. Interestingly, the 5A’-3 5B’ hair-
pin that we will refer to as the hydrophobic hairpin (residues
426 to 448) (Figure 3b) evidences increased flexibility in an
ssRNA-length-dependent manner. In all cases of extended 11-
, 16- and 26-mer ssRNA bound to NS3h, the 5’ end of the
modeled RNA wraps around D3, forming new interactions
with the protein (Figure 3c).

In all the crystallographic structures of the DENV NS3h the
B6-B1" loop (Figure 3d) is in a single ‘closed’ conformation. In
our previous work (17,18), we showed that this loop can also
adopt an open conformation that kinetically favors the release
of the first product of the ATP hydrolysis, Pi (18). The open
conformation of the 36-B1" loop was observed in our previous
work (17), albeit with low probability (~10%), in simulations
of the apo and product-bound complexes, whereas it remained
in the closed-loop conformation in the presence of ATP. In
this work, we observed that regardless of the ssRNA length,
the presence of ATP stabilizes the closed-loop conformation
(Figure 3b). The variation of the oligonucleotide length from
7 to 26 nts does not appear to significantly affect the open-
closed conformational equilibrium observed in the 1-ps sim-
ulations (Supplementary Figure S1).

Although the 3’ end of the RNA is more flexible
(Supplementary Figure S2), it tends to curl for the most part
around D1 (Figure 3c¢). Similar to the trend observed in the
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Figure 2. Histograms of protein backbone RMSD from PDB ID 2JLU in
simulations of the NS3h bound to (A) 7-mer, (B) 11-mer, (C) 16-mer or (D)
26-mer ssRNA. In each panel, transparent and opaque colors represent
apo and ATP-bound complexes, respectively.

flexibility of the 3’ end of the RNA, it is interesting to note
that even though the overall flexibility of the protein decreases
upon binding ATP (Figure 2), the flexibility of the RNA bind-
ing loop (residues 243 to 256), in turn, increases (Figure 3b).

RNA binding site of NS3h occupies approximately 10 nts

To estimate the RNA binding site size of NS3h, we considered
the solvent accessible surface area (SASA) of each nucleotide
of the ssRNA fragment, under the assumption that the nu-
cleotides forming part of the RNA binding site are less acces-
sible to solvent molecules. Thus, we selected a certain SASA
range as a threshold, and consider nucleotides with SASA be-
low this threshold to be part of the binding site.

The minimum ssRNA binding site size based on in vitro ex-
periments has been reported to be ~10 nts (15). Here, we use
the per-nucleotide (per-nt) SASA to map out the RNA bind-
ing site size of NS3h bound to ssRNA fragments of increas-



Nucleic Acids Research, 2023

A Cc
=
L
n
=
o
B D
6 ATP-bound _—
;_{—- Hydrgphobuc )
o hairpin
w
%] (426-448)
z
B6-B1' loop
(316-330)

Figure 3. Perresidue RMSF of protein backbone in the (A) apo and (B) ATP-bound states. Series are colored according to the length of bound ssRNA: 7
(red), 11 (gray), 16 (blue) or 26 nts (green). The orange rectangle indicates the 36-31" loop residues. NS3h bound to modeled 26-mer ssRNA is shown in
(C) with NS3h subdomains colored as in Figure 1. ssRNA is shown as tan sticks for the crystallized nucleotides and black for the extended nucleotides.
The 5" and the 3’ termini of the ssRNA crystallographically resolved (B° and B8, respectively) are labeled as a reference (D) NS3h—-RNA complex is
shown rotated 90° about the vertical axis with respect to panel A. The hydrophobic hairpin is depicted and colored according to its subdomain and the
36-B1" loop is highlighted in orange. Residue indices highlighted in panels (A) and (B) at the bottom of each panel are colored accordingly and labeled in

panels (C) and (D).

ing lengths: 7, 11, 16 and 26 nts (Figure 4, top to bottom),
and compare the RNA binding site sizes in the presence and
absence of ATP (Figure 4, solid circles and transparent tri-
angles, respectively). The nucleotides are numbered accord-
ing to its corresponding base as in the scheme in Figure 1b,
with the crystallographic 7-mer numbered from 0 to 6 and
negative values or values >6 indicating those added to the
5" or 3’ termini, respectively. From this point on we will use
the notation B¥, with x being the base number according to
this numbering scheme, to refer to specific positions in the
oligonucleotides.

For the 7-mer complex, both of the series of Figure 4a re-
flects a similar pattern of lower SASA values for BY to B*. Thus,
the apparent RNA binding site size in this case is roughly 5 nts,
with the bases toward the 3’ terminus being more solvent-
exposed, which is consistent with their observed higher flexi-
bility (Supplementary Figure S2). On extending the length of
the ssRNA, the adjacent nucleotides adopt stable conforma-
tions (Figure 4b-d), increasing the size of the RNA binding
site (Table 2). This trend is upheld for the lengths of ssRNA
considered here, with an RNA binding site size of 9-11 nts ob-
served for the apo system, which coincides with the reported
minimum occluded RNA binding site size determined iz vitro
(15). In contrast to that of the apo complex, the RNA bind-
ing site size of the ATP-bound complex is two bases longer at
the 3’ end in the 26-mer compared to the 16-mer; however in
both cases, the site starts at B2. An estimation of the RNA site
size for NS3h bound to ATP (or an analogue) in bulk has not
been reported yet. We obtained comparable results by analyz-

Table 2. Apparent RNA binding site sizes calculated from pernt SASA

ssRNA length Apo ATP-bound
Binding site size (nts) Binding site size (nts)

7-mer N N

11-mer 6 N

16-mer 7-11 5-7

26-mer 9-11 9

ing the per-nt RMSE, considering nts with low RMSF values
as part of the RNA binding site (Supplementary Figure S2).
By comparing the distribution of center-of-mass distances be-
tween D1 and D2, we were able to discard the possibility that
the observed increase in the RNA binding site size may be due
to a separation of the two subdomains, and is indeed due to
the ssRNA forming new transient interactions with the pro-
tein (Supplementary Figure S3).

The apparent RNA binding site sizes estimated from the
per-nt SASA analysis with the threshold indicated in Figure 4
are summarized in Table 2 as ranges, where the lower and up-
per ends of the ranges correspond to the RNA binding site size
considering the lower and upper threshold values, respectively
(see Supplementary Figure S4 for further analysis on thresh-
old selection). Notably, the size of the RNA binding site does
not change significantly between the 16- and 26-mer com-
plexes. We further observe that although the presence of ATP
(Figure 4, opaque circles) hardly affects the apparent RNA
binding site size in the 7-mer or the 11-mer complexes, it does
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Figure 4. Pernt solvent accessible surface area (SASA) plots for the (A)
7-mer, (B) 11-mer, (C) 16-mer and (D) 26-mer. The lighter, transparent
triangle markers and the solid circles correspond to the apo and
ATP-bound complexes, respectively. The gray horizontal band indicates a
threshold of 105-115 A2 used to classify a nucleotide as part of the RNA
binding site. The gray shaded vertical region highlights the seven
crystallographically resolved nts. Dashed vertical lines for every base and
solid vertical lines for every five bases, as well as a thicker, darker line at
BY, have been added for ease of reading. The 5" and 3’ ends of the
ssRNA are labeled at the top of panel A. Additional schematics have been
added to the right of the panels for each of the systems.

have a noticeable effect in both the 16- and 26-mer systems:
in both cases the RNA binding site size is reduced on binding
ATP. Again, this observation is independent of the relative D1-
D2 orientation, which appears to always adopt a more closed
conformation in presence of ATP, regardless of the length of
bound ssRNA (Supplementary Figure S3). These results indi-
cate that an oligonucleotide of 16 nts is more adequate than
one of 7 or 11 nts in terms of accurately modeling the NS3h-
ssRNA binding site size.

Modulation of the NS3h-ssRNA affinity by ATP depends on
ssRNA length

To further assess how the NS3h—-RNA interaction changes
in the presence of a longer oligonucleotide, we estimated
the NS3h—-RNA binding free energy for each complex using
a MM-GBSA approach (Figure 5). The overall NS3h—-RNA
binding energy decreases as the length of the oligonucleotide
increases from 7 to 26 nts, while the per-nt stabilization, rep-
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Figure 5. MM-GBSA binding free energy estimates for the apo (black)
and ATP-bound (gray) NS3h—RNA complexes, with ssRNA of different
lengths. For each state, average values and standard error of the mean
were obtained from ~240 total frames, taken at 10-ns intervals from the
last 800 ns of each of the three 1-us trajectories.

resented by the slope, drops with the increase of the ssRNA
length, suggesting that the binding energy for the 26-mer com-
plex is approximating a converged length-independent bind-
ing free energy (Supplementary Table S1).

The effect of ATP binding is dramatically impacted by the
oligonucleotide length. The relative change in RNA binding
free energy for the apo and ATP-bound complexes (note the
gap between black and gray series in Figure 5 and Supple-
mentary Table S2) is null for the 7-mer, and it becomes more
evident as the ssRNA length is increased to 11, 16 and 26 nts.
Thus, the presence of ATP results in a weaker NS3h—-RNA
binding interaction. This would provide evidence of the al-
lostery between the RNA and ATP binding sites, which has
only previously been reported in terms of the kinetics of the
NTPase activity (8). We further note that the decrease in RNA
affinity due to the presence of ATP is similar to the effect re-
ported for the HCV NS3h (31,32). The estimated size of the
RNA binding site together with the modulation of RNA affin-
ity by ATP, both observed exclusively for complexes with ex-
tended (>10-nt) oligonucleotides, suggest that the transient
interactions formed with the extended ssRNA fragments are
necessary to accurately model the NS3h—-RNA complex.

Conformational and thermodynamic changes
during the catalytic cycle

RNA binding site size and NS3h—RNA binding free energy

The analysis of the varying ssRNA lengths considered so far
suggests that the RNA binding site size is similar for the 16-
and 26-mer complexes (Table 2) and the relative difference
in RNA-NS3h binding free energy for apo and ATP-bound
complexes is similar for the 11-; 16- and 26-mer complexes
(Figure 5). Taking into account the 6-fold increase in com-
putational time required to simulate the 26-mer system com-
pared to the 16-mer, we selected the latter as a representa-
tive model with sufficiently long ssRNA bound to further ex-
plore the product-bound stages of the ATP hydrolysis cycle.
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To analyze the dynamics of the NS3h bound to ssRNA (16-
mer) throughout the catalytic cycle, we took a closer look at
how the RNA binding site size and NS3h-RNA binding free
energy change for the apo, ATP-bound, ADP-Pi-bound and
ADP-bound complexes.

In Figure 6a, we show the per-nucleotide SASA values for
each of the four stages, with a horizontal band indicating a
105-115 A2 threshold used to determine the RNA binding
site size of the NS3h. As mentioned earlier, in the apo complex
the size of the RNA binding site is ~10 nts (B~ to B®), and the
presence of ATP in the catalytic site reduces this size by 4 nts
(B2 to B%) (Schematic in Figure 6b). Although the presence of
ADP-Pi does not cause an overall change in the RNA binding
site size, the site appears to shift slightly toward the 3’ termi-
nus.

On binding ATP, we also note an increase in the flexibility
of the 3’ terminus that is retained in both the ADP-Pi-bound
and ADP-bound complexes, whereas the 5’ terminus appears
to stabilize after hydrolysis and then destabilize again with the
release of the first product of the ATP hydrolysis, Pi (per-nt
RMSF in Supplementary Figure S5). The increased flexibility
of the RNA binding loop on ATP binding is retained in the
presence of the products of hydrolysis, but after phosphate
release this loop is stabilized again (Supplementary Figure S6).

Using ITC and spectroscopy experiments, we obtained the
equilibrium constants for the binding of the NS3h to a 10-mer
ssRNA in the absence (5 & 1 x 10° M'!) and in the presence
(3 £1 x 103 M) of ADP (Figure 6c). These results agree
with the existence of the interaction between the NTP and
RNA binding sites, as the presence of ADP results in a reduc-
tion of the equilibrium association constant for NS3h—ssRNA
binding. In Figure 6¢, we also show the estimated NS3h-
ssRNA binding free energies for the apo, ATP-bound, ADP-
bound and ADP-Pi-bound complexes, calculated using MM-
GBSA for the 16-mer system. Again, we observed a reduction
in the affinity for ssRNA in the presence of ATP, relative to
the apo complex, and similar binding energies for the ADP,
ADP-Pi and ATP-bound complexes. These results indicate at
least two energetic states of the NS3h—-RNA complex: a tightly
bound state with a free NTPase catalytic site, in which the
NS3h RNA binding site size is ~10 nts; and a weakly bound
state, in which this size is nearly 7 nts, observed on binding
ATP and after hydrolysis. The computed binding free energies
for the four modeled complexes (apo, ATP-bound, ADP-Pi-
bound and ADP-bound) highlight that the apo NS3h—-RNA
complex is bound more tightly than the complex with an oc-
cupied NTP binding site, which is also consistent with the
observed difference in measured equilibrium association con-
stants for the apo- and ADP-bound complexes.

Among increased conformational flexibility, relative subdo-
main movements are identified

To further probe the interaction between the RNA and ATP
binding sites, we asked how the distances between conserved
RNA-binding residues on D1 and D2 change during the four
stages of the ATP hydrolysis cycle, and how they relate to dis-
tances between relevant amino acids (residues from conserved
motifs I, Il and VI) from the ATP-binding site (Figure 7).
Namely, we calculated two inter-subdomain D1-D2 distances
at the RNA-binding region (dgna) and the ATP-binding cleft
(datp). drna is computed as the distance between the centers
of mass (COM) of residues Arg 225 and Thr 244 on D1, and
Arg 387 and Thr 408 on D2, which are conserved amino acids
that anchor the RNA to the NS3h. datp is calculated as the

COM distance between residues 195, 196, 197 (from motif I),
316 and 317 (from motif III) and residues 458 to 463 (from
motif VI) (Figure 7a). Figure 7b shows the 2D density plots for
drna vs dartp for the NS3h in its apo, ATP-bound and product-
bound stages, in all cases bound to a 16-mer ssRNA.

In the apo state, we observe that the protein explores a wide
range of drna values (from 12 to 16 A), as well as darp values
(from 8 to 15 A), with greater darp distances being more favor-
able. On binding ATP, although the datp values are restrained
substantially (clustered around 9 A), we found two popu-
lations in the drna dimension, such that the RNA-binding
residues are mainly either 13 or 15 A apart, with the former
being substantially more populated. After hydrolysis, we ob-
serve that these two populations persist but larger dgna values
become more probable and the flexibility in the datp dimen-
sion is recovered, as indicated by greater inter-subdomain dis-
tances at the ATP-binding level. Interestingly, at this stage of
the catalytic cycle (in presence of both products of hydrolysis),
when the ATP binding site explores a more open conforma-
tion, the RNA binding site necessarily closes and vice versa.
In contrast, after the release of the Pi, some flexibility is lost
again and a new cluster appears with intermediate values of
both distances at the same time.

As mentioned before, the crystals bound to ssRNA show
almost no difference between the different stages of the hy-
drolysis cycle (Figure 7b, black crosses), and the values for
drna correspond to the cluster recurrently observed at ~9 A.
Interestingly, for the apo crystal in the absence of RNA, a drna
length of close to 17 A is observed (Figure 7b, gray cross). This
value is close to the cluster observed in more flexible states.

Asymmetric distribution of contacts between NS3h and ss-
RNA

To characterize the changes in the RNA binding mode of the
DENV NS3h during ATP hydrolysis, we analyzed the num-
ber of NS3h-RNA contacts per frame for the simulations of
the apo, ATP-bound, ADP-bound and ADP-Pi-bound states,
all with the 16-mer oligonucleotide bound (Table 3). Contacts
were defined as pairs of residues and nucleotides with centers
of mass within 7 A (Supplementary Figure S7). For the apo
complex (i.e. the tightly bound state), the number of contacts
is also higher than that for the other stages of the catalytic
cycle, and most are formed between the 3’ half of the ssRNA
and D1, but there are also many contacts between the 5’ half
and D2. In both the ATP-bound and product-bound states, a
fraction of the contacts with D1 and D2 are lost, and they are
replaced by new contacts with D3, which interacts with the
bases of the oligonucleotide but not with the phosphodiester
backbone (Figure 3c). This shift corresponds to a change in
the orientation of subdomain D3 relative to D1 and D2. In
both the ATP and product-bound complexes, we observe an
apparent downward movement of D3, which clamps down
onto the nucleic acid strand (Supplementary Figure S8). After
the release of Pi, the contacts with D3 are lost again; D1 con-
tacts with the 3’ end are recovered, but D2 contacts with the 5’
end are not. These results correlate with the shift toward the
3" end observed in the RNA binding site after hydrolysis.

We further characterized the interactions between the four
NS3h residues from drna (Arg 225, Thr 244, Arg 387 and
Thr 408), which anchor the RNA to the protein. The crystal
structures (PDB IDs 2JLU, 2JLV, 2JLZ and 2JLY) show that
the Arg residues interact with the phosphodiester backbone
of the oligonucleotide through the backbone amide (NH) and
with its positively charged lateral chain; and the threonines
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Figure 6. (A) SASA bar plots for the different stages of the catalytic cycle. A gray horizontal line indicates the threshold for determining bases
considered to be part of the RNA binding site (B) Schematic representation of the NS3h bound to the 16-mer oligonucleotide indicating the ssRNA
binding site size in yellow for the apo, ATP-bound, ADP-Pi-bound and ADP-bound states (left to right). 5 and 3’ ends of the ssRNA are labeled. (C)
Binding energies for the 16-mer complex in the apo, ATP-bound, ADP-Pi-bound and ADP-bound states shown in gray circles, along with experimental
energies calculated from equilibrium constants Ky,s shown in black circles, with their respective error bars

Table 3. Percentage of contacts per frame formed for each subdomain, for each of the cycle stages, and average number of interactions per frame

Average contacts per

Complex D1 contacts (%) D2 contacts (%) D3 contacts (%) frame
apo 44 28 24 27
ATP 40 26 30 24
ADP-Pi 36 23 36 20
ADP 42 27 27 21

also bind the phosphodiester backbone but through the hy-
droxyl group of its lateral chain (Figure 7c). When we cal-
culated the percentage of the simulation frames in which the
anchors were bound to their corresponding nucleotides and
compared those that are present in at least 50% of the sim-
ulation frames, we observed that Arg 387 establishes stable
interactions with bases B! and B? only after hydrolysis.
Furthermore, we observed a base flipping in B! in both
ADP-Pi- and ADP-bound complexes, that could also be re-
lated to the slight shift and the reduction in the ssRNA binding
site size at the 5" end. Amino acids in the positions of Pro 431
and Leu 429 from the hydrophobic hairpin have been pro-
posed to act as a ‘bookend’ breaking the stacking of the bases

at the RNA 5’ terminus for other flavivirus (33,34) and for
other helicases of the DExH ATPase family (35). For the apo
and ATP-bound complexes, we observed that B! was close to
the bookend amino acids, but for the ADP-Pi and ADP com-
plexes, this base moves away (Supplementary Table S4). Af-
ter the chemical step the base stacking between B? and B! is
lost because of the B! flipping. To show this movement, we
compared the distance between the center of mass of stacked
bases B! and B?, as it is maintained in the four stages of the
catalytic cycle, with that of B and B! and we find that the
latter increased for the ADP-Pi- and ADP-bound complexes
(Supplementary Figure S10, Supplementary Table S4). At the
3’ end of the ssRNA, we also observed an allosteric effect as
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the NS3h RNA binding loop varies its conformation with the
presence and absence of ATP in the catalytic site, which, along
with the increased flexibility at the 3’ end, coincides with the
reduction of the RNA binding site size.

Discussion

Effect of the presence of extended ssRNA on NS3h
conformation

The available crystal structures for the DENV NS3h bound
to RNA were obtained using an ssRNA construct of 12 nts.
However, in these structures only 7 nts bound to NS3h could
be resolved, indicating a larger degree of flexibility of the 3’
and 5’ termini. In our previous MD simulations of the NS3h
bound to the 7-mer ssRNA, we further observed a great deal of
flexibility at the 3’ terminus of the 7-mer. Importantly, neither
the crystal structures nor these MD simulations were able to
capture the expected conformational changes due to the occu-
pancy of the NTPase catalytic site. The overall structure was
conserved on average, with a notable flexible-rigid-flexible
change in the apo, ATP-bound, product-bound stages of the
ATP hydrolysis cycle. In this work, we observe that the pres-

ence of extended 11-, 16- and 26-nts ssRNA bound to NS3h
enhances the flexibility of the protein backbone and that its
structure deviates up to 2.5 A from the crystallographic con-
formation (Figures 2 and 3).

We attribute the increase in RMSD for the protein bound
to longer strands of nucleic acid to the formation of transient
protein—RNA interactions, which prompt the exploration of
different conformations that were not accessible with shorter
RNA oligonucleotides. Regardless of the length of ssRNA,
ATP retains its stabilizing effect, as has been reported for other
helicases (30), but even the ATP-bound complexes with longer
ssRNA are more flexible than those with a shorter oligonu-
cleotide.

The structural deviations observed with the elongation of
the RNA strand are predominantly located in the D3 region
(Figure 3a and b) and could be due to the interactions between
the protein and the ssRNA 5’ terminus (Figure 3c¢). In partic-
ular, the hydrophobic hairpin interacts with the RNA bases
at the §" end (Figure 3c). In the presence of double-stranded
RNA, the hydrophobic hairpin might compete with the dis-
placed strand of the RNA, participating with the unwinding
process. This hypothesis would agree with the model proposed
by (13) in which the hairpin acts as a wedge, preventing the
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RNA from forming the duplex. Druggable pockets near the
hairpin may be used for possible inhibition of the helicase ac-
tivity. It is important to note that in this work our simulations
were designed to model the complex relevant in the translo-
cation of NS3h along single-stranded RNA. Future studies in-
cluding the duplex junction, and even considering structured
ssRNA at the 5" terminus are needed to further probe the al-
lostery of NS3.

RNA binding site size and potential sub-step

One of the objectives of this work was to test the hypothe-
sis that a ssSRNA longer than 7 nts is necessary to accurately
describe the RNA binding site size of the NS3h. This hypoth-
esis was driven by fluorescence titration experiments of the
NS3h with oligonucleotides of different lengths, in which the
reported minimum RNA binding site size was 10-11 nts. In
this work, we observe an RNA binding site size of ~10 nts
in absence of ATP in both 16- and 26-mer-bound complexes.
We further observe that the size of the RNA binding site is
reduced by ~3 nts in the presence of ATP, and this reduction
is maintained after hydrolysis before products are released.
Although the reduced size of the RNA binding site does not
change much after hydrolysis, it is shifted one nucleotide to-
ward the 3’ terminus (Figure 6a). In both 16- and 26-mer apo
complexes, the first base of the site is B3, but on binding ATP,
one nucleotide is released and the site starts at B2. Moreover,
the tendency continues post-hydrolysis (first base B™') and af-
ter the release of the first product, Pi (B?). Taking into account
that the NS3h directionality along the RNA is toward the 5’
end and that it is expected to move one base per ATP hydrol-
ysis cycle, one might expect that after the release of the ADP,
the first base at the site would be B#, and so on. The inter-
actions between the NS3h anchors (Arg 225, Thr 244, Arg
387 and Thr 408) and the ssRNA are mostly conserved in
the four stages of the catalytic cycle except for Arg 387 (motif
IVa), which does not establish stable interactions with any nu-
cleotide in the apo and ATP-bound complexes, but does play
an important role in both product-bound stages. Interestingly,
the simulations show that the side chain of Arg 387 tends
to maintain its interaction with B! for longer than with B?
post-hydrolysis (Supplementary Figure S9, Supplementary Ta-
ble S3). Thus, it would be reasonable to think that the proba-
bility of a step in the 3'-to-5’ direction would be higher than in
the opposite direction. Conformational changes in this amino
acid side chain have also been reported to be related to a step
of NS3h displacement along ssRNA in another computational
study of the DENV NS3h (19).

Sufficiently long ssRNA is necessary to describe
the allosteric interaction between RNA and ATP
binding sites

The decrease in the size of the RNA binding site of the NS3h
due to the presence of ATP is consistent with the observed
decrease in the binding affinity for RNA due to the presence of
ATP, ADP-Pi or ADP in the catalytic site. An observed decrease
in the affinity for RNA due to the presence of ATP has also
been reported for the HCV NS3h (31,32).

Our results indicate that the allostery between the RNA and
ATP binding sites is influenced by the length of the oligonu-
cleotide: without a sufficiently long oligonucleotide such al-
lostery is not observed. This result indicates that the transient
protein—RNA interactions play a critical role in the allostery
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between the RNA and ATP binding sites. The increased affin-
ity observed for longer ssRNA oligonucleotides is an example
of a phenomenon described as the Coulombic end effect (CEE)
(36-39), caused by the strong axial dependence of the surface
electrostatic potential of nucleic acids, which leads to a tran-
sition between oligoelectrolyte to polyelectrolyte behavior of
the nucleic acid in the range of ssRNA lengths examined here.
In this context, considering the charge of the NS3h and the
characteristic CEE length of 9 nts (38), we would expect that
the binding free energy would cease to be length dependent at
~23 nts. Of course, this prediction is for a model that does
not take into consideration the association of multiple NS3h
molecules, which is a separate effect that has also been re-
ported to cause a length dependence of the observed binding
affinity of NS3h to ssRNA in solution (15).

The DENV genome (~11 kb) is much longer than the ss-
RNA lengths studied here; however this genomic RNA is
in large part structured on itself and in complex with viral
and host RNA binding proteins, likely leaving much smaller
stretches of ssRNA exposed during the viral life cycle (40).
Furthermore, small RNA fragments of 15 to 30 nts are known
to be present in mammalian host cells and the distribution of
these lengths has been shown to be affected by viral infec-
tion (41). We are thus confident that an understanding of the
length-dependence of the interaction between NS3h and ss-
RNA is a critical aspect in future drug discovery efforts, in
particular in the design of allosteric inhibitors that may lever-
age novel pockets and conformational changes in the protein
structure.

Changes in transient protein—-RNA interactions
during ATP hydrolysis
The analysis of protein—-RNA contacts (Table 3) reveals that to
a large extent, the reduced affinity in the ATP- and product-
bound complexes can be attributed to a loss of interactions
between the 3’ half of ssRNA and subdomain D1. Interest-
ingly, although the total number of contacts with the 5" half of
the ssRNA is approximately constant in all four stages, there
is a notable shift in the fraction of the interactions from D2
to D3. Thus, the RNA interactions with the two RecA-like
subdomains are to a large extent replaced by new interactions
with D3 on binding of ATP and even after hydrolysis. After
release of Pi, these new interactions with D3 are lost again.
The correlation between the change in the percentage of con-
tacts with D3 and the estimated binding free energy suggests
that the electrostatic interaction between D1 and D2 with the
phosphodiester backbone of the oligonucleotide would give
the complex a lower binding energy compared to the interac-
tions between the bases of the oligonucleotide and D3.
When we further take into account the distance be-
tween key RNA-binding residues (drna) or key ATP-binding
residues (datp) on the two RecA-like subdomains D1 and D2,
we observe a clear population shift in terms of both separa-
tions during the ATP hydrolysis cycle. In terms of the sepa-
ration of RNA-binding residues, roughly two populations are
observed at ~14.5 and 12.5 A, ‘relaxed’ and ‘tense’, respec-
tively. Interestingly, variations in the dgna distance are charac-
teristic of the difference between the crystal structures of the
DENV NS3h obtained in the presence and absence of ssRNA,
with larger values being observed in the absence of ssRNA
(see crosses in Figure 7b). In the apo state, the relaxed RNA
binding mode is more favorable than the tense mode, whereas



Nucleic Acids Research, 2023

the opposite is observed for both the ATP- and ADP-Pi-bound
states, and the physical gap between the two states widens
slightly in these cases cases as well. Similarly, a relaxed and
tense conformation of the ATP binding site can be identified
in the apo state, with the relaxed state being more favorable.
On binding of ATP, these residues are exclusively in the tense
state, characterized by lower datp distances, and on hydrolysis
of ATP, the relaxed state is explored once more. It is interesting
to note that although the tense RNA binding mode is favored
in presence of ATP, the relaxed mode characterized by larger
drna distances is still explored. Mechanistically, this could be
interpreted as the protein ‘loosening its grip’ on the ssRNA
(Figure 5a) on tightening its grip on ATP, thus permitting the
exploration of multiple binding modes along the nucleic acid.

Configurational entropy as a driving force for
unidirectional translocation

The D3 subdomain shows an increased number of contacts
with the ssRNA for the ATP- and ADP-Pi-bound complexes,
which corresponds to an apparent downward movement of
D3 toward the ssRNA in the presence of ATP and products.
These additional interactions could also help in biasing the
directionality of the movement toward the 5’ terminus, which
is where it has key contacts.

The per-nt SASA analysis of the different RNA oligonu-
cleotides considered highlights the general tendency of flexible
ssRNA termini, with a stable, highly interacting core. On tak-
ing a closer look at the per-nt RMSF values for the apo, ATP-
bound and product-bound states (Supplementary Figure S5),
we can further identify a change in the asymmetrical aspect
of these fluctuations. In the apo system, the 3’ terminus (right
side) is stabilized, and the highest RMSF values are located at
the 5’ terminus (left side). On binding of ATP, however, the
3’ terminus becomes as flexible as the 5’ terminus, and in the
presence of the products ADP and Pi, the flexibility of the ss-
RNA is localized at the 3’ terminus. After release of Pi, the
flexibility of the 5’ terminus is recovered for the most part.
This change in the asymmetry of the flexibility of nucleotides
toward the 3’ and 5’ termini, in addition to the increased mo-
bility of the 3’ terminus on hydrolysis of ATP—that is likely
associated with a large entropic cost for advancing in the 3’
direction—are consistent with the 3’-to-5' directionality of the
helicase. The stabilization of the 5’ terminus exclusively in the
presence of ADP-Pi suggests that a step in the 5’ direction
would be the least costly before or concomitant with Pi re-
lease.

Conclusion

The use of atomistic models and MD simulations have become
integral components in drug discovery pipelines. We and oth-
ers have simulated the NS3h—ssRNA complex as it has been
crystallized, with a 7-nts ssRNA fragment bound, to elucidate
the allosteric networks that connect the NTPase active site
to the RNA binding site. Contrary to our expectations, the
simulations did not indicate substantial changes in the NS3h—
ssRNA interaction due to the presence of ATP or products of
hydrolysis (17). Here, we have established that the length of
the bound ssRNA fragment is critical in accurately capturing
this allostery, in which the presence of ATP, ADP or products
of hydrolysis result in a more weakly bound NS3h-ssRNA
complex than in the apo state. These results are of direct im-

"

plication in the interpretation of in vitro studies of the NS3h
with ssSRNA as well as in future computational drug discovery
efforts for NS3 inhibitors.
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