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ABSTRACT

Ebola virus (EBOV) is a human pathogen with the ability to cause hemorrhagic fever and bleeding diathesis in hosts. The life cycle of EBOV
depends on its nucleocapsid. The Ebola nucleocapsid consists of a helical assembly of nucleoproteins (NPs) encapsidating single-stranded
viral RNA (ssRNA). Knowledge of the molecular determinants of Ebola nucleocapsid stability is essential for the development of therapeutics
against EBOV. However, large degrees of freedom associated with the Ebola nucleocapsid helical assembly pose a computational challenge,
thereby limiting the previous simulation studies to the level of monomers. In the present work, we have performed all atom molecular
dynamics (MD) simulations of the helical assembly of EBOV nucleoproteins in the absence and presence of ssRNA. We found that ssSRNA is
essential for maintaining structural integrity of the nucleocapsid. Other molecular determinants observed to stabilize the nucleocapsid include
NP-RNA and NP-NP interactions and ion distributions. Additionally, the structural and dynamical behavior of the nucleocapsid monomer
depends on its position in the helical assembly. NP monomers present on the longitudinal edges of the helical tube are more exposed, flexible,
and have weaker NP-NP interactions than those residing in the center. This work provides key structural features stabilizing the nucleocapsid
that may serve as therapeutic targets.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/).

I. INTRODUCTION and encapsidate a single-stranded viral RNA genome (ssRNA) to

form a complex called nucleocapsid.”~ Nucleocapsids protect the

Ebola is an acute viral infection marked by hemorrhagic fever
and bleeding diathesis, with the mortality rate ranging from 50%
to nearly 90%. The aetiological agent of the disease is Ebola virus
(EBOV). EBOV is an enveloped, negative sense single-stranded
RNA (ssRNA) virus, which belongs to the Filoviridae family of the
Mononegavirales order.” The Mononegavirales order includes sev-
eral human pathogens such as rabies virus, respiratory syncytial
virus, mumps virus, measles virus, and Marburg virus, which are
characterized by their ssRNA genomes.

The life cycle of EBOV is highly dependent on helical/tubular
assemblies of one of the structural proteins in the virus called
nucleoprotein (NP).” The EBOV NP comprises an N-terminal tail,
an N-terminal arm, a folded alpha helical NP core containing N-
and C-terminal lobes, flanked by a disordered linker, and a C-
terminal tail.”” NP monomers assemble in a helical arrangement

viral genome from recognition by cellular defense mechanisms and
form a minimal functional unit for viral transcription and repli-
cation.. NP oligomerization has been reported to either precede
RNA clamping or to occur simultaneously.” Nevertheless, both pro-
cesses, namely, NP oligomerization and RNA clamping, are highly
cooperative.

The structural integrity of the EBOV rod-like helical nucle-
ocapsid is essential for its biological function.” " Similar rod-like
nucleocapsids are present in other viruses including coronaviruses
(e.g., SARS-CoV and SARS-CoV-2),  Marburg virus, = Rabies
virus, © and tobacco mosaic virus. For some of these viruses,
helical assemblies of NPs without RNA are stable, ~ while for
others, RNA binding is required for nucleocapsid stability. ° For
EBOV, although the interaction site of RNA with NP is known
(PDB: 5Z9W"), whether RNA regulates cohesion of the assembled
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nucleocapsid is still not clear. Knowledge of the molecular determi-
nants of EBOV nucleocapsid stability, such as packaging of genetic
material, electrostatic potential of the system, and arrangement of
residues in the helical assembly,'”'" " is critical for therapeutic
intervention. Such insights are inaccessible via traditional experi-
mental means but are readily obtainable from computer simulations.

Molecular dynamics simulations (MD) of large biomolecules
have been performed for systems of varying sizes and complexi-
ties.'”** ** However, simulating large assemblies of nucleocapsids at
an atomic resolution still present a computational challenge. With
the exceptions of HIV-1 and satellite tobacco mosaic virus,”’ MD
simulations of large viral assemblies of nucleocapsids performed
thus far have been carried out at the level of monomers.”"* Struc-
tural and dynamical knowledge of these assemblies is essential to
reveal molecular determinants for the integrity of the nucleocapsids.
Here, to the best of our knowledge, for the first time, we present MD
simulations of the EBOV nucleocapsid helical assembly and provide
insights into the physicochemical properties regulating its stability.

Il. METHODS

Preparation of EBOV nucleocapsid systems for MD simulations.
Simulations of nucleocapsids require careful treatment of the elec-
trostatic interactions between protein, RNA, and solvent.'””” The
initial structures and the series of steps taken to prepare for MD
simulations of EBOV NP are shown in Figs. 1(a)-1(c) (Multime-
dia view). First, the protonation states of titratable residues in the
NP were determined using PROPKA™ at a physiological pH of 7.0.
Second, starting from a single NP-RNA monomer [Fig. 1(a) (Multi-
media view), PDB: 5Z9W°], a helical assembly of an EBOV nucleo-
protein was built by rigid-body fitting 90 NP monomers into the cor-
responding 3.6 A resolution cryo-EM density (EMID: 6903°) using
Chimera.”” The ssRNA present in the nucleocapsid was built by
combining the RNA fragments bound to each NP monomers [PDB:
5Z9W,’ Fig. 1(b) (Multimedia view)] into a single chain [Figs. S1(a)-
S1(c)]. The ssRNA is a chain of Uracil nucleotides, the same as
in the EBOV nucleocapsid monomer structure (PDB: 5Z9W"°). NP
interaction with RNA is reported to be sequence-independent.” The
quality of fitting of the nucleocapsid into the experimental den-
sity was determined using the Fourier shell correlation (FSC) and
the golden standard cutoff, as shown in Figs. S2(a)-S2(c). Subse-
quently, Na* and CI~ were added in close proximity to the nucleo-
capsid using CIONIZE in Visual Molecular Dynamics (VMD),””"*
based on the local electrostatic potential. Solvation of the entire
system was performed using the TIP3P water model,” and the
total bulk concentration of NaCl was set to 150 mM, resulting in
a simulation setup containing 4.8M atoms [Fig. 1(d) (Multimedia
view)]. A control system without the ssSRNA was built with the
same protocol [Fig. 1(c) (Multimedia view)]. Both systems, namely,
the nucleocapsid and the control system without the ssSRNA, were
then minimized for 10000 steps using a conjugate gradient’’ and
line search algorithm,” with all backbone atoms of the nucleo-
protein and ssRNA fixed, followed by equilibration using molec-
ular dynamics flexible fitting (MDFF)* into the cryo-EM density
(EMD-6903). Thereafter, the systems were heated from 50 K to
310 K in 20 K increments for 1 ns while constraining the back-
bone atoms. Subsequently, the systems were equilibrated for 10 ns.
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FIG. 1. Preparation of EBOV nucleocapsid systems for atomistic molecular dynam-
ics simulations. (a) Structure of the EBOV nucleocapsid monomer (PDB: 529W°),
containing three nucleoprotein structural domains: the N-terminal arm (yellow),
N-terminal lobe (brown), and C-terminal lobe (dark green), and a bound RNA seg-
ment (red). (b) Atomic representation of RNA nucleotides in an EBOV nucleocap-
sid monomer. (c) Flowchart to prepare the EBOV nucleocapsid systems for molec-
ular dynamics simulations: (i) First, the protonation states of titratable residues in
the nucleocapsid monomer derived from the cryo-EM structures was computed.
(ii) Subsequently, EBOV nucleocapsid complexes were built by rigid-body fitting
90 nucleocapsid monomers into the cryo-EM density using Chimera. (iii) Finally,
the complexes were solvated with TIP3P water molecules and neutralized. NaCl
concentration was kept to 150 mM. (d) Representation of the constructed EBOV
nucleocapsid system. The sodium and chloride ions are shown as yellow and cyan
spheres. Multimedia view: htips://doi.org/10.1063/5.0021491.1
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During equilibration, the cryo-EM density (EMD-6903) was applied
as a restraint with a coupling factor of 0.1 in MDFF to maintain the
conformation of the NP complex prior to production runs (Fig. S3).

MD simulations of EBOV nucleocapsid. The EBOV nucleocap-
sids without and with RNA were simulated for 100 ns at 310 K
and 1 atm using the stochastic rescaling thermostat” and the
Nosé-Hoover Langevin-piston pressure control, as implemented
in NAMD 2.14." All bonds to hydrogen were constrained with
the SHAKE and SETTLE algorithm for the solute and solvent,
respectively. Long range electrostatic force calculations used the
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particle mesh Ewald method, with a 1.2 nm cutoff. The r-RESPA
integrator and an integration time step of 2 fs were utilized, with
the nonbonded interactions evaluated every 2 fs and electrostatics
updated every 4 fs. CHARMM36m protein’ and CHARMM TIP3P
water’” force fields were employed in MD simulations.

Analysis of MD Simulation. All post-simulation analyses were
performed on the trajectories, discarding the initial 20 ns. Ion occu-
pancies of sodium and chloride ions were computed using the
VolMap plugin in VMD.” VMD was also used to compute con-
tacts between NP-RNA and NP-NP residues through a TCL script
in which residue contacts were defined as closest inter-residue dis-
tances less than 3.4 A. Principal component analysis (PCA) of the
EBOV nucleocapsid was performed using a method described in
a previously published paper.” First, the equilibrated MD trajec-
tory of the Ca atoms of the Ebola nucleoprotein was centered and
aligned. Then, PCA was performed for Ca atoms on 8000 snapshots
each at 10 ps intervals. Using an in-house script,* 8000 modes were
calculated. The cumulative contribution to variance W* for the first

k
k PCs was calculated with the following equation: wk = ZZ,;;—O‘Q/}{,
j=1 i
where 1; is the eigenvalue of the ith PC. The PCA figures were
produced using VMD with NMWiz."
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Electrostatic potential calculations. An electrostatic potential
map of the EBOV nucleocapsid was generated by numerically solv-
ing the nonlinear Poisson-Boltzmann equation using the Adaptive
Poisson-Boltzmann Solver (APBS) software.’ To prepare the input
structure for APBS, PDB2PQR"’ was used with the CHARMM all-
atom force field, and the protonation states of residues corresponded
to a pH value of 7. The calculations were performed in parallel
using the multigrid approach*® at a temperature of 310 K. An ionic
strength of 150 mM was used for monovalent ions. Positive and neg-
ative ions were assigned radii of 0.95 A and 1.81 A, corresponding to
sodium and chloride, respectively. The external dielectric constant
of the solvent was kept as 78.54, and the solute dielectric constant
was set to 2. A cubic grid of 1025 grid points per side was used, and
the atomic partial charges to grid points were mapped using cubic
B-spline discretization.

Ill. RESULTS

To characterize the molecular determinants of stability, we have
built helical assemblies of NPs, with and without the bound RNA
strand, and have performed all-atom MD simulations on these two

74 — without ssRNA
—— with ssRNA
6 - Secondary structure arrangement

Ca RMSF of Nucleocapsid (A)

o By B, O B34 Q7 Oig

T T T T T T T
50 100 150 200 250 300 350 400
Residue

FIG. 2. Structural integrity of the EBOV nucleocapsid complexes. (a) Root-mean-squared deviations (RMSDs) of the backbone atoms of the Ebola nucleoprotein assembly
with and without ssRNA, as a function of simulation time. (b) Averaged root mean square fluctuations (RMSFs) of NP monomers in EBOV NP and EBOV NP-RNA. The
secondary structure assignments of a nucleoprotein monomer are shown at the bottom of the plot. The regions forming helices are represented as yellow lines, and those
forming beta sheets are shown by purple lines. (c) Molecular surface representation of EBOV NP. (d) Molecular surface representation of EBOV NP-RNA. The color bar on
the right shows the RMSF values of the NPs in (c) and (d). Multimedia view: https://doi.org/10.1063/5.0021491.2
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systems for 100 ns. Throughout the manuscript, we refer to the
former system as EBOV NP-RNA and the latter as EBOV NP.

The structural integrity of the constructed EBOV NP and
EBOV NP-RNA was first assessed by calculating the root-mean-
squared deviation (RMSD) with respect to the initial structure over
the course of the simulation [Fig. 2(a) (Multimedia view)]. RMSD
traces of the backbone of the entire NP assembly in the absence
of RNA show an overall change of around 14 A from the initial
structure, before reaching the plateau. Conversely, the correspond-
ing deviations in the presence of ssRNA plateau at a far smaller value
of 6 A after 20 ns of simulation. Thus, the EBOV NP assembly shows
less structural deviations when RNA binds to it.

The flexibility of the assembled nucleocapsid was evaluated by
computing root mean square fluctuations (RMSFs) of alpha car-
bon atoms of the nucleoprotein in EBOV NP and EBOV NP-RNA,
as shown in Fig. 2(b) (Multimedia view). The loop regions at the
terminals and between the f-strands 3 and 4 are highly mobile.
Additionally, residues between S-strand 2 and a-helix 8 in the N-
terminal lobe also display high flexibility. Nucleoprotein residues in
both systems follow a similar trend in the RMSF values. However,
for EBOV NP, the magnitude of fluctuations is higher. Furthermore,
the regions with high RMSF values (>6 A) distribute throughout
the assembly [Fig. 2(c) (Multimedia view)]. On the other hand, in
EBOV NP-RNA, the regions with high RMSF values are located
at the longitudinal edges of the assembly [Fig. 2(d) (Multimedia
view)]. Overall, the binding of ssSRNA decreases the flexibility of

ARTICLE scitation.org/journalljcp

nucleoprotein residues in the EBOV nucleocapsid, thereby stabiliz-
ing the entire assembly.

The significance of ssRNA in maintaining structural integrity
of the helical nucleocapsid was determined by comparing simula-
tions of the helical EBOV NPs in the absence and presence of ssRNA.
The structures of EBOV NP and EBOV NP-RNA after MD simula-
tions are shown in Figs. 2(c) and 2(d) (Multimedia view). Without
RNA, the EBOV nucleocapsid maintains its tubular morphology,
but the packing of NP monomers in the assembly become disordered
[Fig. 2(c) (Multimedia view)], and thus, the helical symmetry of the
NP assembly is nearly demolished. This finding is consistent with
the large structural deviation observed in EBOV NP [Fig. 2(a) (Mul-
timedia view)]. On the other hand, the helical arrangement in the
EBOV NP-RNA assembly is preserved in MD simulation [Fig. 2(d)
(Multimedia view)]. Together, these results indicate that RNA bind-
ing stabilizes the helical arrangement and structure of the EBOV
nucleocapsid.

To identify important NP-RNA interactions, the occupan-
cies of NP residues involved in interactions with the ssRNA
during the EBOV NP-RNA MD simulation were evaluated and
are listed in Table S1. The RNA segment in the NP monomer
makes contacts with residues of NP in its own binding site
as well as neighboring NP residues, outside of its binding site,
at an occupancy greater than 90% |[Fig. S5(a), Table S1]. NP
residues involved in the interactions with ssSRNA are consistent with
those reported in the literature.””’ A majority of these reported

FIG. 3. Sodium and chloride ions neu-
tralize the highly charged EBOV nucle-
ocapsid. (a) Sodium (yellow) and chlo-
ride (cyan) ion occupancies. The ion
occupancies were calculated by averag-
ing over the last 80 ns of EBOV NP-
RNA simulation. The isovalues of the
occupancies are 0.01. (b) The electro-
static potential map of the entire EBOV
nucleocapsid, calculated using Adaptive
Poisson-Boltzmann Solver (APBS). The
ion occupancies and the electrostatic
potential map are represented from three
viewpoints, top view, a side view, and a
cross section of the sideview, from top to
bottom.
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interactions have an occupancy greater than 60% in the present
simulation (Table S1). Notably, we have also observed several addi-
tional NP residues that binds with RNA that were not reported in
the literature,””’ for example, Val163 (99.6% occupancy) and Gly311
(91.9% occupancy). Overall, the ssRNA is found to have consider-
able interactions with the EBOV nucleocapsid, and these are well-
maintained during the simulation and contribute to the stability of
the EBOV nucleocapsid.

Besides NP-RNA interactions, the residue contacts between
neighboring NP monomers also play a vital role in EBOV
NP oligomerization and the nucleocapsid structural stability and
integrity.””’ "> Based on the NP monomers that they connect, the
NP-NP interfaces can be grouped into intra-strand and inter-strand
interfaces, as shown in Figs. S4(a)-S2(f). The intra-strand inter-
faces permit lateral interactions between NP subunits (NP" and
NP"“). Three major intra-strand interfaces, labeled interface 1, 2
and 3, respectively, are present [Figs. S4(a)-S4(d) and S5(b)-S2(d)].
Residues that form contacts at these three interfaces along with
their percentage occupancies in the MD simulations are shown in
Table S2. In EBOV NP, no NP-NP residue contact formed at any
three intra-stand interfaces has an occupancy greater than 70%.
Inversely, many intra-strand interactions in EBOV NP-RNA have
occupancies greater than 90%, pointing to the role of RNA in
stabilizing nucleocapsids. Many NP-NP intra-strand interactions
observed in our simulations are consistent with those reported in
the previous cryo-EM structure.””’

The inter-strand interfaces, on the other hand, are formed
between neighboring NP monomers in the axial direction, i.e.,
parallel to the tubular axis of the nucleocapsid. Two inter-strand
interfaces, Interface 4 (between NP™ and NP"™%*) and Interface 5
(between NP™ and NP""%°) are present in the assembly, as shown in
Figs. S4(e), S4(f), S5(e), and S5(f). The NP-NP contacts at the inter-
strand interfaces and their occupancies are listed in Table S3. The
contacts between residues in all inter-stand interfaces were found
to have occupancy values less than 40% in the EBOV NP system.
However, in EBOV NP-RNA, the corresponding occupancies are
significantly higher. This observation is similar to the intra-strand
NP-NP interaction described above. Three residue contacts are
found with an occupancy greater than 60%, namely, Lys110-Glu345,
Aspl112-Lys399, and Glul07-Lys382. Taken together, these results
underline the critical role of the NP-NP interactions at the intra-
and inter-strand interfaces in maintaining the stability of the EBOV
nucleoprotein tubular assembly.

Tons play a pertinent role in stabilizing viral nucleocapsids.'
In EBOV NP-RNA, the ssRNA holds a negative charge of —539%,
while the 90 nucleoprotein monomers contribute a net positive
charge of +360e. The distribution of sodium and chloride ions in the
system was analyzed by identifying regions of high ion occupancies
in the simulation, as shown in Fig. 3(a). Sodium ions prefer to reside
around the ssRNA binding pocket [Fig. 3(b)] and pockets in the NP
monomers and between NP intra-strand interfaces, formed by acidic
residues [Fig. 3(b). Chloride ions, on the other hand, arrange them-
selves between NP intra-strand interfaces with nearby loci formed
by basic amino acids [Fig. 3(b). Overall, positively charged sodium
ions are distributed in the outer circumference, and chloride ions are
mostly located in the inner circumference of the nucleoprotein heli-
cal assembly [Figs. 3(a) and 3(b)]. These ions neutralize the EBOV
nucleocapsid and further contribute to its stability.

3
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After MD simulation, although the helical assembly of the
EBOV nucleocapsid was mostly sustained, the nucleoproteins at two
longitudinal ends were partially unwound [Fig. 4(a)]. To monitor
the unwinding process, the inter-strand distances between NP" and
NP""** were calculated as shown in Fig. 4(b). The corresponding
distances for residues located at the two edges of the nucleocapsid
assembly were found to increase considerably during the simulation.
However, the inter-strand distances for residues located anywhere
else in the rest of the strand were almost constant after 10 ns. On
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FIG. 4. Structural instability of the edges in EBOV NP-RNA. (a) The EBOV nucle-
ocapsid after 100 ns of MD simulation. It is colored by the radial distance from its
center of mass. (b) NP"-NP™2* distances along the tubular axis of nucleocapsid
as a function of simulation time, n = 0, 1, 64, and 65. The average and standard
deviation of the rest NP-NP pairs are shown in black and gray traces, respectively.
(c) Time evolution of Ca atom RMSDs of NP monomers present on the edges
(NP°, NP'8, NP2, and NP®) and center (NP and NP**) of the nucleocapsid.
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FIG. 5. Principal component analysis (PCA) of the Ebola NP-RNA. (a) Cumula-
tive contributions to variance and the eigenvalues of the first 8000 PCs. The PCs
were calculated via a protocol described in our previous work.® (b) Porcupine plot
showing PCA dominating motions for the EBOV nucleocapsid averaged over the
first 100 eigenvectors. The arrows indicate the direction of the eigenvector, and
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conformations of the EBOV nucleocapsid sampled during the simulation along the
average of the first 100 eigenvectors. (d) Distances between the center of masses
of NP monomers on opposing sides of the helical nucleocapsid as a function of
simulation time. Multimedia view: https://doi.org/10.1063/5.0021491.3
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similar lines, the nucleocapsid monomers at the two edges of the
nucleocapsid assembly showed large structural deviations [Fig. 4(c)]
compared to the monomers located in the center of the assem-
bly. These results suggest a positional dependence of the structural
integrity in the EBOV nucleocapsid.

Principal Component Analysis (PCA)™* ™ has been employed
to identify motions relevant to the biological assembly of the Ebola
nucleocapsid. The first 8000 PCs of the Ebola NP-RNA were com-
puted. Their eigenvalues and the cumulative contribution to vari-
ance are shown in Fig. 5(a) (Multimedia view). The first 1000 PCs
account for about 50% of total variance. The motions obtained by
averaging the first 100 PCs and the first three PCs of EBOV NP-
RNA are illustrated in Fig. 5(b) (Multimedia view) and Fig. S6,
respectively. These motions contain not only local rearrangements
of the nucleoprotein monomers in the assembly but also many global
motions of the EBOV nucleocapsid. For example, one such global
motion observed at one edge of the EBOV NP-RNA is depicted in
Fig. 5(c) (Multimedia view). It corresponds to an anti-correlation
in the motions of EBOV nucleocapsid, which is represented by
the changes in the NP-NP distances observed during the simula-
tion [Fig. 5(d) (Multimedia view)]. When the NP*-NP*® distance
increases, the NP'°-NP?? distance decreases, and vice versa. Other
motions identified by the PCA analysis are shown in Fig. S6. These
global and local slow motions found in the EBOV nucleocapsid from
PCA suggests the dynamic nature of the EBOV nucleocapsid and
could be important to its biological function, for example, binding
with other viral proteins.””””*

IV. DISCUSSION

The life cycle of EBOV depends on its nucleocapsid, which
assembles into a helical arrangement and encapsidates the viral
genomes. Knowledge of the key determinants stabilizing this heli-
cal assembly is crucial in developing antiviral therapeutics. Herein,
we have modeled helical assemblies of EBOV nucleoprotein with
and without ssRNA, using the available cryo-EM density map,’
and performed molecular dynamics simulations to identify the
molecular determinants that control the stability of the Ebola virus
nucleocapsid.

The stability of the nucleocapsid depends on its structural
and dynamical properties. The structure of the EBOV nucleocap-
sid assembly is regulated by interactions between all of its possi-
ble components, viz., NP-NP and NP-RNA, as well as interactions
of these components with the surrounding solution. On the other
hand, global and local fluctuations in the nucleocapsid govern its
dynamical behaviors. Here, each of these determinants is analyzed
in detail at atomic resolution.

The prominent NP-NP and NP-RNA interactions extracted
from our simulation includes few other interactions in addition
to those observed previously.” In addition, some interactions were
reported in the literature but were found to have low occupancy
(Tables S1-S3). Overall, the occupancies of NP-NP and NP-RNA
interactions in EBOV nucleocapsid simulation are considerably
large, contributing to its stability. Importantly, we found that
residues in nucleotide free simulations are highly mobile, resulting
in remarkably weaker NP-NP interactions, specifically in the lat-
eral direction. Thus, ssSRNA encapsidation results in stabilization of
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the EBOV nucleocapsid and is essential for maintaining structural
integrity of its helical assembly.

Ions influence the electrostatic potential of the EBOV nucle-
ocapsid and contribute to its stability."”” Ions surrounding the
assembled nucleocapsid were observed to have high occupancies in
regions of high electrostatic potential. Although the exact signifi-
cance of these interaction sites is not known, they are speculated to
constitute protein—protein interaction interfaces of viral accessory
proteins and yet undiscovered cellular factors.

Analysis of the local fluctuations reveals that the residues in
the helical assembly of the EBOV nucleocapsid display dynami-
cal behavior depending on their position in the helix. Longitudinal
edges were found to be more flexible compared to the center of the
EBOV helical nucleocapsid. These edges unwind during the course
of simulation. The dissimilarity in stability and dynamicity between
the edges and central part of the nucleocapsid could stem from dif-
ferences in the surrounding chemical environment, particularly the
absence of the NP-NP interactions at the edges. Furthermore, we
have performed PCA to identify the slow motions bringing about
the conformational changes in the nucleocapsid assembly. Global
motions of the whole assembly and local rearrangements of the NP
monomers were both observed. These motions could be important
to the biological functions of the nucleocapsid during the EBOV
infection and replication.

Taken together, the present manuscript sheds light onto the
roles of ions, NP-NP interactions, and NP-RNA interactions in
maintaining the structural integrity of the EBOV nucleocapsid. We
demonstrated that ssRNA is essential for the assembly of EBOV
NPs. Molecular determinants of the stability of the nucleocapsid
determined from the present work can be exploited to modulate
EBOV nucleocapsid functionalities. Key structural features stabiliz-
ing the nucleocapsid may serve as therapeutic targets. In addition,
we present a systematic way of modeling and analyzing the struc-
tural and dynamical properties of the helical assembly of the nucleo-
protein. We anticipate that the methodological development pre-
sented herein will guide others in the simulation of similar helical
assemblies.

SUPPLEMENTARY MATERIAL

A total of six supplementary figures and three tables are
included as the supplementary material to support the findings in
the present manuscript.
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