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ABSTRACT: The Viral Protein 35 (VP35), a crucial protein of the Zaire
Ebolavirus (EBOV), interacts with a plethora of human proteins to cripple
the human immune system. Despite its importance, the entire structure of the
tetrameric assembly of EBOV VP35 and the means by which it antagonizes
the autophosphorylation of the kinase domain of human protein kinase R
(PKRK) is still elusive. We consult existing structural information to model a
tetrameric assembly of the VP35 protein where 93% of the protein is
modeled using crystal structure templates. We analyze our modeled
tetrameric structure to identify interchain bonding networks and use
molecular dynamics simulations and normal-mode analysis to unravel the
flexibility and deformability of the different regions of the VP35 protein. We
establish that the C-terminal of VP35 (VP35C) directly interacts with PKRK

to prevent it from autophosphorylation. Further, we identify three plausible
VP35C−PKRK complexes with better affinity than the PKRK dimer formed during autophosphorylation and use protein design to
establish a new stretch in VP35C that interacts with PKRK. The proposed tetrameric assembly will aid in better understanding of the
VP35 protein, and the reported VP35C−PKRK complexes along with their interacting sites will help in the shortlisting of small
molecule inhibitors.
KEYWORDS: Zaire Ebolavirus, VP35 protein, tetrameric assembly, human PKR, autophosphorylation, protein design

■ INTRODUCTION

The World Health Organization (WHO) Ebola situation
report declares1 the Zaire Ebolavirus (hereafter referred to as
EBOV) belonging to the Ebolavirus genera of the Filoviridae
family2 as one of the most deadly and potent health threats to
the global community even in the current scenario.3 The
EBOV is a filamentous encased negative-sense single-stranded
RNA virus whose ∼19 kb genome encodes three nonstructural
and seven structural proteins.4,5 Out of the seven structural
proteins, the viral proteins (VPs) are mainly responsible for
antagonizing the Interferon (IFN) proteins (and the signaling
pathways involving the IFNs and IFN-stimulated genes, ISGs),
thereby crippling the immune responses in the human body.
Among the VPs, the EBOV-VP35 (hereafter referred to as
VP35) antagonize the maximum number of human proteins
involved in different IFN and ISG signaling pathways.6 The
VP35 protein, along with other structural proteins (NP and L
in the presence of VP30), acts as a crucial component of the
viral replication complex. VP35 interacts with a host of human
proteins to specifically antagonize the RIG-I (Retinoic acid-
Inducible Gene-I), TRIF (Toll/interleukin-1 Receptor do-
main-containing adapter Inducing IFN-β), and IRF7 (Inter-
feron Response Factor 7) pathways. Particularly, the RNA
binding domain (also known as Interferon Inhibitory Domain,
IID) of VP35 is responsible for the inhibition of signaling

involving the Protein Activator of interferon-induced protein
kinase (PACT) and Protein Kinase R (PKR). Considering its
significance, the structural assembly of the entire VP35 protein
will considerably help in unraveling the arrangement, bonding
landscape, and dynamics of and between the different subunits
of the viral protein.
Exploring VP35, we find that the crystal structure of the IID

domain and a small stretch at the N-terminal (residues 21−57)
are available in the Protein Data Bank (PDB) with PDB ID:
4ZTA (Chain A) and 5BPV (Chain A), respectively. Existing
in vitro experiments confirm that the VP35 protein exists in a
tetrameric state.7,8 In 2016, Edwards et al. established the
tetrameric structure for residues 80−340 of the protein with
the help of size exclusion chromatography coupled with
multiangle light scattering experiments.7 Separately, in 2017
Bruhn et al. reported that the entire VP35 protein exists as a
tetramer.8 Recently in 2019, Zinzula et al. determined the
trimeric crystal structure of the coiled-coil oligomerization
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domain (residues 83−145) and reported that the oligomeriza-
tion domain of the VP35 protein can exist both in a trimeric
and tetrameric state.9 However, as the trimeric state is only
reported for the oligomerization domain, we rely on the
multiple experiments in favor of the tetrameric state for larger
stretches of the VP35 protein. Nevertheless, experimentally it is
challenging to determine the entire structure of the tetrameric
VP35 (with 340 residues in each chain) due to the presence of
a sizable coiled-coil oligomerization domain and lack of regular
secondary structures (loop region) in large stretches of the
protein. For brevity, now onward, we denote VP35 consisting
of three disjoint regions viz., VP35N (N-terminal region:
residue 1−82), VP35O (extended oligomerization region:
residues 83−185), and VP35C (C-terminal region: residues
186−340) or a combination of any two of them viz., VP35N−O,
VP35O−C, and VP35N−C. Additionally, we indicate VP35y−z

X as a
stretch that varies from residue y to residue z in the X region,
where X can be N, O, C, N−O, O−C, or N−C.
We rely on the available experimentally determined crystal

structures of major parts of VP35, and consult the predicted
secondary structures for the remaining intermittent parts and
combine them to construct the tertiary structure of the
monomeric (and subsequently tetrameric) unit of the VP35
protein. The predicted secondary structures inform us
regarding the residues that belong to the loop region in the
remaining intermittent parts and guides the computational
loop modeling in those regions. Zinzula et al. (in 2019) used
secondary structure prediction to demarcate the boundary of
the oligomerization domain of the VP35 protein before opting
for in vitro experimentation.9 Similarly, in our endeavor we
consider the secondary structure information to guide and
ratify the tertiary structure prediction of the residues whose
structure is unavailable to date.
The modeled tetramer adheres to all structural constraints

and provides us novel insights into the plausible arrangement
of the four subunits of the VP35 protein. We carry out
Molecular Dynamics (MD) simulation as well as Normal
Mode Analysis (NMA) of the predicted structure to establish,
analyze, and quantify the structural uniqueness of the viral
protein. Along with interchain hydrogen bonds, several
symmetric interchain salt bridge and disulfide bond networks
in both the N-terminal domain and the oligomerization
domain ensure the structural integrity of the tetramer. We note
that the adjacent protein chains interact with each other in the
N-terminal and oligomerization domain of the protein. But, the
presence of a highly flexible VP35168−221

O−C joining the
oligomerization domain to the C-terminal ensure that the
DNA binding/IID domain remains available to interact with
human proteins.
Next, we unravel the mechanism by which VP35 impedes

the autophosphorylation of the human PKR protein. The PKR
protein on binding with a double-stranded RNA (dsRNA) or
with the PACT protein gets activated, and post autophosphor-
ylation phosphorylates the eukaryotic translation initiation
factor eIF2α. Phosphorylation of the eIF2α inhibits the
translation of both viral as well as cellular mRNAs.10 It is
established that VP35 inhibits the autophosphorylation of PKR
and consequently inhibits the phosphorylation of eIF2α.11

However, the exact mechanism by which VP35 inhibits the
autophosphorylation of PKR is not known to date. The fact
that Lys309Ala mutation results in the inability of VP35 to
bind with dsRNA but does not hinder its ability to antagonize

PKR indicates that RNA sequestration is not responsible for
inhibiting autophosphorylation of the kinase.
We hypothesize that the C-terminal of VP35 competitively

binds with the kinase domain of the PKR protein and inhibits
it from autophosphorylation. Toward this endeavor, we
identify three VP35−PKR complexes with the help of
protein−protein docking and establish that their interaction
affinity is higher in comparison to a dimer of the PKR kinase
domain necessary for autophosphorylation. Additionally, we
validate the shortlisted complexes against the experimentally
established Alanine replacements of Lys309 and Arg312 in
VP35 that prevent it from antagonizing PKR autophosphor-
ylation.11 The recent success of protein design in identifying
critical interacting residues for EBOV VP24 with human
karyopherin alpha 5 (KPNA5) proteins6 and other similar
studies12,13 inspired us to design the VP35 interface in search
of novel hotspots, which when mutated will lead to a
diminished affinity between the VP35 and PKR proteins.
Toward this direction, we design the interface of VP35 protein
with PKR in two residue stretches of the C-terminal
(VP35230−239

C and VP35267−279
C ). The design suggests mutations,

which significantly disrupt the VP35−PKR complex and hence
can be inferred as interacting hotspots. We believe that the
interacting hotspots can be considered for small molecule
discovery. The quaternary structures discussed in this work
and the computational methods elucidated can be extended to
the analysis of similar viral assemblies and host−pathogen
interactions for advancing the development of novel
therapeutics. The tetrameric complex of VP35, the shortlisted
VP35−PKR complexes, along with results from all MD
simulations can be accessed at https://cosmos.iitkgp.ac.in/
EbolaVP35.

■ MATERIALS AND METHODS

Modeling of the Tetrameric Structure of VP35

First, we model the individual subunit structures of VP35
utilizing existing partial coordinate information. Throughout
the modeling of the tetramer, we accommodate the
PSIPRED14 and PSSPRED15 predicted secondary structure
of the VP35 monomer and assemble the segments whose
crystallographic information is not available to us. We consider
the available N-terminal coordinate information of VP35 from
the crystal structure of the Ebola virus nucleoprotein bound to
VP35 chaperoning peptide (PDB ID: 4ZTA, Chain A). We
model the VP3515−60

N subunit of the protein by fixing the
broken backbone using MODELLER.16 In the absence of
homologous templates, we model VP3571−185

N−O with the help of
the ab initio protein structure prediction software viz,
QUARK.17 We rely on I-TASSER18 to predict the structure
of VP35217−340

C considering the crystal structure of the VP35
RNA binding domain (PDB ID: 5BPV, Chain A) as a
template. Now, we integrate all these structures along with the
crystal structure from the PDB ID: 1CLH, Chain A (as a
homolog to model the loop region of the VP3552−70

N ) as
templates and again use MODELLER to computationally
model a monomer for the entire stretch of the VP35 protein.
To ensure that VP3571−185

N‑O containing the large helical coiled-
coil oligomerization domain retains its structural integrity, we
place distance constraints between each residue of the stretch
during template-based modeling of the monomer. We consult
the discrete optimized protein energy (DOPE) score19 to
shortlist the monomer from a set of 500 modeled structures.
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Next, we use SymmDock20 to prepare tetrameric assemblies
from the VP35 monomer and, based on experimental
information regarding the interaction of individual subunits,
shortlist a plausible assembly for further modeling. We will
refer to this plausible assembly as initial assembly in further
discussions.
We use the coordinate information of a single chain from the

newly discovered crystal structure of the oligomerization
domain (VP3583−145

O , PDB ID: 6GBO, Chain A) of VP35 (in
its trimeric state) to construct the tetrameric oligomerization
domain of VP35. As suggested by Zinzula et al.,9 we
superimpose VP3583−145

O on the crystal structure of the

oligomerization domain of VP35 from the Reston virus
(PDB ID: 6GBQ) to obtain the tetrameric model for the
said stretch. Next, we consult the secondary structure for the
next 40 residues (VP35146−185

O ) of VP35 and accordingly rely
on the tetramer from the crystal structure of Nipah Virus (PDB
ID: 4N5B) to model this stretch using the multichain
modeling module of MODELLER. Considering VP35O, we
again use the multichain modeling module to combine the
tetrameric structure from VP3583−145

O and VP35146−185
O . Relying

on the DOPE score of the models, we finalize the tetrameric
assembly for VP35O of the tetramer. Finally, we consider the
tetrameric unit for VP35N and VP35C from the initial assembly

Figure 1. (A) Front view of the modeled homotetrameric structure of VP35 (in brown). The piecewise crystal structures of VP3521−57
N in green

(extracted from PDB ID: 4ZTA, Chain A), of VP35217−340
C in red (extracted from PDB ID: 5BPV, Chain A), and of VP3583−145

O in cyan (extracted
from PDB ID: 6GBO, Chain A) that are used to model the homooligomeric assembly. (B) Top view of the modeled VP35 tetrameric structure
(Chain A in orange, Chain B in marine blue, Chain C in magenta, and Chain D in yellow).

Figure 2. (A) The I-TASSER extended the modeled dimer of PKR’s kinase domain (PKRK) based on the crystal structure with PDB ID: 2A19,
Chain B/C. The red-colored region refers to the interface between the dimer. (B) The I-TASSER extended modeled IID of VP35 in yellow
comprising of VP35C based on the crystal structure with PDB ID: 5BPV, Chain A. The magenta-colored residue corresponds to VP35186−200

C , and
the blue colored residues correspond to residues Arg305, Lys309, and Arg312 of VP35.
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and together with the finalized assembly for VP35O, rely on the
multichain modeling of MODELLER to get the tetrameric
structure of VP35. Note that although we use ab initio
structure prediction to construct the initial assembly, the final
tetrameric structure consists of I-TASSER or MODELLER
modeled subparts with crystal structure templates provided for
homology modeling. Hence the modeled structure can be
thought of as acceptably reliable since 93% of the VP35 protein
is modeled using crystal structure templates. Figure 1A
contains the crystal structure of the N-terminal subunit (in
green), the C-terminal subunit (in red), and the oligomeriza-
tion domain (in cyan) used for modeling the tetramer.

Computational Docking of VP35 and PKR Subunits

Figure 2A corresponds to the dimer of PKR’s kinase domain
(PKRK) responsible for its activation and further activation of
eIF2α. We model the stretch 258−551 of the kinase domain
adhering to the crystal structure of PKR (PDB ID: 2A19,
Chain B/C) using I-TASSER to get the entire interface shared
in the dimer. While it is experimentally determined that the
deletion of VP351−200

N−C robs VP35 of its ability to antagonize
PKR activation,21 it is also reported that mutation of any two
of Arg305 or Lys309 or Arg312 (blue stretch in Figure 2B) by
alanine inhibits VP35 from antagonizing PKR activation.11

With the objective of identifying docked conformations that
best represent a plausible interaction between VP35 and PKR,
we dock the I-TASSER modeled structures of VP35C with
PKRK using well established protein−protein docking proto-
cols. We rely on the docking software HADDOCK,22 and
FireDock23 to form an initial pool of 136 docking decoys and
further shortlist complexes that best represent a VP35−PKR
interaction either in VP35186−200

C or in VP35305−312
C . The initial

shortlisting of complexes is done on the basis of the presence
of either a hydrogen bond and/or salt bridge involving at least
two out of Arg305, Lys309, and Arg312 and the presence of at
least one hydrogen bond/salt bridge in VP35186−200

C .
Additionally, the number of interface residues of PKR in the

complexes in common with the interface residues of PKR in its
dimeric form is also considered. The initial shortlisting results
in 26 protein complexes that reduce to 10 when we apply a
constraint that necessitates at least three hydrogen bonds and/
or salt bridge involving Arg305, Lys309, and Arg312. Since
alanine mutation in any two out of these three residues
prevents VP35 antagonism, we perceive that each of the three
residues participates in at least one interprotein bonding
interaction. Following that, two more protein complexes are
discarded as the VP35 protein in the complex interacts with
less than 50% of the interface residues (residues in red in
Figure 2A) of PKR. This criterion is applied to weed out
complexes in which the VP35 protein will not antagonize the
PKR dimerization. To recognize stable interaction we
empirically consider three shortlisted complexes (SCs) viz.,
SC1, SC2, and SC3 with FoldX interaction energy <2 kcal/mol
(as per FoldX software; higher the value lesser is the
interaction), interface area >1000 Å2 (computed using NIP-
NSc software24), and at least 10 hydrogen bonds between the
VP35 and PKR proteins. Please note that a higher interface
area with a greater number of interprotein hydrogen bonds
along with lower interaction energy ensures that the chosen
complexes are sufficiently stable.
Considering SC1, SC2, and SC3, we explore three possible

conformations of PKR binding to an almost identical interface
of VP35. Exploiting available experimental evidence regarding

the importance of the residues in VP35’s interface, we allow
minimum variation in its binding site, but at the same time,
consider three different binding regions for PKR for a detailed
analysis of plausible binding conformations. Following our
hypothesis on competitive VP35 binding with PKR to prevent
PKR from dimerization, we ensure that the residues in PKR’s
interface in all the SCs intersect with the residues in its dimeric
interface. The minimum root-mean-square deviation (RMSD)
between the three SCs is 25.72 Å (between SC1 and SC3),
whereas the maximum RMSD between them is 33.26 Å
(between SC2 and SC3).

Computational Protein Design of VP35 Interface Residues

We perform computational protein design on the Midstretch
of VP35 that interacts with PKR in the three shortlisted
VP35−PKR protein complexes. Earlier, we relied on the
EvoDesign protein design framework to design EBOV VP24
residues that interact with the human KPNA5 protein.6

EvoDesign is a structural homology driven computational
protein design method, and in the present case, the structural
homologs of VP35C are considered to guide the algorithm. A
residue profile based on their frequency in the structural
homologs is constructed to suggest mutations during the
Monte Carlo (MC) search of optimal design sequences. MC
simulation, guided by a hybrid energy function (evolutionary
energy and physics-based energy), is performed for 30 000
steps in ten simulation trajectories. The energetically fit
sequences are finally clustered, and the cluster centers from
the ten most significant sequence clusters are considered as
design sequences. In the present context, residues in selected
stretches of VP35 are only mutated during the MC simulation.
Lastly, one design sequence is chosen manually for further
analysis.

Molecular Dynamics Simulation

We perform MD simulation using GROMACS 5.1.525 with the
OPLS-AA force field. The protein structures are solvated in a
cubic box, ensuring that all the protein atoms are at a distance
of 1.0 nm from their respective box edges. The energy of the
solvated systems is minimized for 1000 steps using the steepest
descent minimization algorithm. Further, the energy-reduced
systems are equilibrated for 100 ps at 298 K to maintain the
desired temperature of 298 K. Subsequently, the systems are
equilibrated for 1 ns at 298 K to arrive at the desired pressure
of 1 bar. The solvated systems are then subjected to final MD
simulation for 100 ns at 298 K. All the complexes considered
for the VP35−PKR interaction study are first refined using
GalaxyRefine26 before running MD simulations. The MD
simulations are carried out in two NVIDIA Tesla P100-PCIE-
16GB GPUs where a representative VP35−PKR complex with
449 residues takes 41 h and 25 min to complete 100 ns of
simulation.

Normal Mode Analysis

We perform NMA using the Bio3D normal-mode analysis
function27 provided by the DynaMut web server.28 Herein we
use the C-alpha force field29 to analyze the interactions
between constituent atoms of the protein. We carry out
deformation and fluctuation analysis of the VP35 tetramer
based on the coordinate information from the first ten
nontrivial normal modes. However, we consider all nontrivial
normal modes for the cross-correlation analysis between all
residues in the tetrameric assembly of VP35.
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■ RESULTS AND DISCUSSION

Analysis of the Modeled Tetrameric Structure of VP35

The top view of the computationally modeled tetrameric
structure of VP35 reveals that the assembly follows C4 point
group symmetry (Figure 1B). The modeled structure is in well
accordance with the crystal structure of the N-terminal domain
(RMSD of 1.20 Å with PDB ID: 4ZTA, Chain A), with the
oligomerization domain (RMSD of 1.97 Å with PDB ID:
6GBO, Chain A), and with the C-terminal domain (RMSD of
0.74 Å with PDB ID: 5BPV, Chain A) of the viral protein
(Figure 1A). The RMSD is computed when the three crystal
structures are aligned with Chain A (can be aligned with any
chain since it is a homomer) of the modeled VP35 tetramer.
The low RMSD values establish that the chosen segments are
well aligned and in accordance with the structural constraints
of the crystal structures. Considering VP351−82

N of the modeled
structure, we find that the entire subunit has no regular
secondary structure except for two small helical segments
spanning VP3528−35

N and VP3540−43
N in the protein. Despite a

few missing residues, the presence of significant bends along
the two small helices in the crystal structure (PDB ID: 4ZTA,
Chain A) made us think against the free-flowing nature of the
N-terminal domain. Hence, we focus on possible interchain
interactions in this region. Observing the tetrameric assembly,
we find residues from VP356−64

N share an interface with residues

from the VP3524−37
N in the adjacent chain. Following the coiled-

coil oligomerization domain, we note that residues VP3583−145
O

adhere to the known9 helical structure and residues from the
same stretch interact with the adjacent chains to give rise to
the intertwined tetramer.
Following the predicted secondary structure, we model

VP35146−221
O−C and observe that helices from VP35152−164

O ,
VP35174−183

O , and VP35195−204
C span the region intermediate to

the oligomerization domain and the C-terminal domain.
VP35222−340

C follows the exact known structural assembly of
the crystal structure, and shares no interface with adjacent
chains. Considering the residues of VP35 sharing an interface
with residues of an adjacent chain, we find that a network of
symmetric interchain salt bridges and interchain disulfide
bonds acts as cages to maintain the integrity of the tetrameric
structure (Figure 3). Eight such interchain salt bridges between
Lys6-Glu31 and Arg37-Asp42 of each adjacent chains help to
maintain the integrity of the assembly despite no predominant
regular secondary structure in the N-terminal of the protein.
Additionally, 12 such interchain salt bridges (four each
between Glu108-Arg110, Lys141-Asp143, and between
Arg133-Glu177) and four interchain disulfide bonds
(Cys79A-Cys79D, Cys79B-Cys79C, Cys135A-Cys135D,
Cys135B-Cys135C) add to the much-needed rigidity of the
oligomerization domain. While the three (one) interchain salt
bridge (disulfide bond) networks are quite evident from the

Figure 3. Interchain salt bridges (in orange) and disulfide bonds (in red) in the modeled tetrameric assembly of VP35. Top view of individual salt
bridge networks and disulfide bond networks between residues (from top left anticlockwise) Arg37 and Asp42, Cys79 and Cys79, Glu108, and
Arg110, Cys135 and Cys135, Arg133 and Glu177, Lys141 and Asp143 and between Lys6 and Glu31 in adjacent chains of the VP35 tetramer.
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plausible assembly of the known oligomerization domain,9 the
entire modeled structure of the tetramer informs us about
novel salt bridge networks between Lys6-Glu31 and Arg133-
Glu177 along with a disulfide bond between Cys135 in
adjacent chains.
We perform Molecular Dynamics (MD) simulation using

GROMACS 5.1.5 to carry out a comprehensive analysis of the
arrangement, dynamics, and stability of the modeled VP35
tetramer. We construct the entire tetrameric assembly in three
steps (i) modeling of the extended oligomerization domain
(four chains each containing VP35O), (ii) modeling the
tetramer containing both the N-terminal and the oligomeriza-
tion domain (four chains each containingVP351−185

N−O ), and (iii)
building the entire VP35 tetramer (four chains each containing
VP351−340

N−C ). We perform 100 ns MD simulations for the
tetrameric assembly generated in each of these steps. We
analyze the RMSD, root-mean-square fluctuation (RMSF), and
the number of hydrogen bonds for each MD simulation
(Figure S1), where the RMSD corresponds to the combined
deviation of the four chains of the tetrameric assemblies. The
detailed analysis of the MD simulation for the first two steps is
provided in the Supporting Information.
Considering the MD simulation of the entire tetrameric

assembly, we find the RMSD peaks at 2.1 nm and stabilize
within 20 ns of the simulation (Figure S1G). The RMSD plot
captures the RMSD of each protein structure in the sampled
frames (across the MD simulation) with respect to the initial
protein structure. As a protein undergoes MD simulation, the
kinetic energy of the individual atoms along with many other
interactions result in the fluctuations of the RMSD value which
stabilizes once the structure attains an equilibrium state.

Although the extent of conformational change is not a direct
measure of a protein’s stability, a nonplateauing RMSD plot
indicates poor structural integrity and possible unfolding. The
RMSF plot (that measures the fluctuation of each residue in
uniformly sampled protein structures across the MD
simulation) of the entire assembly in Figure S1H indicates
sizable fluctuation of residues in VP35195−230

C and suggests a
highly flexible intermediate region between the C-terminal and
the oligomerization domain of the VP35 protein. The flexibility
of the intermediate region and the flexibility of the highly
unstructured N-terminal domain contribute to the high RMSD
of the modeled tetramer. An excellent average Pearson
correlation coefficient (PCC) of 0.83 between the RMSF of
residues in individual chains suggest highly correlated and
symmetric dynamics in the tetrameric assembly. The number
of hydrogen bonds after a steady increase saturates at around
60 ns and averages at 895 for the entire duration of the
simulation (Figure S1I). We find that the number of interchain
hydrogen bonds (computed for 100 frames using HBPLUS30)
steadily increases to a maximum of 100 and averages at 75 for
the entire duration of the simulation (Figure S2A). A very
similar trend is also observed for the interchain salt bridges (a
steady increase to a maximum of 27 with an average of 21)
(Figure S2B). We find that residues participating in symmetric
interchain salt bridges with alternative residues bearing
opposite polarity in adjacent chains support the modeled
tetrameric assembly to remain intact during the 100 ns of MD
simulation. Interestingly, the residues of the N-terminal
interacting with adjacent chains continue similar interactions
for the 100 ns of the simulation. The stability imparted to the
interacting residues due to the two interchain salt-bridge

Figure 4. (A) Linkers between residues that fluctuate with a cross-correlational coefficient between 0.8 and 1 across the four chains of the tetramer
(in red). (B) Linkers between residues that fluctuate with a cross-correlational coefficient between −0.6 and −0.8 across the four chains of the
tetramer (in blue). Figures are generated using the DynaMut web server.
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networks is sufficient to hold the interacting stretches of the N-
terminal together. Despite the presence of highly flexible loop
regions in the N-terminal, the interacting stretches continue to
interact for the entire duration of the MD simulation.
Figure S3 presents the variation in secondary structure for

the 340 residues across the four chains of the tetramer
computed using the STRIDE31 software. Observing the
distribution of the secondary structures, we note that 83% of
protein reports a consistent secondary structure during 75% of
the simulation time. We find that regions like VP35152−164

O ,
VP35174−183

O , and VP35195−204
C are transient helices and, at

times, partly convert to loop. These transient parts along with
the existing loop provide the much necessary flexibility to the
intermediate region joining the oligomerization domain to the
C-terminal of the protein. The flexibility in this region allows
the C-terminal to interact with multiple human proteins and in
the process facilitate inhibition of interferon activation.
The symmetry in a protein’s oligomeric assembly influences

its flexibility.32 Therefore, it is important that we observe the
same for the C-terminal domain of the modeled VP35
tetramer. Although the modeled tetramer has a symmetrical
structure, no additional constraints are imposed to accom-
modate the same during the MD simulation. Instead, we
intend to analyze the flexibility and symmetry of the modeled
structure in the context of its unconstrained motion.
Considering VP35186−340

C , we find that the average RMSF of
the residue stretch 186−340 (0.99 nm) is much higher than
the average RMSF for the entire tetramer (0.78 nm). The
observation suggests that the modeled VP35 tetramer
accommodates the much needed flexibility of the C-terminal
domain. Well correlated fluctuations of residues among
different chains of an oligomer indicate symmetric movement
of the constituent parts. We observe an average PCC of 0.75 of
the RMSF of the residue stretch 186−340 among all the four
chains of the modeled tetramer. Our analysis of the C-terminal
domain indicates symmetry and the necessary flexibility
needed for interacting with different human proteins.
We use the Bio3D package27 provided by the DynaMut web

server28 for NMA. The deformation energy (Figure S4A,B)
and fluctuations (Figure S4C,D) of individual residues in the
tetrameric assembly computed using the first ten nontrivial
normal modes reestablish that residues in the intermediate

region of the N-terminal and oligomerization domain and
residues in the intermediate of oligomerization domain and the
C-terminal domain are prone to maximum deformation.
Analyzing the cross-correlation coefficient between all residues
in the entire tetrameric assembly (computed by considering all
normal modes), we find that the fluctuation of identical
residues across the four chains is highly correlated, and the
fluctuation in residues in the N-terminal sharing an interface
with the residues of the adjacent chain reports a high negative
cross-correlation with the fluctuation of residues in the upper
half of the oligomerization domain (Figure 4).
Similar to MD simulation, no separate symmetry based

constraints are set for the NMA. Considering the C-terminal
domain of the modeled tetramer, we find that the residues
186−230 have an average deformation energy of 0.32 (the
energy term has no unit33) which is much higher than the
average deformation energy of 0.12 for the entire tetramer.
These sets of residues fluctuate heavily according to the NMA
and they provide the much needed flexibility to the C-terminal
region. In addition, we find that the fluctuations in VP35186−340

C

are well correlated (average PCC about 1.00) and indicate
toward symmetric motion of the residues. Hence, we conclude
that the C-terminal domain demonstrates symmetry and is also
flexible for necessary interactions with different human
proteins.

Establishing VP35’s Interaction with Human PKR

Adhering to our hypothesis that the IID of VP35 directly binds
with PKR to prevent it from autophosphorylation, we analyze
plausible interactions between them. We dock22,23,34−37 the I-
TASSER modeled PKRK with VP35C (as modeled earlier by
us) to shortlist SC1, SC2, and SC3 based on physicochemical
specifications (detailed in Material and Methods section) and
manual observations regarding the VP35C−PKRK interaction
(Figure 5A−C). In all the three SCs residues 305, 309, and 312
along with a subset of residues from VP35186−200

C share an
interface with residues responsible for the dimerization of
PKRK.
Although we shortlist three complexes, we find that the

VP35C interface is almost identical while allowing variation in
the way PKRK binds to the viral protein. The VP35 interface
being almost identical for the three SCs is used to identify hot
spots, which when mutated lead to reduced binding affinity

Figure 5. (A) SC1, (B) SC2, (C) SC3 with the interface residues of PKRK shown in green color. The interface residues of VP35C are shown in
magenta color, and the residues mutated in the Midstretch of VP35C while performing protein design (Middes) using EvoDesign are shown in
marine color. (D) The interface residues of VP35 in the 3 SCs along with their respective mutations, according to Middes as determined using
EvoDesign.
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with PKRK. In Figure S5, we superimpose all SCs with the
predicted tetrameric structure (chain A) of VP35. In Figure
S5A and Figure S5C, we find that on superposing the SCs, the
constituent PKRK does not interfere with the remaining
tetrameric structure of VP35, although, for SC2 (Figure S5B),
the PKRK does interfere marginally with the tetrameric
structure. However, considering the fact that the VP35C is
highly flexible owing to the high deformability of VP35168−221

O−C ,
the PKRK in SC2 can be accommodated without possible
interference in the VP35 tetramer. Considering the three SCs,
the residues of VP35C sharing an interface with PKRK spans
over three stretches: VP35192−201

C , VP35305−313
C , and VP35230−239

C

along with the patch VP35267−279
C (further discussed as

Midstretch).
Literature informs that any two out of three alanine

replacements at position 305, 309, and 312 will inhibit VP35
from antagonizing PKR autophosphorylation. Therefore, we
consider position 309 and 312 to examine the binding affinity
of the SC1, SC2, and SC3 with the PKRK dimer by
accommodating the Lys309Ala and Arg312Ala mutations
(denoted as Ala_mut). We perform 100 ns MD simulation
for the PKRK dimer, for each of SC1, SC2, SC3, and in the
corresponding conformations accommodate the two alanine
replacements. Figure S6 contains the RMSD and Radius of
gyration (Rg) plots for each of the protein complexes while
Table S1 includes the peak RMSD values and the average Rg
values corresponding to their simulations. The RMSD values
of all the complexes are more or less comparable with a slightly
higher Rg value for the PKR

K dimer possibly due to its bigger
size. We consider 100 frames of coordinate information of the
protein complexes sampled at regular intervals during the 100
ns of simulation for our analysis. We compute the average of
the noncovalent interactions (consisting of the number of
interprotein hydrogen bonds and salt bridges) and interaction
energy (computed using the AnalyseComplex module of
FoldX38) between the interacting proteins in the chosen
complexes for our comparison (Table 1).
We find that in SC1, the average noncovalent interactions

are the same as that of the PKRK dimer and the interaction
energy of the kinase dimer is only marginally lower than that of
SC1. However, the number of noncovalent interactions drops
drastically to six and the interaction energy increases to 2.45
kcal/mol for Ala_mut of SC1, although geometric fitting24 for
Ala_mut of SC1 is better than that of the PKRK dimer (Table
S2). For SC2, the number of noncovalent interactions is one
less than that of the PKRK dimer. However, the interacting
energy (−3.81 kcal/mol) for the SC2 complex is much lower
than that of the kinase dimer. Again, Ala_mut of SC2 results in
much lower noncovalent interactions (only seven) but with
higher interaction energy (−0.7 kcal/mol) than native SC2.
The interface packing and surface complementarity of SC2 are
higher than both the PKRK dimer and SC2 with Ala_mut.

Analyzing SC3, we find that the noncovalent interaction of the
complex is comparable with that of the PKRK dimer, although,
with interaction energy of −2.75 kcal/mol, the SC3 is much
more stable than the PKRK dimer. SC3 with Ala_mut, report
three more noncovalent interactions as compared to SC3 but
again report higher interaction energy (0.97 kcal/mol). The
interface packing and surface complementarity of SC3 are
again better than that of the kinase dimer and SC3 with
Ala_mut. Summarizing three SCs, we observe an overall higher
binding affinity between VP35C and PKRK than in the PKRK

dimer, indicating the possibility of direct interaction with
VP35C, which in turn prevents the PKR from dimerization.
The fact that the noncovalent interactions and interaction
energy of the PKRK dimer primarily lies in between that of the
native SCs and the Ala_mut SCs further validates the reason
why the alanine replacements inhibit VP35C from antagonizing
PKRK autophosphorylation.

Protein Design to Identify Interacting Hotspots in VP35

Truncation of VP351−200
N−C and the alanine replacements in

residues 305, 309, 312 of VP35305−312
C both inhibit VP35 from

antagonizing PKR autophosphorylation. While the alanine
replacements experiment at 305, 309, and 312 ensure that
VP35 does not antagonize the autophosphorylation of PKR, it
is difficult to comment on the fold level integrity of the protein
due to such replacements. We perform computational protein
design39−41 in the Midstretch residues to evaluate the binding
potential of an unexplored stretch in the VP35 protein. The
protein design algorithm6,13,40,41 explores the possible
mutations in the VP35 protein that will not compromise its
structural integrity and therefore provide us with a better
opportunity to study the altered binding affinity in the chosen
complex. We design the Midstretch of VP35 to witness an
altered binding affinity among the two proteins. The efficacy of
computational protein design to predict EBOV VP24
mutations in disrupting its interaction with Human KPNA56

is already established. Computational protein design is also
successfully exploited in designing protein sequences (or
sequence patches) for advancing the development of novel
therapeutics.12,13 Protein design ensures the generation of
novel amino acid sequences following the homology
information of the target protein while ensuring the fold
level fitness of the entire protein. During protein design, we
consider three design sequences each one from SC1, SC2, and
SC3 (hereafter called Middes), in which certain residues in the
Midstretch (Figure 5D) of the VP35 protein are mutated. We
tabulate the details on the mutations reported in Middes of the
three SCs in Table S3.
Adhering to the same kind of analysis as mentioned in the

previous section, we compare the binding affinity of all the
modeled SCs with the SCs accommodating the Middes
mutations. Figure S6 and Table S1 contain the RMSD and

Table 1. Summary of VP35−PKR Interaction for the Shortlisted Complexes Averaged over 100 ns of MD Simulation

SC1 SC2 SC3

complex IAa NCBb IEc IAa NCBb IEc IAa NCBb IEc

native 986 11 0.21 737 10 −3.81 871 11 −2.75
PKR_Dimer 1071 11 −0.11 1071 11 −0.11 1071 11 −0.11
Ala_mut 703 6 2.45 783 7 −0.70 956 14 0.97
Middes 705 10 2.00 865 10 −2.60 763 10 0.42

aIA: Interface Area (Å2) rounded off to the nearest integer. bNCB: Number of noncovalent bonds (hydrogen bonds and salt bridges) rounded off
to the nearest integer. cIE: Interaction energy (kcal/mol), higher the value lower is the interaction.
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Rg data corresponding to these mutations for the respective
SCs. We again consider the average of the noncovalent
interactions and interaction energy between the interacting
proteins in the SCs and their corresponding Middes mutations
across the 100 frames sampled across 100 ns of MD
simulations (Table 1). We note that the Middes mutations
of SC1 (Middes_SC1 in Figure 5D) result in one lesser
noncovalent interaction and increased interaction energy
compared to SC1 (and the PKRK dimer). In SC2, we find
that the Middes mutations (Middes_SC2 in Figure 5D) result
in a similar number of noncovalent interactions, higher
interaction energy than native SC2, but lower interaction
energy than the PKRK dimer. Interestingly in SC3, only one
mutation (Ser272Asn) in the Midstretch is sufficient to result
in a lower number of noncovalent interactions and higher
interaction energy than both native SC3 and the PKRK dimer.
Although both the alanine mutations and the Middes
mutations lead to decreased binding affinity than the native
protein complexes, a direct comparison of the two is difficult as
we are unaware of the structural changes induced by the
alanine mutations in the VP35 protein. It is important to note
that the output of protein design on the Midstretch of VP35C

provides alternative residue mutations that will ensure the fold
level integrity of VP35C but in no way determines its
interaction affinity with its binding partner. Many of the
alternative mutations in the Midstretch lead to an increased
affinity with PKRK, but we carried our analysis only on those
mutations that lead to a decreased affinity with PKRK. The
analysis of the Middes mutations indicates that the Midstretch
can be alternatively explored in wet-lab experiments to
plausibly inhibit VP35 from interacting with PKR.

■ CONCLUSION

Considering the overarching importance of the VP35 protein
in the EBOV−human protein interaction landscape, we model
the tetrameric assembly (structure) of the viral protein. In a
piece-wise manner, the structural information of about 67% of
only one subunit out of four subunits of the VP35 protein is
known. Nevertheless, an entire tetrameric assembly of the 340
residues long VP35 protein is of immense importance to better
comprehend the structural characteristics of the viral protein.
The stability and dynamics of the modeled tetramer are
assessed and analyzed with the help of MD simulations and
NMA. The simulations indicate highly symmetric behavior
among identical residues across all the four chains of the
tetramer. In the tetrameric assembly, we identify five
symmetrical interchain salt bridge networks and two interchain
disulfide bond networks between the adjacent chains that are
responsible for the integrity of the entire assembly of the viral
protein. We note that the flexibility of the VP35C in engaging
human IFN antagonism is due to the highly flexible
VP35168−221

O−C region (present in the intermediate region
between the oligomerization domain and the C-terminal
DNA binding domain/IID). We predict transient helical
subunits in VP35168−221

O−C that along with adjacent loop regions
provide the much-needed flexibility to the C-terminal. From a
computational modeling point of view, the construction of the
VP35 tetramer posed unique challenges owing to the large
stretches of residues with no regular secondary structure and
the presence of a large coiled-coil oligomerization domain.
Hence, the protocol followed to construct the assembly that
can also be extended to model a similar assembly of proteins.

In addition to the computational modeling of the tetrameric
assembly, we propose interactions between the VP35C and
PKRK molecules plausibly responsible for the VP35 in
inhibiting the autophosphorylation of the PKR. While
establishing our hypothesis, we present three shortlisted
docked complexes that best represent the interaction between
the VP35 and PKR proteins. MD simulation studies suggest
that in the shortlisted complexes, PKRK has a greater affinity
toward VP35C as compared with its affinity for another PKRK

molecule in a PKRK dimer. The findings suggest the possibility
that VP35 directly interacts with PKR through its dimerization
interface and prevents it from autophosphorylation. The MD
simulation of the shortlisted complexes subject to alanine
replacements in Lys309 and Arg312 of the VP35 protein
indicate reduced stability than a PKRK dimer. The observation
is in line with the experimental fact that alanine replacements
of any two residues among Arg305, Lys309, and Arg312 of the
VP35 protein resulted in its inability to stop PKR’s
autophosphorylation. Through a protein design study, we
locate mutations in VP35230−239

C and VP35267−279
C which

noticeably weaken the interaction between the VP35 and
PKR proteins. For experimental validation, the stretch we
consider for protein design can prove to be a specific target for
selected small molecule inhibitors.
Computational alternatives (and augmentation) to wet-lab

experimentation are particularly important as the EBOV is
highly contagious. In the present work, we present a
computationally predicted tetrameric structure of the VP35
protein to augment our understanding regarding the assembly,
dynamics, and bonding patterns of the viral protein. Further,
we show that VP35 competitively binds with PKR and
prevents it from autophosphorylation. Toward this direction,
we provide extensive analysis from docking and design studies
to establish the hypothesis and identify novel interacting
hotspots in the VP35 protein that can be considered for drug
discovery.
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