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Glycoprotein attachment with host cell surface receptor ephrin B2
and B3 in mediating entry of nipah and hendra virus:
a computational investigation
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Abstract. Nipah virus (NiV) and Hendra virus (HeV) are highly pathogenic paramyxovirus which belongs
to Henipavirus family, causes severe respiratory disease, and may lead to fatal encephalitis infections in
humans. NiV and HeV glycoproteins (G) bind to the highly conserved human ephrin-B2 and B3 (EFNB2 &
EFNB3) cell surface proteins to mediate the viral entry. In this study, various molecular modelling
approaches were employed to understand protein-protein interaction (PPI) of NiV and HeV glycoprotein
(84% sequence similarity) with Human EFN (B2 and B3) to investigate the molecular mechanism of
interaction at atomic level. Our computational study emphasized the PPI profile of both the viral glyco-
proteins with EFN (B2 and B3) in terms of non-bonded contacts, H-bonds, salt bridges, and identification of
interface hotspot residues which play a critical role in the formation of complexes that mediate viral fusion
and entry into the host cell. According to the reports, EFNB2 is considered to be more actively involved in the
attachment with the NiV and HeV glycoprotein; interestingly the current computational study has displayed
more conformational stability in HeV/NiV glycoprotein with EFNB2 complex with relatively high binding
energy as compared to EFNB3. During the MD simulation, the number of H-bond formations was observed to
be less in the case of EFNB3 complexes, which may be the possible reason for less conformational stability in
the EFNB3 complexes. The current detailed interaction study on the PPI may put a path forward in designing
peptide inhibitors to obstruct the interaction of viral glycoproteins with host proteins, thereby inhibiting viral
entry.

Keywords. Protein-protein interaction; NiV and HeV glycoprotein; EFNB2; EFNB3; MD simulations;
hotspot residues; B-cell epitope.

and genus Henipavirus, are highly pathogenic and
considered as zoonotic diseases.' The viral entry is the

The recent pandemic highlighted the need to study the
vulnerability of humans due to viral outbreaks, and
understandably, getting clarity on the primary step,
which is viral entry into the host, is of outstanding
importance. While there is an unprecedented activity
in exploring the structural basis for the COVID-19 and
other coronavirus infections, the indispensability of
exploring various classes of viruses has become
apparent in recent times. NiV and HeV viruses, known
as the paramyxovirus, comprised of Paramyxoviridae
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significant target for developing antivirals, small
peptide design, and different epitope-based antibody
generation.” The structural investigation of NiV and
HeV virus glycoprotein in complex with the human
receptor cell surface proteins Ephrin-B2 (EFNB2) and
Ephrin-B3 (EFNB3) has been extensively studied to
find the potential antivirals and vaccines to interrupt
the viral interaction mediated fusion.” The henipavirus
virion contains two viral membrane proteins named
glycoprotein and the membrane fusion (F) protein to
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mediate the viral entry and fusion into the host cell. In
the human host, there are two cell surface receptor
proteins EFNB2 and B3, from the large receptor tyr-
osine kinase family.* The EFN proteins are normally
bidirectional signaling proteins.>” The EFNB2 and B3
are reported as the potential receptors interacting with
the henipavirus glycoprotein for mediating the viral
interaction, followed by the activation of fusion pro-
tein for membrane fusion and replication.”” The
henipavirus glycoprotein is a type Il membrane protein
that consists of a globular head, an N-terminus tail, a
transmembrane domain, and a stalk domain; however,
the EFN receptors are bound to the central cavity of
the B-propeller head domain of both the NiV and HeV
glycoproteins.*> Molecular characterization and vari-
ous computer-aided drug discovery methods have been
proposed to identify novel inhibitors to combat the
NiV and HeV viral entry into the human cell.®” Fur-
thermore, various neutralizing vaccines have been
developed and reported to bind to the human EFN G-H
loop to disrupt the attachment of Henipavirus glyco-
protein followed by deactivating the fusion protein
thereby stopping the membrane fusion and replication
of the virus in the human cell.**

Although various structural and in vivo studies have
been reported on the attachment of NiV and HeV
glycoproteins with human EFNs, the detailed mecha-
nism of viral glycoprotein attachment with the EFNB2
and EFNB3 proteins is not clear.'” The reported
interface residues in the G-H loop (hydrophobic sur-
face) of EFNs have shown potential binding towards
the central cavity of the viral proteins by forming a
few salt bridges and hydrogen bonds.” Identifying the
other probable interacting interface residues sur-
rounded by the interface G-H loop and the central
cavity of the virus is an important step; the available
information in this regard is scarce. The current
computational modelling study focuses on under-
standing the stability and conformational changes of
protein-protein interaction (PPI) complexes (NiV and
HeV glycoprotein with both EFNB2 and B3).

Various epitope-based peptides have been shown to
have potential activity in developing vaccines against
the NiV and HeV virus glycoprotein and the fusion
proteins by applying both In vivo and In silico
approaches.!' In vivo studies have shown that the
human monoclonal antibody along with various
developed models, is successful antibody therapy in
targeting the henipavirus glycoproteins.'>'* In the
computational study of human and NiV/HeV virus PPI
pathways, various human cell surface proteins have
been identified to have interactions with the six
structural NiV and HeV proteins.'® Various molecular
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modelling studies have been applied to understand the
molecular mechanism of PPI at an atomic level and to
decipher the hotspot residues for drug designing and
the effect of mutation on a protein’s structure and
function.'®'® The study was evaluated by analysing
the binding energy of the trajectory throughout the 250
ns MD simulations,”® the changes occur in the sec-
ondary structure of the PPI complex, identification of
hotspot residues from the last 50 ns average structure
extracted from the 250 ns MD trajectories.

1.1 Receptors Ephrin-B2 (EFNB2) and Ephrin-
B3 (EFNB3)

EFNB2 and EFNB3 belong to B-class ephrins, which
are identified as potential henipaviral receptors in
facilitating viral entry, followed by the activation of
the fusion protein to mediate the virus-host fusion.?'
Human EFNB2 and B3 are the cell surface membrane
proteins that belong to the large receptor tyrosine
kinase family and mediate bi-directional cell-cell sig-
naling involved in tumorigenesis, different types of
cancer, etc.”> The EFNB2 and B3 showed 38.7%
identity and 53% similarity (Figure S2, SI) across
amino acid sequences and can support the NiV and
HeV infection in the host cell. The 3D structure of
NiV/HeV glycoprotein in complex with EFN B2 and
B3 is represented in Figure 1.

1.2 The binding of NiV and HeV glycoprotein
to the receptors EFNB2 and B3

The literature comprising structural studies on the viral
glycoprotein attachment revealed that the monomeric
glycoprotein head domain binds to the ephrin mole-
cule in equal affinity and produces effective infection
in the human body. Several reports have suggested that
NiV and HeV glycoproteins procure the same binding
affinity towards both EFNB2 and B3 proteins. The
G-H loop of both the EFNs contains structural diver-
gence and hence sits on the central cavity of the
henipavirus glycoprotein. The G-H loop is the
hydrophobic surface having 15 amino acid lengths and
only a few selected residues such as Phel17, Pro119,
Leul2l, and Tyr122 of the EFNB2 and Tyrl20,
Tyr122, Leul24, and Tyr125 of EFNB3 shows inter-
action with respective NiV and HeV glycoproteins
central cavity.***”>* The amino acid residue Tyr122
functions as a ‘latch’ to enable the glycoprotein
receptor association.” The formation of salt bridges in
the hydrophobic surface of the G-H loop contributes
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Figure 1.
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Structures of (A) NiV glycoprotein/Ephrin-B2 (B) HeV glycoprotein/Ephrin-B2 and (C) NiV glycoprotein/

Ephrin-B3 (D) HeV glycoprotein/Ephrin-B3 complexes with their respective interface regions. The interface residues are
depicted in the square box. The NiV glycoprotein is colored in green in both the complexes and the HeV glycoprotein is
colored in cyan in both the complexes. EFNB2 is colored in yellow and EFNB3 is colored in magenta.

more binding affinity towards the formation of the PPI
complex. Several structural studies have reported that
the residue Glu533 of NiV glycoprotein forms two salt
bridges with Arg57 and Lys116 in EFN receptors that
are found to have more affinity towards binding both
proteins.”**> Whereas, the residues Glu501 and
Glu533 in the HeV glycoprotein involved in the salt
bridge formation. With the guidance of the available
structural information, the current study instigates the
detailed investigation of PPIs to identify hotspots and
may put a way forward in inhibiting the viral entry.

2. Computational
2.1 Protein complex setup

The crystal structure of NiV glycoprotein (PDB ID-
3D11)’ and human Ephrin-B3 (PDB ID-4BKF)*
proteins were downloaded separately from Protein
Data Bank.”® The protein complex was then prepared
through docking in HADOCK webserver.”” The best-
modelled protein complex was presented according to
their respective HADDOCK scores, cluster size, and
different energy parameters such as van der Waals
energy, electrostatic energy, etc. along with the Z
score. The PPI complex of NiV glycoprotein and
human Ephrin-B2 complex structure (PDB ID-
2VSM)4 was downloaded from Protein Data Bank

(PDB).?® The complex was modelled using SWISS-
Model Expasy® due to missing residues, and the final
model was validated using Ramachandran plot. The
next PPI complex of Hendra virus (PDB ID — 6PD4)’
and human Ephrin-B3 (PDB ID-4BKF)* were
downloaded from PDB, and the complex was gener-
ated through docking in HADDOCK webserver. Then
the HeV glycoprotein with Ephrin-B2 complex was
downloaded from PDB (PDB ID- 6PDL)’ and mod-
elled using SWISS Model Expasy due to presence of
missing residues. Prior to MD simulation, all the
complexes were cleaned by removing ions and sol-
vents using UCSF chimera.”’

2.2 Molecular dynamics MD simulations
and MMPBSA calculations

GROMACS 5.0.4 package has been used to perform
the MD simulations®® with CHARMM36 force ﬁeld,31
and simple point charges (SPC) water model and
systems were equilibrated.’ Periodic boundary con-
dition (PBC) was imposed on the system to eliminate
the boundary effect (Table S2, SI). A cutoff distance
of 1A was set. The system was energy minimized with
the steepest descent algorithm with 25000 steps. All
the systems were subjected to 500 ps pre-equilibration
run under two different ensemble processes, namely
NVT and NPT. All the bond lengths and angles were
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constrained during the simulation by employing the
LINCS algorithm.?* MD run was conducted for 250 ns
saving the data for every 500 picoseconds (ps). The
simulation was conducted using periodic boundary
conditions, under NVT ensemble, with a constant
temperature of 300 K and 1 atm pressure. Trajectory
by Trajectory analyses have been carried out by
employing various modules of the GROMACS pack-
age, particularly RMSD and RMSF have been calcu-
lated to study the deviation, fluctuation, and radius of
gyration of complexes with respect to their native un-
equilibrated structures and plotted using Xmgrace
tool.>* Binding free energy (BFE) estimation was
obtained using the well-known Molecular Mechanics
Poisson- Boltzmann Surface Area (MM-PBSA)
method.* The following equations illustrate the pro-
cedures employed to obtain the binding free energy
values.

(Gproteinl + Gprotein2) (1)

where the free energies for each species were evalu-
ated by the following scheme:

AC}binding = Gcomplex -

Gx = Emm + Gsolvation (2)
Emm = Ebonded + Enon—bonded

= Ebonded + (Evaw + Eetec) (3)
Gyolvation = Gpolar T Grnon—polar (4)
Ghon—polar = YSASA + b (5)

In the above equations, AEyp corresponds to the
molecular mechanical energy changes in the gas
phase. AEyny includes AE;nged, 2lso known as inter-
nal energy, and AE,upondea, cOrresponding to the van
der Waals and electrostatic contributions. Both polar
and non-polar components of the solvation energy was
calculated. AGgopvation 18 the sum of Gpgpar and Gpon-
polarr The formal surface area values have been
obtained by employing the following equation and
using the solvent accessible surface area (SASA), i.e.,
Gron-polar = YSASA + b, where vy is the surface tension
of 2.27 kJmol 'nm ™2, and b is a constant with a value
of 3.85 kJmol ™', which has been calculated by using
the Poisson—Boltzmann (PB) model.*¢

2.3 Protein-Protein interaction profiling

Profiling of the PPI complexes was conducted using
the PDBsum server.”’ The analysis was performed
for four sets of complexes (NiV glycoprotein/
EFNB2, HeV glycoprotein/EFNB3, HeV
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glycoprotein/EFNB2, and HeV  glycoprotein/
EFNB3), the initial complex, and the average
structure from the last 50 ns trajectory of the MD
simulation. The PDBsum web server provides
image-based structural information about proteins.
The database provides a description of the bound
molecules and a graphic showing interaction
between the protein and secondary structure. The
various interaction, including the number of H-bonds
formed between the chains of the PPI complex, the
salts bridges, and the non-bonded contacts, can be
observed from the PDBsum server.

2.4 Hotspot residue identification

In the case of PPI, the hotspot residues play a crucial
role by contributing more toward the binding energy.
In a PPI complex, hotspot residues are considered as a
small portion of amino acids in the interface, which is
the main target for drug discovery and can be identi-
fied by alanine scanning mutagenesis.”® Hotspot
identification of the four complexes in the study was
carried out by using open-sourced servers Robetta,*”*
KFC2,*" and DrugScore"™™*? for cross-validation.

2.5 Principal Component Analysis (PCA)
and Free Energy Landscape (FEL)

PCA is a common method used to study the dom-
inant modes in the motion of the molecule. PCA
extracts the dominant modes from the protein tra-
jectories of the molecular dynamics simulation and
observes the rotational motion throughout the MD
trajectory. To get the average geometrical center of
the molecule and the configurational changes in the
protein structure can be constructed by using the
covariance matrix. The covariant matrix forms a
number of eigenvectors that give each component’s
motion along with the direction of motion. In the
current study, GROMACS utilizes the g_covar and
g_anaeig to construct PCA for analyzing the MD
trajectories.****

Both PCA and FEL approaches are very much
useful in studying the conformational changes and
dynamics properties of the protein-protein com-
plexes.** The Gibbs free FEL was generated from the
two principal components (PCl1 and PC2) using
g_sham module to capture the lowest energy con-
former locations. The PCA-FEL analysis was per-
formed for the 250 ns MD trajectory for the four sets
of PPI complexes.
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2.6 Protein sequence retrieval and B-cell epitope
prediction for the NiV and HeV glycoproteins

Epitope prediction is essential for developing the
antibody against the antigen (viral protein) that can
detect and counteract the bioactive molecules to
interrupt the viral interaction and entry into the host
cell. In the case of henipavirus, the glycoprotein and
the fusion envelope proteins are considered antigenic
proteins as they show a more antigenic propensity
towards epitope prediction.*> Immunoinformatics
approaches are widely used to predict the epitopes by
analyzing B-cell and cytotoxic T-cells by using vari-
ous bioinformatics tools.**™*® The NiV glycoprotein
(Accession ID: Q9IH62) and HeV glycoprotein
(Accession ID: 089343)fasta sequences were obtained
from the NCBI database (https://www.ncbi.nlm.nih.
gov/protein).*’ The sequence analysis of both NiV and
HeV glycoproteins showed 89.2% sequence similarity
and 78.5% sequence identity among both sequences
(Figure S1, SI).

In the present study, B-cell epitope prediction was
carried out using the ABCPred server’® (http://crdd.
osdd.net/raghava/abcpred/) which uses an artificial
neural network to predict the B-cell epitope(s) by
taking the antigen sequence. The accuracy of the ser-
ver in predicting the epitope is 65.93%. Another online
server BepiPred’'  (http://www.cbs.dtu.dk/services/
BepiPred-2.0/) was also used for the B-cell epitope
prediction. BepiPred-2.0 essentially works with the
random forest algorithm with a reasonably high
accuracy score.'® Then, by default, parameters were
set for the analysis. The 20mer amino acid sequences
that were commonly predicted from both servers were
considered the predicted epitopes.”*>

3. Results and Discussion

3.1 Molecular dynamics simulations
and MMPBSA analysis

The MD simulations result for the four complexes of
NiV and HeV G protein with EFNB2 and B3 were
obtained from 250 ns MD trajectories. To study the
stability and rigidity of the complexes, RMSD plot
was examined for each complex. The RMSD graph
was plotted in comparison between (A) NiV glyco-
protein/EFNB2 and HeV glycoprotein/EFNB2 and
(B) NiV glycoprotein/EFNB3 and NiV glycoprotein/
EFNB3 (Figure 2). In the case of NiV glycoprotein/
EFNB2 complex the RMSD showed a gradual increase
between 0 to 100 ns (0.1-0.75 nm) and converged to a
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constant value around 0.14-0.15 nm (Figure 2A, B and
Table S4, SI) in which the system was observed to be
in a less fluctuating state. However, HeV G/EFNB2
complex seems to fluctuate more between O to 175 ns
(0.25-0.27 nm) and converged to a constant value
around 0.18-0.2 nm after 175 ns in comparison to the
NiV glycoprotein/EFNB2 complex. In the other
comparative analysis of NiV and HeV glycoprotein in
complex with EFNB3, the NiV glycoprotein/EFNB3
complex showed a gradual increase in fluctuations
from 0-50 ns (i.e., 0.15-0.25 nm) and converged to a
stable value around 0.18nm-0.2nm after the 50 ns.
Whereas, in case of HeV glycoprotein /EFNB3 com-
plex the fluctuation was observed to be more starting
from 0.25-0.4 nm, up to 175 ns trajectory. The system
seems to be converged after 175 ns MD trajectory with
0.28 nm of RMSD.

To analyze the compactness of the PPI complexes
and its conformational dynamics in course of 250 ns
MD simulation, the radius of gyration (Rg) was
analyzed. In the case of NiV glycoprotein/EFNB2
complex the Rg value showed fluctuation in the
initial 50 ns MD simulation and the convergence
observed after 50 ns with Rg value of 2.4 nm (see
Figure 2C, D & Table S4, SI). However, in HeV
glycoprotein/EFNB2 complex it has been observed
that the continuous fluctuation started in the Rg after
135 ns of MD with a Rg value of 2.48 nm. In the
next set of analysis, in NiV glycoprotein/EFNB3 PPI
complex, the Rg showed fluctuation in the initial
MD simulations, and the fluctuation declined after
50 ns of MD with an Rg value of 2.45 nm. In the
case of HeV glycoprotein/EFNB3 the Rg value
showed fluctuation till 175 ns of the MD run and
obtained convergence after 175 ns with an Rg value
of 2.5 nm. The lower value of Rg signify com-
pactness in the complex structures, and high Rg
value states low compactness, indicating that the PPI
complex is highly fluctuating and less stable. The
above comparative analysis showed a clear picture
of the compactness of the NiV glycoprotein is more
towards the binding with EFNB2 protein as com-
pared to HeV glycoprotein. In the comparative
analysis with the EFNB3, the NiV glycoprotein/
EFNB3 complex showed more compactness than
HeV glycoprotein/EFNB3. The Rg was analyzed for
individual chains of the four sets of complexes of
250 ns MD trajectory. The individual Rg plots are
depicted in Figure S3, SIL

Throughout the simulation time, the total inter-
molecular hydrogen bond formation was estimated to
determine the conformational stability of the complex
(Figures 2E & F). The analysis indicates that the NiV
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Figure 2. Protein backbone root mean square deviation (RMSD), radius of gyration and the number of hydrogen bonds
graphs of NiV and HeV glycoproteins in complex with human EFN-B2 and B3 along 250 ns MD simulation. Black and red
colour represent the Nipah and Hendra virus complexes, respectively.

glycoprotein/EFNB2 complex had an average number
of twelve H-bonds while the HeV glycoprotein/
EFNB2 complex had ten H-bonds throughout the 250
ns simulations. While for NiV glycoprotein/EFNB3
complex, the average number of H-bonds decreased to

nine, and in the case of HeV glycoprotein/EFNB3
complex was found to be ten. So, the comparative
study indicates that the NiV and HeV glycoproteins
are forming more H-bonds upon binding with EFNB2
as compared to EFNB3.
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The RMSF value of chain A (NiV and HeV G
protein) and chain B (EFNB2) of the first set of
complexes was also analyzed to understand the
residual flexibility throughout the MD run. The aver-
age RMSF value of NiV glycoprotein is 0.10 nm and
EFNB2 is 0.10 nm (See Figure 3A, B & Table S4, SI).
In case of HeV glycoprotein/EFB2 complex the
average RMSF value of HeV glycoprotein is 0.11 nm
and EFNB?2 is also 0.11 nm. The comparative analysis
indicates that the HeV glycoprotein/EFNB2 complex
display more local fluctuation as compared to the NiV
glycoprotein/EFNB2 complex (Figure 3C). In another
set of complexes, the average RMSF value is 0.11 nm
for the NiV glycoprotein (chain-A) while the value
increased by 0.14 nm for the EFNB3 (chain-B) in the
PPI complex. The average RMSF value is 0.16 nm for
the HeV glycoprotein and the EFNB3 is 0.16 nm
(Figure 3D). The current analysis emphasized the high
residual fluctuation in the EFNB3 upon binding of
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both HeV and NiV as compared to the other set of
complexes that binds with EFNB2.

Furthermore, the solvent accessible surface area
(SASA) (Figure S4, SI) was analyzed in order to
determine the bimolecular surface area of the PPI
complexes from the 250 ns MD trajectories. The
average SASA value (Table S4, SI) of the NiV
glycoprotein/EFNB2 complex is observed to be
246.26 nm> and HeV glycoprotein /EFNB2 is 249.93
nm?. In another set of complexes, the average values
of the NiV G/EFNB3 is 251.5 nm? while the HeV
glycoprotein/EFNB3 the SASA value is 258.78 nm?.
The comparative study indicates that the SASA value
is more in case of the NiV and HeV glycoprotein while
binds with the EFNB3 as compared to the binding with
EFNB2 (Figure S3, SI). Likewise, the SASA was
calculated for each individual chains of the four set of
PPI complexes and the corresponding plots has been
depicted in Figure S5, SI.
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Figure 3. Root Mean Square Fluctuation (RMSF) graph of Nipah and Hendra virus complexes (A) chain-A of NiV
glycoprotein/EFNB2 and HeV glycoprotein/EFNB2 (B) chain-B of NiV glycoprotein/EFNB2 and HeV glycoprotein/
EFNB2 (C) chain-A of NiV glycoprotein/EFNB3 and HeV glycoprotein/EFNB3 and (D) chain-B of NiV glycoprotein/
EFNB3 and HeV glycoprotein/EFNB3 complexes during 250 ns MD simulation.
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The total binding free energy (BFE) was calculated
from the MMPBSA analysis for the four PPI complexes.
The BFE was observed to be -389.6 KJ/mol for the NiV
glycoprotein/EFNB2 complex and for HeV glycopro-
tein/EFNB?2 it is -333.6KJ/mol. However, the BFE of
NiV glycoprotein/EFNB3 is -301.2 KJ/mol which is
slightly lower in comparison with HeV glycoprotein/
EFNB3 i.e., -322.8 KJ/mol (Table 1). From the BFE of
the four complexes it can be seen that the NiV glyco-
protein and HeV glycoprotein displayed more binding
energy in complex with the EFNB2 as compared to
binding with EFNB3 throughout MD simulation. The
van der Waals energy which gives the most significant
contribution towards the interaction of atoms in both the
proteins, thus upholding the structural integrity and
stability of the complex throughout the MD run. The van
der Waals energy was found to be higher in case of NiV
glycoprotein/EFNB2 (-510.3 KJ/mol) and HeV glyco-
protein/EFNB3 (-458 KJ/mol) as compared to the PPI
complexes NiV glycoprotein/EFNB3 (-457.8KJ/mol)
and HeV glycoprotein/EFNB3  (-356.4KJ/mol).
Likewise, the electrostatic energy was also found
to be higher in the NiV glycoprotein/EFNB2
(-1410.2KJ/mol) and HeV glycoprotein/EFNB2
(-1432.6KJ/mol) as compared to the PP complexes NiV
glycoprotein/EFNB3 (-872.2KJ/mol) and HeV glyco-
protein /EFNB3(-901.3KJ/mol). Overall noncovalent
interaction® energies are observed to be higher in case
of the NiV and HeV glycoprotein in complex with the
EFNB?2 as compared to the EFNB3.

3.2 Interaction profile analysis

The protein profiling of the four PPI complexes was
analyzed for the initial structures (Table 2) and
compared with the average structure from the last 50
ns of the 250 ns MD trajectory using PDBsum server
which represents the interaction statistics showing the
interacting area as well as residues, salt bridges,
along with the non-bonded contacts. The protein
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profiling of all the four complexes was also analyzed
for the average structure extracted from each 50 ns of
250 ns MD trajectory (Table S1, SI). A quick
examination reveals that there is a significant reduc-
tion in the number of non-bonded contacts observed
in all the four PPI complexes after the complete MD
run.

3.3 Hotspot residue prediction analysis
and per residue energy contribution

The hotspot residue identification was performed using
four server viz. Robetta, DrugScorePPI, KFC2 and
pyDockEneRes server.””> pyDockEneRes server gives
the per residue energy for the PPI complex to obtain
the detailed understanding of the hotspot residues in
the protein-protein interaction interface. Hotspots are a
small portion of residues present across protein-protein
interface which contribute the majority of the BFE
towards the formation of PPI complex.’® Identification
of such residues can provide essential information
regarding the protein functions and will pave a way in
identifying potential antiviral and peptides to obstruct
the viral spread.'®>’ The interface hotspot residues
prediction was performed for four sets of complexes,
the initial structure (Table S3, SI) and the average
structure from the last 50 ns trajectory of MD simu-
lations. The identified hotspot residues were scored
higher value of per-residue energy contribution
obtained by using pyDockEneRes online server.”” In
case of the initial PPI complex of NiV G/EFNB2, a
total of sixteen residues were predicted as hotspot by
two and more servers. The predicted residues are
GIn490-A, GIn530-A, Trp504-A, Arg242-A, Glu533-
A, Asn557-A, Tyr581-A, Asnl23-B, Phell3-B,
Leul24-B, Trp125-B, Lys116-B, GIn118-B, Glul19-
B, Glu128-B, Phe120-B (Table S3, SI). Whereas, NiV
glycoprotein/EFNB2 average 50 ns trajectory complex
there are a total of fourteen number of residues were
predicted as hotspot by two or more servers. The

Table 1. MMPBSA analysis of Nipah and Hendra virus glycoprotein in complex with both human cell surface protein
Ephrin-B3 and Ephrin-B2.
Van der Waals Electrostatic ~ Polar solvation =~ SASA Binding
Henipavirus Complexes energy energy energy energy energy
Nipah Glycoprotein- Ephrin-B2 -510.3 -1410.2 1596.2 -65.3 -389.6
Glycoprotein- Ephrin-B3 -457.8 -827.2 1039.5 -55.7 -301.2
Hendra Glycoprotein- Ephrin-B2 -458.0 -1432.6 1620.5 -63.5 -333.6
Glycoprotein- Ephrin-B3 -356.4 -901.3 982.8 -47.9 -322.8

The energy terms (in kJ/mol) were calculated from the data obtained from last 50 ns trajectory
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Table 2..
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Comparison of interface statistics of the initial NiV glycoprotein-EFNB2, HeV glycoprotein-EFNB2, NiV

glycoprotein-EFNB3 and HeV glycoprotein-EFNB3 complexes (before MD) with the average complex structures extracted

from last 50 ns of 250 ns Molecular dynamics trajectory.

No. of No. of No. of non-
Nipah and Hendra interface  Interface salt No. of bonded
Virus Time PPI complexes residues  area (A?) bridges H-bonds contacts
NiV Glycoprotein Initial structure NiV Glycoprotein (A) 32 1373 3 21 218
and Human EFNB2 (B) 27 1473
EFNB2 Average NiV Glycoprotein (A) 24 1219 4 16 141
Str. from EFNB2 (B) 23 1257
last 50 ns
HeV Glycoprotein Initial structure HeVGlycoprotein (A) 30 1300 4 12 160
and Human EFNB2 (B) 26 1389
EFNB2 Average HeV Glycoprotein (A) 20 1123 2 11 75
Str. From EFNB2 (B) 16 1210
last 50 ns
NiV Glycoprotein Initial structure NiV Glycoprotein (A) 24 997 4 11 127
and Human EFNB3 (B) 19 1166
EFNB3 Average NiV Glycoprotein (A) 20 934 1 6 73
Str. From EFNB3 (B) 12 1089
last 50 ns
HeV Glycoprotein Initial structure HeV Glycoprotein (A) 26 1184 5 12 137
and Human EFNB3 (B) 26 1272
EFNB3 Average HeV Glycoprotein (A) 17 820 1 8 61
Str. From EFNB3 (B) 13 886
last 50 ns

For each complex, interface statistics obtained from PDBsum server.

predicted residues are Tyr389-A, Arg241-A, GIn420-
A, Trp504-A, Glu533-A, AsnS557-A, GIn559-A,
Tyr581-A, Lys106-B, Lys116-B, GInl118-B, Glul19-
B, Phe120-B, Leul24-B, Trp125-B (Table 3). In case
of the initial PPI complex of HeV glycoprotein/
EFNB2, a total of fourteen residues were predicted as
hotspot. The predicted residues are Tyr581-A,
Asn557-A, Thr531-A, Glu533-A, Trp504-A, Glu505-
A, Tyr389-A, GIn490-A, GIn530-A, Lysl113-B,
Ser118-B, Pro119-B, Asnl120-B, Leul24-B and the
HeV glycoprotein/EFNB2 average 50ns structure
presented a total of fourteen residues such as Tyr389-
A, GIn559-A, GIn530-A, Glu533-A, GIn490-A,
tyr581-A, Asn557-A, Tyr458-A, Trp504-A, Glul25-B,
Lys113-B, Phel17-B, Glul116-B and Leul21-B. In the
third set of PPI complex the initial NiV G/EFNB3
complex predicted eleven number of residues Thr531-
A, Asn557-A, GIn490-A, Serd91-A, Tyrl20-B,
Glul19-B, GInl118-B, Leul24-B, Lys116-B, Trp125-
B, Phe113-B as interface hotspot residues while a total
of six residues GIn559-A, Trp504-A, Tyr120-B,
Leul24-B, Glul19-B and Trp125-B are predicted as
hotspots for the average 50 ns complex. In case of the
fourth set of PPI complexes the initial complex of HeV
glycoprotein/EFNB3 thirteen residues (GIn490-A,
Glu533-A, Asn557-A, Tyr581-A, Thr531-A, GIn530-

A, Glull9-B, GInl18-B, Lysl116-B, Tyrl20-B,
Thr114-B, Leul24-B, Phell3-B) are predicted as
hotspot residues and six residues GIn490-A, Serd491-A,
Glul19-B, Tyr120-B, Asnl23-B and Leul24-B are
identified as hotspots in case of average 50 ns average
structure (Figure 4).

In the initial structure of NiV glycoprotein/EFNB2
complex the residue Glu533 of glycoprotein formed
H-bonds and salt bridges with the residues Lys60
and Lys116 of EFNB2, while during the simulation
H-bond with Lys116 was lost (Table S5, S9, S10,
S14, SI). In case of HeV glycoprotein/EFNB2 initial
complex the residue Glu533 of glycoprotein was
found to be forming H-bond with Lys113 and salt
bridges with Lys57 and Lys113 of EFNB2
(Table S7, S9, S12, S14, SI). Interestingly, in the
hotspot analysis study for both the (NiV and HeV
glycoprotein/EFNB2) complexes, GluS33 was iden-
tified as one of the potential hotspots in glycopro-
tein. However, the complex of both NiV and HeV
with EFNB3 does not predict Glu533 as a hotspot
(Table S6, S8, S11, S13, SI). In the current analysis
Glu533 of both the glycoproteins has shown more
significance towards the formation of complex with
EFNB2. All the identified hotspots in the present
study have been depicted in the superimposed initial
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Table 3. List of interacting residues at protein-protein interacting interface of NiV and HeV glycoprotein (chain A) in
complex with human EFNB3/B3 (chain B) each.

Dru %Score Robetta

Residues (Post KFC2 Pl AAG Per-residue energy contribution
Complex MD) server (kJ/mol) (kJ/mol) (kJ/mol)
NiV glycoprotein/ Arg242-A - 4.9 9.9 -18.6
EFNB2 GIn490-A HS 1.0 13.8 -10.8
Trp504-A - 4.8 9.0 -28.2
Glu533-A HS 2.2 19.7 -11.0
Asn557-A HS 4.1 8.2 -33.5
GIn559-A HS 4.9 7.4 -22.0
Tyr581-A HS 6.16 7.4 -47.6
Lys106-B - 4.6 4.1 -17.7
Lys116-B HS 4.1 13.3 6.6
GIn118-B HS 29 2.6 -17.3
Glul19-B HS 2.6 5.7 -34.2
Phe120-B HS 8.1 19.0 -78.4
Leul24-B HS 9.8 12.6 -34
Trp125-B HS 32 9.3 -63.2
NiV glycoprotein/ GIn559-A HS 3.7 9.4 -8.7
EFNB3 Trp504-A - 3.8 8.0 -16.48
Tyr120-B HS 26.6 19.9 -58.4
Leul24-B HS 6.9 10.7 -31.96
Glul19-B HS 3.8 9.2 40.7
Trp125-B HS 6.3 13.0 -56.1
HeV glycoprotein/ Tyr389-A - 514 46.8 -119.6
EFNB2 GIn559-A - 4.8 6.9 -0.9
GIn530-A HS 0.3 6.3 -0.19
Glu533-A HS 7.9 17.5 -110.4
Gln490-A HS 6.61 24.6 -1.5
Tyr581-A HS 11.6 17.7 -84.8
Asn557-A HS 4.3 4.4 0.5
Tyr458-A - 5.5 3.5 -14
Trp504-A - 2.6 10.0 48.4
Glul25-B HS 4.2 7.2 -11.0
Lys113-B HS 4.1 8.32 -2.5
Phel17-B HS 7.5 19.2 -84.3
Glul16-B HS 0.8 6.3 -3.58
Leul21-B HS 9.9 114 -48.1
HeV glycoprotein/ GIn490-A HS 7.2 7.7 -10.2
EFNB3 Ser491-A HS 2.3 4.7 -0.2
Glul19-B HS 1.2 11.0 -38.6
Asnl123-B HS 44 44 -9.8
Leul24-B HS 1.0 2.3 -1.2
Tyr120-B HS 24.2 17.9 -63.4

Each pdb complex extracted from last 50 ns MD trajectory. The interface hotspot residues were predicted using three
computational methods implemented in KFC2 server, and Robetta web server. The per-residue energy decomposition
analysis was carried out using the pyDockEneRes Server.

and last 50 ns average MD simulation extracted covariance matrix of the fluctuation of the atoms in the
structures in Figure 5. whole system. To find out the way how protein-protein
interaction affects the motion has been depicted by
PC1 and PC2 in the four set of PPI complexes.”® To
demonstrate the effect of PPI on conformational
redistributions, free energy landscape (FEL) for four
Through PCA the motion of the trajectories can be systems were obtained as a function of the top PCI
computed through the eigen vector generated from the ~and PC2. The conformational differences and the

3.4 Principal component analysis (PCA) and free
energy landscape (FEL)
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Figure 4. The interacting residues of the NiV and HeV glycoprotein in complex with both EFN-B2 and B3 using the
average structure from the last 50 ns MD trajectory obtained from the PDBSum server. The squared box represents the

predicted hotspots from four servers (KFC2, Robetta, DrugScore"™

dominant modes in the protein-protein complexes
were calculated and displayed in the Figure 6. The
PCA-FEL was calculated for the backbone of the four
complexes. In case of NiV glycoprotein/EFNB2
complex two distinct local basins containing lowest
energy conformers were observed. However, HeV
glycoprotein/EFNB2 and NiV glycoprotein/EFNB3
complexes have shown one distinct local basin. While,
HeV glycoprotein/EFNB3 complex has shown multi-
ple local minima basins (Figure 6).

A comparison of the FELs for the four set of
complexes reveals that the FEL of HeV glycoprotein/
EFNB2 and NiV glycoprotein/EFNB3 display a
stronger free energy surface than that of the other two
set of complexes having multiple number of local free
energy minima in different cluster.

3.5 Exploring the variation in the secondary
structure along with the MD trajectories

A database of secondary structure assignments (DSSP)
analysis was carried out for the four PPI complexes to

" and the pyDockEneRes Server

explore the variation in the content of the secondary
structure elements along with the loss and gain of sec-
ondary structure, viz. alpha helix, beta sheets and coils,
(Figure S6, SI) through the 250 ns trajectories. The
DSSP, obtained using ‘do_dssp’ program in GROMACS
(Figure 7), represent the secondary structure analysis of
NiV glycoprotein/EFNB2 and EFNB3 and that of HeV
glycoprotein/EFNB2 and EFNB3. From Figure 7 it can
be observed that the secondary structure content was
stably maintained in the complex structure with little
fluctuations in the coils as well as beta sheets and alpha
helix. During the course of MD simulations, the
notable residual fluctuations have been observed in the
secondary structure graph of EFNB2 and EFNB3 pro-
teins. Consequently, this analysis provides clear evidence
about the secondary and tertiary structure of the PPI
complexes remained stable during 250 ns simulation.

3.6 B-cell epitope prediction

B-cell recognizes the portions within the connected
antigen known as epitopes and identifying those
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Figure 5. Superimposition of the initial structure of (A,B) NiV glycoprotein/EFN B2 & B3 (C,D) HeV glycoprotein/EFN
B2&B3 with the average structure of the four complexes extracted from the last 50 ns of the 250 ns MD simulation
trajectory. The highlighted residues in each complex display the identified hotspot residues in the present study. The RMSD
value of superimposed initial and the final structure of NiV glycoprotein/EFNB2 and B3 is 1.219A and 1.621A,
respectively. While for HeV glycoprotein/EFNB2 & B3 the values are 1.575 A and 1.202 A, respectively.
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Figure 7. Time evolution of secondary structure elements during the course of 250 ns MD simulation in (A) NiV
glycoprotein and human EFNB2 (B) NiV glycoprotein and human EFNB3 (C) HeV glycoprotein and human EFNB2
(D) HeV glycoprotein and human EFNB3.

helps in designing epitope-based vaccines, develop- conserved region of the aligned protein sequences
ment of diagnostic assays, etc. By using in silico (Table 4). The 20mer epitopes in different regions of
prediction methods, the 20 amino acid lengths epi- NiV and HeV glycoproteins are structurally depicted
topes were predicted for both NiV and HeV glyco- in Figure 8 and Figure S7, SI. The residues present
proteins. The epitopes were predicted based on the in the conserved regions are generally important
specificity and sensitivity score towards the B-cell. towards understanding the pathophysiology of viral
Among the predicted linear epitopes, the top five entry and replication.”®* This study indicates that
epitopes were taken according to their high score for the identified epitope residues in the current study
both the NiV and HeV glycoproteins. The predicted will help to develop inhibitors to decipher the viral
epitopes are also observed to be present in the interaction and entry to the host cell.
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Table 4. The linear B-Cell epitopes predicted for NiV and HeV glycoprotein.

BepiPred
Protein Position Epitope ABCPred Score  (Average percentage)
NiV Virus  Glycoprotein 484 VISRPGQSQCPRFNTCPEIC 0.93 0.52
428 FIEISDQRLSIGSPSKIYDS 0.93 0.44
252 VGEVLDRGDEVPSLFMTNVW 0.90 0.44
371 VRTEFKYNDSNCPITKCQYS 0.90 0.57
528 SNQTAENPVFTVFKDNEILY 0.89 0.46
HeV Virus  Glycoprotein 428 FIEIADNRLTIGSPSKIYNS 0.93 0.43
328 GDYNQKYIAITKVERGKYDK 0.93 0.52
484 VISRPGQSQCPRFNVCPEVC 0.90 0.52
575 ISLVEIYDTGDSVIRPKLFA 0.89 0.40
464 IKLGDVDTVDPLRVQWRNNS 0.89 0.48

The predicted epitopes are based on the BCPred score and the epitope percentage is given by the average generated from

BepiPred server.

(A) N 42822-4482a
I 328aa-348aa

484aa-504aa
W 575aa-595aa
464aa-484aa

HeV Glycoprotein

(B) B 484aa-504aa
N 428aa-448aa

252aa-272aa
o [ 371aa-391aa
528aa-548aa

NiV Glycoprotein

Figure 8. Surface representation of linear predicted B cell epitopes highlighted in the protein structure of (A) HeV
glycoprotein and (B) NiV glycoprotein. The stretch of epitopes (amino acid range) consisting of 20 amino acids are

highlighted with different colors, respectively.
4. Conclusions

Computational studies have played a very important
role in understanding the host-pathogen interactions.
Recent years have highlighted the importance of gain-
ing insights on the role of protein-protein interactions
and their functional disparity due to the mutations. The
current study focuses on performing computational
analysis to bring insights into the viral entry, identifi-
cation and validation of the hotspot residues, epitope
analysis and MD simulations provides valuable

information on the detailed structural and dynamic
exploration of receptor binding domains (RBD) of the
viral and host proteins and their interface, which may be
helpful in devising strategies to restrict the viral entry. In
this study, focus is mainly on the human EFN receptor
mediated viral entry mechanism, as there is consider-
able focus in the recent literature on the viral attachment
by alanine scanning mutagenesis along with other
experimental approaches.

From the MD analysis (RMSD, Rg, RMSF, PCA
and MM-PBSA) it has been observed that both the
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NiV and HeV virus glycoproteins/EFNB2 complexes
attained conformational stability with less fluctuation
throughout the simulation period with high binding
affinity as compared to EFNB3 which is in agreement
with the structural studies. Encouragingly, the current
computational study observed that earlier observed
hotspot residues display high stability in retaining at
the interface throughout the 250 ns MD. Further, one
residue (GluS533), in the central cavity of both the
glycoprotein (NiV and HeV) is identified as potential
hotspot in complex with EFNB2 and also found that it
engages in the formation of the salt bridges and
H-bonds throughout the MD simulation. The epitope
prediction revealed the residues present are in the
conserved regions of glycoproteins, and this informa-
tion can be explored in the design of antivirals and
vaccines. Further, targeting the hotspot residues that
are identified in the receptor binding domain (RBD-
RBD) of the glycoprotein interface (central cavity) and
cell surface receptor proteins EFNB2 & EFNB3 (G-H
loop) help in unraveling the viral entry mechanism.
The current study reveal that a detailed structural
analysis of the protein-protein interaction appears to
through more profound questions, newer challenges to
overcome, and more importantly on the atomistics
exploration of the disease pathophysiology in a new
dimension.

The massive knowledge generation in the area of
exploring the structural details on the viral entry of
different viruses, especially after the COVID-19 pan-
demic, will certainly be of great value in the vaccine
and drug discovery efforts which are more directed
towards host as well as host-viral interactions. Thus,
the interplay between the modeling and experiment, in
the exploration of PPI involving host and pathogen is
interesting in its own right.

Supplementary Information (SI)

Figures S1-S5 and Tables S1-S14 are available at. http://
www.ias.ac.in/chemsci.
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