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ABSTRACT: The interaction of exoribonuclease (ExoN) nonstructural protein
(NSP14) with NSP10 co-factors is crucial for high-fidelity proofreading activity of
coronavirus replication and transcription. Proofreading function is critical for
maintaining the large genomes to ensure replication proficiency; therefore, while
maintaining the viral replication fitness, quick resistance has been reported to the
nucleotide analogue (NA) drugs. Therefore, targeting the NSP14 and NSP10
interacting interface with small molecules or peptides could be a better strategy to
obstruct replication processes of coronaviruses (CoVs). A comparative study on
the binding mechanism of NSP10 with the NSP14 ExoN domain of SARS-CoV-2,
SARS-CoV, MERS-CoV, and four SARS-CoV-2 NSP14™"" complexes has been
carried out. Protein—protein interaction (PPI) dynamics, per-residue binding free
energy (BFE) analyses, and the identification of interface hotspot residues have
been studied using molecular dynamics simulations and various computational
tools. The BFE of the SARS-CoV NSP14—NSP10 complex was higher when
compared to novel SARS-CoV-2 and MERS. However, SARS-CoV-2 NSP14™* systems display a higher BFE as compared to the
wild type (WT) but lower than SARS-CoV and MERS. Despite the high BFE, the SARS-CoV NSP14—NSP10 complex appears to
be structurally more flexible in many regions especially the catalytic site, which is not seen in SARS-CoV-2 and its mutant or MERS
complexes. The significantly high residue energy contribution of key interface residues and hotspots reveals that the high binding
energy between NSP14 and NSP10 may enhance the functional activity of the proofreading complex, as the NSP10—NSP14
interaction is essential in maintaining the stability of the ExoN domain for the replicative fitness of CoVs. The factors discussed for
SARS-CoV-2 complexes may be responsible for NSP14 ExoN having a high replication proficiency, significantly leading to the
evolution of new variants of SARS-CoV-2. The NSP14 residues V66, T69, D126, and 1201and eight residues of NSP10 (L16, F19,
V21, V42, M44, H80, K93, and F96) are identified as common hotspots. Overall, the interface area, hotspot locations, bonded/
nonbonded contacts, and energies between NSP14 and NSP10 may pave a way in designing potential inhibitors to disrupt NSP14—
NSP10 interactions of CoVs especially SARS-CoV-2.

1. INTRODUCTION

The emergence of various coronaviruses (CoVs) has been
causing serious epidemic diseases to humans, viz., severe acute
respiratory syndrome (SARS), Middle East respiratory
syndrome (MERS), and coronavirus disease-2019 (COVID-
19, SARS-CoV-2), posing serious concerns.' Like the cellular
replicative DNA polymerase that has high fidelity, viral RNA-
dependent RNA polymerase (RdRp), including the CoVs RdRp,
does not have a proofreading exoribonuclease (ExoN) domain
for high-fidelity replication and transcription.” > RNA virus
replication is an error-prone process (or low viral fidelity)
resulting in a different population of genomic mutants or
" quasispecies”.® Low replication fidelity RNA viruses lead to an
increased chance of error in the transcription process resulting in
the extinction of the virus, which suggests the need for stability
between quasispecies type and replication fitness for the
virulence and evolution of viruses.”® In SARS-CoV-2 and

other CoVs, replication and transcription occur by the viral
RdRp, NSP12.” The lack of proofreading activity in RdRp is
challenging for the replication of CoVs. The ExoN enhances the
fidelity for the synthesis of RNA by correcting errors in
nucleotide incorporation made by the RdRp. To diminish the
low fidelity of RdRp, all CoVs have nonstructural protein 14
(NSP14) consisting of a 3'-to-S’ N-terminal ExoN domain (res.
1-289) """ that forms a complex with NSP10 crucial for ExoN
activity and acting as a co-factor. Additionally, NSP14 has a C-
terminal guanine N7 methyl transferase (N7-MTase) whose
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function is different from the proofreading ExoN activity.'”""

Reports have also shown that ExoN inactivation disrupts SARS-
CoV-2 and MERS-CoV replication that displays apart from
transcription, ExoN is also involved in CoV replication.

It has been observed that mutations in SARS-CoV-2, SARS-
CoV, MERS-CoV, and murine hepatitis virus (MHV) NSP14
display a strong relation with increasing mutational load in the
viral genome,1 ~15 and genetically engineered inactivation of
ExoN often results in 15—20-fold increased mutation rates,
while knockout ExoN and CoVs produce crippled but viable
viruses resulting in mutant phenotypes.'°”"” The NSP14 ExoN
proofreading function is critical for maintaining and extendin
large genomes of CoVs to ensure replication proficiency.””
Because of its role in enhancing the fidelity of replication while
maintaining viral replication fitness, quick resistance can be
developed to nucleotide analogue drugs, which can promote
antiviral drug resistance.”’ Therefore, instead of targeting the
active site, targeting the NSP14 and NSP10 interacting interface
with small molecules or peptides could be a better strategy to
disrupt transcription and replication processes of SARS-CoV-2.

Recently, the structure of electron microscopy has revealed
the molecular mechanism of how the ExoN NSP14—NSP10
complex interacts with double-stranded RNA consistin§ ofa¥’
overhang and a one-nucleotide mismatch at the 3’ end.”' In the
narrow ExoN active site, the mismatched base enters and
interacts with catalytic conserved residues via its 3'-hydroxy and
2'-hydroxy groups. The double-stranded RNA portions interact
with both NSP10 N-terminal regions, and NSP14-ExoN
residues interact outside the catalytic site.”’ The strong
interaction of the cofactor NSP10 with NSP14 may be traced
to the stability of the ExoN domain and enhances NSP14 ExoN
activity. This information provides direct structural visualization
of recognition of ExoN to its chosen mismatched RNA
substrate.”"*

The fast spread of the SARS-CoV-2 and its deadly
consequences have emphasized the need for additional viral
inhibitors with more specific targeting. The key target is thought
to be the NSP12 inhibition through nucleoside analo§ viral
inhibitors,”® but NSP14 is thought to be less important. 2 1t is
also hypothesized that the regulation of CoV genome fidelity
may depend completely on NSP10/12/14.>* Inhibition of PPI
between NSP14 and NSP10 is essential to abrogate the
transcription and replication of viral RNA, thereby controlling
the COVID19 disease.”*

Unveiling the protein—protein interaction (PPI) at the atomic
level is a crucial step for designing potential PPI inhibitors to
obstruct protein—protein interactions.”>~>* At the PPI interface,
amino acids interact with each other, and a couple of them
contribute high binding energy toward the stabilization and
formation of a PPI complex that offers specificity to the binding
sites and those residues considered to be hotspots.*~* The
hotspot residues are those, when mutated to alanine, that
significantly increase the BFE (AAG) to the tune of 1.5 to 2.0
kcal/mol >>3%4¢ Hotspot residues at the PPI interface are
present together as clusters, and they are conserved, which were
noticed to be more buried compared to the other interface
residues of the PPI interface.’**”* Besides the presence of
hotspots, other parameters such as interacting interface area,
polarity, flatness, and buriedness have been considered to
characterize PPI interfaces.”’ ™" These parameters including
hotspot residues at interfaces of the SARS-CoV-2 NSP14—
NSP10 proofreading complex may help in understanding
NSP14—NSP10 interaction in a better way to modulate the

interface area by designing PPI modulators or inhibitors, thereby
controlling the replication and transcription of COVID-19.

Extensive MD simulations were performed on the NSP14—
NSP10 complex of SARS-CoV-2, SARS-CoV, and MERS-CoV
and four NSP14™%* complexes to obtain information on the
dynamics of the PPI interface. The interacting interface area
including hotspots can be targeted by small molecules or
biologics to gain valuable insights on the therapeutic
indications.”* > Further, the total binding free energy (BFE)
was computed using the molecular mechanics Poisson—
Boltzmann surface area (MM-PBSA)***” approach followed
by per-residue energy contribution analysis.”” The PDBsum
server was used to analyze the PPI profile,”® and hotspot residues
at the NSP14—NSP10 interface were identified using different
computational approaches implemented in web servers
including the KFC2,% DrugScorer,60 and Robetta servers
along with per-residue energy contribution analysis.”"** A single
method may not give a significant result; thus, these methods
were considered for accuracy improvement for hotspot
identification. Various computational approaches have been
employed to decipher the active site and hotspot residues of
macromolecules such as proteins and DNA for drug
targeting.”>"*> While targeting the PPI interface remains an
issue, in designing and discovery of small molecule inhibitors or
modulators because the PPI interface are highly dynamic in
nature. Therefore, various attempts have been made by different
groups to understand the molecular mechanism of PPI at the
atomic level through MD simulation studies to predict the
hotspot residues for drug design.”*~"°

In the current study, we noticed a significant difference in the
dynamic behavior of the NSP14—NSP10 complex among the
selected viruses, wherein, overall, the SARS-CoV NSP14—
NSP10 complex was observed to have more structural flexibility
especially at the catalytic region as opposed to wild-type (WT)
SARS-CoV-2, NSP14™“* complexes, and MERS-CoV. Poten-
tial hotspot residues were also identified and contributed more
energy toward the formation of the complex. The lesser
fluctuation in the SARS-CoV-2/mutant proofreading complex
may be necessary for maintaining the structural stability of the
ExoN domain of SARS-CoV-2 (WT/mutant). This may be
responsible for efficient NSP14 ExoN activity that is crucial in
expanding and maintaining the large genome of CoVs for high
replication proficiency, which may also significantly lead to
stable genome mutation and evolution of a new variant. The
experimental Alanine Scanning Mutagenesis (ASM)™ method
is very tedious; hence, identification of potential locations of
hotspots at the NSP14 and NSP10 interface by in silico
approaches may be convenient for the researchers to perform
their experimental ASM for only those amino acids that are
being predicted as hotspots.

2. METHODOLOGY

2.1. Protein Complex Structure Preparation and
Sequence Comparison. The SARS-CoV-2 NSP14 consists
of an N-terminal (ExoN) domain (residues 1—289) that is
involved in proofreading activity and a C-terminal region
consisting of N7-MTase domain (290—527) involved in mRNA
capping. Three-dimensional (3D) NSP14—NSP10 complexes
of SARS-CoV-2 and SARS-CoV were retrieved from PDB (PDB
ID: 7MC5 with 1.64 A resolution and 5C8U with 3.40 A
resolution), and MERS-CoV NSP14 was modeled in the SWISS
MODEL server as the crystal structure is not available”" and
docked with NSP10 in the PatchDock server.”* The best docked
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Figure 1. Cartoon representation of (a) the SARS-CoV-2 NSP14 structure containing an ExoN domain (blue) and MTase domain (red). (b)
Superimposed initial complex structure of NSP14—NSP10 SARS-CoV-2 (PDB ID: 7MCS), SARS-CoV (PDB ID: 5C8U), and MERS-CoV
(modeled). (c) Surface representation of the NSP14—NSP10 complex of SARS-CoV-2 (light brown: NSP10, dark brown: NSP14). (d) Surface
representation of the NSP14—NSP10 complex of SARS-CoV (cyan: NSP10, navy blue: NSP14). (e) Surface representation of the NSP14—NSP10

complex of MERS-CoV (pink: NSP10, magenta: NSP14).

model based on global energy was chosen for further analysis. In
addition, based on the literature study, four SARS-CoV-2
NSP14 mutant PPI complexes were prepared using PyMol.”
The mutations are P203L, F233L, L177F, and a combination of
these three considered as triple mutations in this study; these
mutations display a strong relation with increased mutational
load in the SARS-CoV-2 genome.'”"” Then all the NSP14—
NSP10 complexes were cleaned in UCSF Chimera’™ by
removing solvent molecules, ions, and other heteroatoms, and
the complexes were subjected to MD simulations. The
arrangement of the selected CoV NSP14—NSP10 complexes
is presented in Figure 1. In the present study, we mainly focus on
the N-terminal ExoN domain (res. 1—289) interaction with
NSP10 because the SARS-CoV-2 NSP14 N7-MTase function
does not depend on ExoN activity and NSP10.>" The multiple
sequence alignment for NSP14 and NSP10 of the selected three
viruses was carried out by the Clustal Omega server (https: //
www.ebi.ac.uk/Tools/msa/clustalo/).

2.2. Molecular Dynamics Simulations. MD simulations
in triplicate have been performed on the heterodimer NSP14—
NSP10 complex of SARS-CoV-2, SARS-CoV, and MERS-CoV
and SARS-CoV-2 NSP14™%" complexes using the Gromacs
5.0.4 package.”> The CHARMM force field (version:
charmm36-Jul2020)”° was used for PPI complexes, and the
SPC water model was used to solvate the complex systems.””
The periodic boundary conditions (PBCs) were set up with a
cubic box by keeping 1.0 nm from the edge for the MD
simulations. The box size information for SARS-CoV-2, SARS-
CoV, and MERS-CoV NSP14—NSP10 PPI complex is
presented in Table SI. The systems were neutralized by
incorporating the counterions accordingly into the solvated box

followed by energy minimization by the 5000 steepest descent
method to remove hindrances and clash in the solvated system.

Further, the complexes were heated under NVT from
absolute zero to room temperature for 100 ps using a modified
Berendsen thermostat followed by a 100 ps equilibration run
under NPT.”%””

Finally, the complex was simulated with no constraints for a
production run of 100 ns. For restraining the bond lengths, the
LINCS algorithm® was employed, and long-range electrostatics
were calculated by employing PME®" along with the SETTLE
algorithm for the solvent molecules. Using the g mmpbsa
package of GROMACS, the MMPBSA method was utilized for
binding free energy calculation between interacting NSPs
(NSP14 and NSP10) by extracting the last 20 ns MD trajectory.

By employing the MM-PBSA method, the total BFE was
calculated by incorporating the explicit solvation model for the
estimation of binding free energy AGyinging.

— [AG

AGbinding = AG p

‘complex

roteinl + A GproteinZ] ( 1)

The ensuing equations describe the MM-PBSA protocol:

AGying = AEyy + AGpggy — TAS (2)
AEMM = AEint + AEvdW + AEeIe (3)
AGpgsp = AGpp + AGyys (4)

where AEy;; = molecular mechanics energy system in a vacuum,
E,, = internal energy, E gy = van der Waals forces, AE, _
electrostatic energy, AGpgss = sum total of polar solvation free
energy of the Poisson—Boltzmann model (AGpg) and the
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Figure 2. Root mean square deviation (RMSD) graphs for (a—c) SARS-CoV-2, SARS-CoV, and MERS-CoV NSP14—NSP10 complexes (left side)
and SARS-CoV-2 NSP14™" complexes (right side) along the 100 ns MD simulations in triplicate. The triple mutant (in red, right-side plots) is the

combination of the three (F233L, P203L, and L177F) mutations.

nonpolar/surface solvation free energy (AGy,), and TAS =
entropy.

The entropy term is the most difficult to compute; therefore,
in the above calculation, entropy (TAS) was neglected because
this study mainly focused on calculating only the total binding
energy contribution of each amino acid toward the complex-
ation process.

The final 20 ns trajectory was extracted (i.e., 80—100 ns) for
predicting binding energy by employing MMPBSA using the
inbuilt MmPbSaStat.py program and for per-residue energy
decomposition analysis, MmPbSaDecomp.py was used to
extract the residue wise energy contribution during protein—-
protein binding.**’

The MMPBSA methods are commonly used to calculate
binding affinities of protein—protein and protein—ligand
interactions at a reasonable computational cost. Although this
method has provided lots of valuable predictive results in
different types of studies,”” ™" it is less accurate than few of the
computationally expensive methods, for example, free energy
perturbation and thermodynamic integration methods.

2.3. Principal Component Analysis. Through PCA, the
protein motion can be analyzed by considering the combined
essential motion of the protein throughout the MD simulation

29998

trajectories in the protein. PCA was carried out in two steps: (1)
constructing a covariance matrix using protein C-a¢ atoms and
(2) diagonalization of the covariance matrix. By utilizing the
GROMACS software package, PCA was done following the
standard protocol.”> The motion in the PPI complexes was
analyzed by projecting the first two eigenvectors.

In the current study, PCA was done to analyze the
conformational projection of the NSP14—NSP10 complex of
SARS-CoV-2, SARS-CoV, and MERS-CoV and SARS-CoV2
NSP14™ complexes using the protein C-& atoms. Based on
the covariance matrix, PCA is calculated by following
equation:86

C; = ((x, — () — () (i, ) (=1, 2, 3, .., 3N).

where x;/x; signifies the Cartesian coordinate of the ith/jth atom
and <—> signifies the ensemble average. All the MD simulation
results are plotted using the Xmgrace tool.”’

2.4.Free Energy Landscape (FEL) Analysis. FEL analysis
is beneficial to characterize the mechanism of protein folding.**
For a protein structure, FEL can provide a quantitative
description of protein folding dynamics. FELs were prepared
and evaluated for all the three viral complexes and NSP14™*™
complexes from the 100 ns MD trajectories. The FELs of the
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Figure 3. Root mean square fluctuation (RMSF) graphs in triplicate for (a—c) NSP14 SARS-CoV-2, SARS-CoV, and MERS-CoV (left side) and
SARS-CoV-2 mutants (NSP14) along the 100 ns MD simulation. The triple mutant (in red, right-side plots) is the combination of the three (F233L,

P203L, and L177F) mutants.

complex systems were created by employing the gmx sham
utility of GROMACS utilizing the following formula:

AG = —K;T In P(X)

where Ky indicates the Boltzmann constant; T indicates the
temperature, that is, 300 K; and P(X) signifies the probability
distribution.

2.5. Detection of Hotspots. The interaction profile of
heterodimer NSP14—NSP10 complexes was studied using the
PDBsum server. The server provides a pictographic summary of
the macromolecular structure and their important information
as well as results obtained by PROCHECK and diagrammatic
representation molecular contacts of biomolecular complexes.
Three online servers—KFC2,> DrugScorePPI,éo and Robetta
servers®” >—were utilized to identify hotspots. The KFC2
server implements machine learning (ML) techniques for in
silico ASM by considering atomic contacts, hydrogen bonding,
and the size of residue for hotspot detection.”” The Drugscore® "
server also utilizes the computational alanine-scanning techni-
que, which has a knowledge-based scoring function for
predicting hotspots across protein—protein interacting inter-
faces.® In the Robetta server, for interaction free energy
calculation, different parameters such as H-bonds and implicit

29999

solvation are utilized, along with other interactions like
solvation, packing, and Lennard—Jones. This server (Robetta)
can precisely predict the hotspot residues by 79% with a 1.0
kcal/mol cutoff value.®"%*

3. RESULTS AND DISCUSSION

3.1. Structural and Sequence Comparison. The super-
imposed NSP14—NSP10 complex of SARS-CoV-2, SARS-CoV,
and MERS (modeled docked complex) is depicted in Figure 1.
The all-atom root mean square deviation (RMSD) between
SARS-CoV-2 and SARS-CoV, and SARS-CoV-2 and MERS-
CoV was found to be the same, that is, 0.87 A. The all-atom
RMSD between SARS-CoV and MERS-CoV NSP14—NSP10
complex was observed to be 0.44 A. Multiple sequence
alignment (MSA) analysis of the NSP14 exon domain provides
the percentage identity matrix. For SARS-CoV-2 and SARS-
CoV, the percentage identity matrix was observed to be 97.12%,
while it was 61.67% for SARS-CoV-2 and MERS and 61.59% for
SARS-CoV and MERS-CoV.

The percentage identity matrix for NSP10 SARS-CoV-2 and
NSP10 SARS-CoV was observed to be 97.12%; for SARS-
NSP10 CoV/CoV-2 and MERS-CoV, it was 58.99%. The
multiple sequence alignment is depicted in Figures S1 and S2.
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Figure 4. Root mean square fluctuation (RMSF) graphs in triplicate for (a—c) NSP10 SARS-CoV-2, SARS-CoV, and MERS-CoV (left side) and
SARS-CoV-2 mutants (in complex with NSP14) along the 100 ns MD simulation. The triple mutant (in red) is the combination of the three (F233L,
P203L, and L177F) mutants.
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Figure 5. Superimposed average structures (collected from the trajectories of last 20 ns) of the NSP14—NSP10 complex of SARS-CoV-2 with SARS-
CoV and MERS-CoV. The square box (on the left side) depicts the C-terminal fluctuating residues ranging from 245 to 268. NSP14 SARS-CoV is
depicted in blue color, SARS-CoV-2 is in brown, and MERS-CoV is in magenta.
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Figure 6. (2) Superimposed average structures (from last 20 ns) of NSP10 SARS-CoV-2 (light brown), SARS-CoV (cyan), and MERS-CoV (pink).
(b) The C-terminal residues of NSP10 SARS-CoV (cyan) are highlighted, showing more residue fluctuation and change in the initial conformation
(coil) to beta strand. (c) Superimposed initial structures (before MD) of NSP10 SARS-CoV-2, SARS-CoV, and MERS-CoV. (d) The C-terminal
region of the three viruses is highlighted. (e) Superimposed mutant NSP14—NSP10 complexes (all). (f) Superimposed structure of NSP10 of mutant
complexes. In one of the mutant complexes (P203L), NSP10 shows a conformational change from coil to beta strand.

The hydrophobicity map for all the three viruses has been
depicted in Figure S3. Hydrophobicity analyses categorized the
surfaces into nonpolar (orange) containing hydrophobic groups,
polar (blue), and neutral (white) regions. The majority of the

interacting interface of NSP14 SARS-CoV-2, SARS-CoV, and
MERS-CoV contains stronger nonpolar patches (orange) and

weak polar patches (blue) with few neutral regions (white).
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Figure 7. (a—c) Hydrogen bonds observed at the PPI interface across NSP14 and NSP10 of SARS-CoV-2, SARS-CoV, MERS-CoV (left side), and
SARS-CoV-2 NSP14™%" (right side) complexes along the three sets of 100 ns MD simulation. The triple mutant (in red, in left-side plots) is the

combination of the three (F233L, P203L, and L177F) mutants.

3.2. Molecular Dynamics Simulation and Binding Free
Energy Analysis. MD simulations were performed for the
selected PPI complexes to check the stability of the PPI
structures in a dynamic system for which 100 ns MD simulations
were carried out in triplicate (three sets). The NSP14—NSP10
SARS-CoV-2 complex in all the three sets of MD simulations
attain structural stability with less fluctuation from the initial
conformer with an RMSD value of 0.15 nm as shown in Figure 2,
and for SARS-CoV and MERS-CoV, the complex converged
with a high RMSD value of around 0.3 nm or more in all the
three sets of MD simulations. Overall, the NSP14—NSP10
complex of SARS-CoV-2 is rigid and slightly more stable in
comparison with that of SARS-CoV and MERS-CoV. The
mutant structure of SARS-CoV-2 NSP14""'7F in complex with
NSP10 shows a slight fluctuation after 30 ns till 100 ns with an
RMSD of 0.25 nm in the case of replica 1 (see Figure 2a).
However, in replicas 2 and 3, NSP14“17F was found to converge
with a 0.2 nm RMSD value (see Figure 2b,c).

The mutant complex does not show any huge difference in
RMSD and is more like the WT, attaining stability and
convergence at around 0.2 nm (see Figure 2). In the case of
replica 2, the triple mutation (P203L, L177F, and F233L) has
shown convergence after 60 ns with an RMSD of 0.25 nm (see
Figure 2).
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To analyze the compactness in the PPI complexes throughout
the MD simulation, the radius of gyration (Rg) was measured. In
the dynamic system, 