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Abstract

The viral replication of foot-and-mouth disease virus (FMDV) and other picornaviruses pri-
marily depends on the successful processing of a polyprotein precursor by the enzyme 3C
protease (3Cpro) at specific sites. The crucial role of 3Cpro in viral replication and patho-
genesis makes it a potential target for developing novel therapeutics against foot-and-
mouth disease. The B-ribbon region (residues 138—150) containing the active site residues
(C142) in 3Cpro is found to be conserved and contributes significantly to substrate spec-
ificity. Moreover, experimental reports suggest that mutations at position 142, particularly
C142S and C142L, exhibit different functional activities. However, the intrinsic dynamics
and conformational changes induced by active-site mutations of 3Cpro remain unclear,
limiting the development of novel inhibitors of 3C protease. Accordingly, we carried out
molecular dynamics (MD) simulations with multiple replicates for both the WT and mutants
of 3Cpro. The observed results suggest that the C142S mutant induces substantial struc-
tural transitions compared to the WT and C142L. In contrast, the essential dynamics of
the mutants significantly varied from those of the WT 3Cpro. Moreover, cross-correlation
analysis revealed a similar pattern of anti-correlation between the amino acid residues

of the WT and C142L mutant complexes. Analysis of the betweenness centrality of the
WT and the mutants from the residue interaction networks revealed common residues for
intra-residual signal propagation. The results from our study suggest that the active site
mutant C142S may induce conformational changes, which can cause the B-ribbon region
to bend towards the catalytic pocket and inhibit the enzymatic activity. C142L substitution
may also alter the B-ribbon region conformation, which may impact the substrate binding
process during proteolysis, as reported in previous studies. These results can provide a
better understanding of the conformational dynamic behavior of 3Cpro active-site mutants
and may assist in developing potential inhibitors against foot-and-mouth disease.

1. Introduction

Diseases associated with RNA viruses are often challenging to control because of their high
mutation rates and the constant emergence of new variants. Genetic and antigenic variations
among viruses determine the extent to which the immunity developed against one variant

PLOS ONE | https://doi.org/10.1371/journal.pone.0321079  April 21, 2025

1/19



http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0321079&domain=pdf&date_stamp=2025-04-21
https://doi.org/10.1371/journal.pone.0321079
https://doi.org/10.1371/journal.pone.0321079
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-0819-0553
mailto:breedlee@jbnu.ac.kr
mailto:sdh1214@gmail.com

PLOS ONE

Structural dynamics of active site mutations in 3Cpro FMDV

grant funded by the Ministry of Science and
ICT of Korea (2022-DD-UP-0333). D.S and H.L
are the recipients of the NRF and INNOPOLIS.
The funders had no role in study design, data
collection and analysis, decision to publish, or
preparation of the manuscript.

Competing interests: The authors have
declared that no competing interests exist.

will be effective against another. Foot-and-mouth disease virus (FMDYV) is an antigenically
variable, highly infectious virus that infects a wide variety of cloven-hoofed animals, including
cattle, goats, sheep, and pigs [1,2]. Over the years, Foot-and-mouth disease (FMD) outbreaks
have occurred worldwide and have significantly affected the global livestock industries [3].
This disease is caused by a single-stranded positive-sense RNA virus belonging to the Picorna-
viridae family, with seven serotypes: O, A, C, Asial, and SAT1-3. The O serotype is promi-
nent in most FMD outbreak regions, including South America, Africa, Asia, the Middle East,
and India [4]. Treatment of FMD mainly focuses on vaccination (using inactivated virus par-
ticles) against the prevailing strain of FMDV. Although vaccination against FMDV may slow
the spread of some FMD outbreaks, it requires several days to induce an immune response
and does not completely stop the virus from spreading [5,6]. As no particular treatment is
available and it is challenging to match the virus vaccine to different serotypes, exploring
alternative methods, such as antiviral treatment is essential. Research and development of
such therapies require a thorough understanding of the molecular mechanisms underlying
viral replication and the structural details of the target protein.

The enzyme 3C protease (3Cpro) is a highly conserved protein in FMDV and is mainly
composed of 207 amino acids. It is responsible for 10 of the 13 cleavages by targeting particu-
lar sequences within a polyprotein [7-9]. After entering host cells, the viral genome is trans-
lated into a long polyprotein of 2,300 amino acids. The virus-encoded protease cleaves this
polyprotein precursor to produce 14 distinct proteins that are essential for RNA replication
and production of new viral particles [10]. Additionally, 3Cpro cleaves host proteins, such
as elF4G, that are present in infected cells and suppresses cellular transcription by cleaving
histone H3 protein [11,12]. The vital role of the 3C protease in viral replication and cleavage
activity makes it a potential drug target for the development of antiviral drugs against FMDV.

Several structural studies reported an overall fold in picornaviral 3Cpro, which is very
similar to the structure of chymotrypsin-like serine proteases [13-15]. Unlike other serine
proteases, FMDV 3Cpro acquires a Cys-His-Asp/Glu catalytic triad in its active site instead
of a Ser-His-Asp triad [16]. Previous studies have shown that the third amino acid of the
catalytic triad plays a significant role in the picornaviral 3Cpro. This is consistent with the
strict conservation of the residue as aspartic acid (D) or glutamic acid (E) in 3Cpro sequences
and also suggests that substituting this residue has a severe adverse impact on catalytic activity
[17,18]. In the initial structure proposed for FMDV 3Cpro, the B-ribbon region (residues
138-150) was described as disordered, and this is where the active site is located (Fig 1).
However, this conserved B-ribbon was observed to fold over the peptide-binding cleft in other
picornaviruses 3Cpro [19-21]. This phenomenon was further studied, and a refined FMDV
3Cpro crystal structure was solved with an amino acid substitution (C142S) to make the pro-
tein soluble; the results suggest that this f-ribbon region is also conserved in 3Cpro of FMDV
[14,22]. Despite having some dynamic nature, the -ribbon region directly interacts with the
peptide in the active site and contributes significantly to substrate specificity [23]. Despite all
these previous studies, a key knowledge gap remains regarding the extent to which active-
site mutations, such as C142S and C142L, affect the conformational dynamics and allosteric
regulation of 3Cpro. As it has been demonstrated that mutagenesis of C142 at the apical-tip of
the B-ribbon structures significantly affects the catalytic activity, this loop most likely serves to
orient the substrate for proteolysis. Although structural studies have recognized this -ribbon
flexibility, the impact of specific mutations in this region on the enzyme’s overall stability,
substrate interactions, and function properties remains largely unexplored. Hence, to address
this gap, studies on the intrinsic dynamics induced by these active site mutations, such as
C142S and C142L, can provide detailed structural insights at the molecular level, which may
be helpful in developing antiviral treatments against FMD by targeting the 3Cpro protein. In
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Fig 1. Three-dimensional structure of the 3Cpro enzyme of foot-and-mouth disease virus (FMDYV). Catalytic triad
residues (H46, D84, and C163) and active site residue (C142) are highlighted in the stick model, and the conserved
B-ribbon structure is shown in a dashed circle. The alpha-helixes, B-sheets, and loops of the protein are represented with
cyan, magenta, and salmon color, respectively.

https://doi.org/10.1371/journal.pone.0321079.g001

this study, we assessed wild-type 3Cpro (WT) and its active-site mutants (C142S and C142L)
through 200 ns molecular dynamic (MD) simulations with three independent replicates (total
of 600 ns each). Furthermore, we performed essential dynamics or principal component
analysis (PCA) and residual network analysis (RIN) to better understand the collective motion
and intra-residual signaling induced by these single-point mutations. By integrating these
computational approaches, we provide a comprehensive characterization of how C142S and
C142L mutations modulate the structural integrity and functional impact of 3Cpro.

2. Materials and methods
2.1. Structural preparation of WT and mutants of 3Cpro

The crystal structures of FMDV 3Cpro available in the RCSB Protein Data Bank (http://www.
rcsb.org) contain mutations at their active site residues (PDB ID: 2]92, 2WV4, 2BGH). As no
crystal structure is available for wild-type FMDV 3Cpro, we retrieved the FASTA sequence
from the UniProt database (https://www.uniprot.org/) with UniProt ID P03306 (residues:
1650-1856) and modeled the WT 3Cpro structure using AlphaFold2, the most advanced deep
learning model for predicting protein folding [24]. In addition, we downloaded the C142S and
C142L mutant complexes with PDB IDs 2J92 and 2WV4, respectively, and used them as tem-
plates to predict the structure of the WT complex [15,22]. The standard AlphaFold2 pipeline
was employed using ColabFold to predict the 3Cpro structure. The pLDDT scores for most
residues ranged from 80 to 100, indicating a high-confidence backbone prediction. However,
as expected, lower confidence scores were observed at the N-terminal and C-terminal
regions, which is common due to their inherent flexibility. Furthermore, to construct the
mutant models, we used the WT model and altered cysteine to serine (C142S) and cysteine
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to leucine (C142L) at residue 142 with probable rotamers using the Mutagenesis Wizard in
PyMOL. Lastly, we validated the model structures via their stereochemical properties and
Ramachandran plot (S1 Fig) using the SAVESv6.0 webserver (https://saves.mbi.ucla.edu/)
[25-27]. Moreover, we assessed the evolutionary conservation of each amino acid of 3Cpro
using the ConSurf web server. Furthermore, we assessed the evolutionary conservation of each

amino acid in 3Cpro using the ConSurf web server. The analysis revealed that all catalytic
residues, H46, D84, and C163, are highly conserved throughout evolution (S2 Fig). However,
due to limited available data on the active site residue C142, the server was unable to provide
sufficient information for its conservation status.

2.2. Molecular dynamic (MD) simulations

All the prepared structures (W', C142S, and C142L) were subjected to all-atom MD simula-
tions using GROMACS 2022.2 with the AMBER-ftf99SBILDN forcefield [28,29]. The topology
files were prepared using the gmx pdb2gmx module and placed in a dodecahedral box with
explicit water molecules. A total of 8604, 8318, and 8255 TIP3P water molecules were added to
the WT, C142S, and C142L, respectively, with a periodic boundary of 1.0 nm. Three chlo-

rine (CI') ions in each were added to neutralize all systems using the gmx genion module. A
maximum tolerance of 1,000 kJ/mol/nm was set for energy minimization at every 100 ps using
the steepest descent optimization algorithm, as mentioned in our previous studies [30,31].
Subsequently, NVT and NPT equilibrium simulations were performed for 100 and 500 ps,
respectively. A temperature of 300K and pressure of 1 bar were maintained using a Berendsen
thermostat (V-rescale) and the Parrinello-Rahman pressure coupling algorithm, respectively
[32,33]. The NVT phase stabilizes the system at the desired temperature using a thermostat.

It allows atoms to adapt to the simulation conditions without fluctuations in volume, ensur-
ing proper kinetic energy distribution. Next, the system was subjected to constant pressure
through NPT to adjust the density and volume to realistic conditions. This step ensures that
the system reaches equilibrium density before the production phase. A cut-off of 1.0 nm was
set to maintain short and long-range electrostatic interactions, and the Particle Mesh Ewald
(PME) algorithm was used to sustain long-range interactions [34]. Furthermore, all bonds
were restrained using the LINCS algorithm [35,36]. Lastly, three independent replicate simu-
lations of 200 ns each were performed using different random velocities for all systems, where
2 fs time steps were used and 50 ps coordinates were saved for the entire trajectory. Most
analyses were performed using built-in GROMCAS modules with concatenated trajectories
from replicate simulations.

2.3. Principal components analysis (PCA)

The global concerted motions that occurred during MD simulations were assessed using
essential dynamics (EDs) or principal component analysis (PCA) [37,38]. The principal
components (PCs) of all systems with dominant motions were calculated on the concate-
nated trajectories using 50 ps coordinates from the last 100 ns simulations of three replicate
trajectories. We also removed rotational and translational movements and constructed a
covariance matrix using the gmx covar module of gromacs, as reported in our previous
studies [31,39,40]. The essential subspace can be defined as a subset of PCs that distinguish
between conformations based on their distinct structural similarities and dissimilarities.
Hence, the first 10 PCs were considered to define the essential subspace by calculating the
root mean square inner product (RMSIP) and comparing the WT with the mutant systems
[41,42]. The RMSIP is the cumulative overlap among all pairs of / largest eigenvectors and
can be calculated as:
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where n' and nf denote the i and j™ eigenvectors from systems A and B, respectively, and
I denotes the dimensionality of the subspace (/=10 in this case). The RMSIP values ranged
from 0 to 1, representing the orthogonal and identical directionality of the essential subspace,
respectively. In addition, we have evaluated the Gibbs free energy landscape (FEL) with the
first two PCs (PC1 and PC2) using the gmx sham module of gromacs, and plots were gener-
ated using Mathematica version 12. Furthermore, we generated a dynamic cross-correlation
map (DCCM) between the protein residues using Bio3D and analyzed the residual correla-
tions (correlated or anticorrelated) in all three systems using PyMOL.

2.4. Residue interaction networks (RIN)

Substitution of an amino acid in a protein structure can significantly affect the network of
interactions, stability, and protein folding. The impact of single or multiple mutations on
protein structure can be studied through a detailed RIN. Hence, we used the NAPS webserver
(http://bioinf.iiit.ac.in/NAPS/) to generate RINs for both the WT and mutants, where resi-
dues and contacts were represented by nodes and edges, respectively [43,44]. The threshold
limit was set for 0-7A using Ca pair residual network type and unweighted edge. We calcu-
lated the betweenness centrality value (C, value), which indicates residues that are important
for the protein function and allows the prediction of the central residue (node) for signal
transduction.

3. Results and discussion
3.1. Structural dynamics and stability of WT and mutants of 3Cpro

All three systems (W'T, C142S, and C142L) were prepared and subjected to three independent
replicate simulations of 200 ns each (total of 600 ns) at different initial velocities. To assess the
structural and conformational stability of all three complexes, the root mean square deviation
(RMSD) values of the protein backbone were calculated with reference to their respective
initial structures. RMSD analysis revealed that all systems stabilized after ~50 ns of MD simu-
lation. Replicates 1 and 2 (Rep1 and Rep2) of both WT and C142L showed RMSD fluctuations
similar to those of Rep3 (Fig 2A). However, in Rep3, WT and C142S showed lower deviation
towards the last 100 ns of simulation, with an RMSD range of 0.2-0.35 nm, whereas C142L
fluctuated slightly, with an RMSD range of 0.15 to 0.35nm in the last 100 ns of simulation.

In addition, we calculated the probability density distribution of the RMSD values from the
concatenated trajectories (total 600 ns) and represented in (Fig 3A). The unimodal distribu-
tion from the cumulative trajectories yielded average RMSD values of 0.219+0.04, 0.265+0.05,
and 0.218+0.04 nm for WT, C142S, and C142L, respectively, which indicates a distinct RMSD
distribution for C142S as compared to WT and C142L.

The radius of gyration (Rg) of the backbone atoms for both the WT and mutants was cal-
culated to predict the spatial distribution of the protein and to assess compactness or struc-
tural stability throughout the MD simulation. The Rg values of all systems were calculated and
are presented in (Fig 2B). The C142S mutant complex showed a relatively higher Rg value, as
compared to the WT and C142L complexes. Moreover, the C142L mutation exhibited lower
Rg values, indicating higher stability than other mutations. The probability density distribu-
tion of Rg clustered at 1.611+0.01, 1.615+0.01, and 1.607+0.01nm in the case of the WT, the
C142S, and C142L mutations, respectively (Fig 3B). However, the differences in Rg values
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Fig 2. Structural stability analysis of WT and mutants of 3Cpro. (A) RMSD, (B) Rg of backbone atoms. (C) SASA and (D) Number of Intra H-bonds
throughout the simulation. Black, red, and green represent WT, C142S, and C142L models of 3Cpro.

https://doi.org/10.1371/journal.pone.0321079.g002
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indicate that in comparison with C142L, the C142S mutation in 3Cpro may exhibit notice-
able conformational changes. Furthermore, we calculated the solvent-accessible surface area
(SASA) for all three systems to analyze the solvent-exposed area of the protein throughout
the MD simulation (Fig 2C). The SASA values for the WT and mutants were in the range of
105-115nm? The probability density distribution of SASA values exhibited an average spatial
distribution of 109.782+2.67, 109.416+2.45, and 109.738+3.04 nm? for WT, C142S, and C142L
mutations, respectively (Fig 3C). Based on the observed SASA values, the C142S and C142L
mutations did not cause any significant changes in the solvent accessibility of the protein
compared with the WT.

Hydrogen bonds play an important role in maintaining the structural integrity and stability
of proteins [45]. The RMSD and Rg values of the WT and mutants differed slightly in each
of the three replicates, which may be due to the formation and breakage of intramolecu-
lar H bonds. Hence, to address this issue, we calculated the intra H-bonds throughout the
simulation using the gmx hbond tool in GROMACS (Fig 2D). The intra H-bonds analysis
revealed the probability density distribution of H-bonds clustered at a value of 142.692+5.72,
143.539+5.96, and 142.860+6.14 for WT, C142S, and C142L respectively (Fig 3D). No signif-
icant changes were observed in the number of intra H-bonds for either the WT or mutants.
However, a slightly higher number of intra H-bonds was observed for the C142S mutant
system, which indicates that the substitution of cysteine with serine induces structural changes
that may inhibit the catalytic activity of the protein.

The MD simulations provided valuable insights into the structural stability of the WT,
C142S, and C142L variants of 3Cpro. RMSD analysis demonstrated that all three systems
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stabilized after ~50 ns, with WT and C142L exhibiting similar fluctuations, while C142S
exhibited a distinct RMSD distribution, suggesting differences in its conformational
behaviour. The Rg analysis further supported these observations, revealing that the C142L
mutant maintained a more compact structure, indicating higher structural stability, whereas
C142S displayed slightly increased Rg values suggesting enhanced flexibility. This finding is
consistent with previous studies on picornaviral 3Cpro, which have reported that mutations
in key structural regions can alter protein stability and enzymatic function [16]. The p-ribbons
region where these mutations are located, has been recognized for its role in substrate binding
and catalytic activity [14]. Our results reinforce the idea that this region is structurally and
functionally critical. Moreover, the comparative SASA values among these variants indicate
that while these mutations impact internal conformational dynamics, they do not significantly
alter solvent exposure. Overall, these findings suggest that C142L enhances structural stability,
whereas C142S induces greater conformational variability, potentially impacting enzymatic
activity. These results align with previous structural studies on viral cysteine proteases, which
indicate that mutations at key catalytic and structural sites can significantly affect proteolytic
function.

3.2. Residual flexibility and change in secondary structure analysis

The fluctuations in each amino acid residue during the entire simulation were assessed using
root mean square fluctuation (RMSF) analysis. The RMSF values were calculated for the back-
bone atoms from the concatenated trajectory, as shown in (Fig 4A). RMSF analysis revealed
that except for the N and C terminal regions, residues 76-80, conserved B-ribbon region
containing active site residue, and residues 156-161 exhibited high residual flexibility, as
compared to other residues. However, no residual fluctuations were observed in the catalytic
residues (H46, D84, and C163) of any of the three systems. The -ribbons region having active
site residues exhibited higher fluctuations in C142L compared to the WT and C142S mutant
systems. The average residual fluctuations for WT, C142S, and C142L were calculated to be
0.126, 0.124, and 0.144 nm respectively, indicating a larger residual movement in the C142L
mutant model compared to the other systems. In addition, we have calculated the 2ARMSF
value for the C142S and C142L mutants relative to WT. 2ARMSF is defined as the difference
between the RMSF of wild-type protein and the RMSF of the mutants. A positive value of
ARMSF indicates a rigid zone while negative ARMSF values indicate a flexible zone with a
dark color (Fig 4B). The dark grey color in the 2ARMSF heatmap for C142L relative to WT
clearly indicates the flexibility of the conserved p-ribbon linker which was reasonable because
the substitution of cysteine (smaller amino acid) to leucine (bigger amino acid) at position
142 may cause conformational changes in the active site pocket. Additionally, C142S did not
exhibit any active site residual fluctuations but showed an atypical fluctuation at A160.

The secondary structure of a protein plays a crucial role in determining its overall structure
and, consequently, its function. Understanding the role of secondary structures is crucial for
gaining insight into the functions of proteins. Researchers often use various experimental
and computational techniques to study and predict protein secondary structures [46]. Alpha
helices (a) and beta sheets (B) are examples of secondary structural elements that are typically
stable, whereas coils, turns, and loops are flexible. In the current study, the Define Secondary
Structure of Proteins (DSSP) was used to evaluate and understand the changes in the second-
ary structure of the WT and mutants throughout the simulation (Fig 4C). The overall changes
in the B-sheets throughout the simulation were calculated to be 50.76%, 51.04%, and 51.17%
for WT, C142S, and C142L respectively. Similarly, 8.11%, 8.80%, and 7.86% of changes in
the a-helices were observed for WT, C142S, and C142L respectively (S1 Table). Secondary
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structure analysis showed that the stable conformation was preserved for both the WT and
mutants of 3Cpro during the simulation period.

The observed differences in flexibility and structural stability among these variants high-
light the critical role of the -ribbon region in maintaining the functional integrity of 3Cpro.
The increased flexibility in the B-ribbon for specific mutations, particularly C142L, empha-
sizes the potential impact of residue substitutions on the active site’s conformational dynamics
and substrate interactions. Despite these changes, the overall secondary structure remained
stable across all three systems, suggesting that 3Cpro can tolerate certain mutations without
losing its global structural integrity. These results advance our knowledge of how active site
mutations influence the dynamics and functionality of viral proteases, providing insights that
could guide future antiviral drug design targeting FMDV 3Cpro.

3.3. Essential dynamics of WT and mutants of 3Cpro

PCA is a dimensionality reduction technique widely used in various fields, including MD sim-
ulations of protein complexes. PCA can provide crucial insights into the structural dynamics
and functional implications of the wild-type (WT) and mutant (MT) protein complexes. Iden-
tifying the principal components (PCs) associated with large eigenvalues, which correspond to
the most dominant motions, can provide structural insights into the functional dynamics that
may be altered by mutations. In addition, it can assist in identifying key residues or regions
responsible for observed conformational changes [37,47,48]. Hence, to assess the collective
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motions that contribute significantly to the conformational changes induced by these muta-
tions, PCA was performed using concatenated trajectories (last 100 ns trajectories from each
replicate; total 300 ns).

The results from the PCA revealed diagonalized co-variances of 12.05, 12.52, and 26.15 for
the WT, C142S, and C142L systems, respectively, which indicates a higher fluctuation of the
C142L system, compared to the others. Moreover, the first three eigenvectors had the most
significant motions, with cumulative percentages of 44.42%, 43.90%, and 68.01% for the WT,
C142S, and C142L, respectively (Fig 5A and 5B). A 2D projection was generated by assessing
the first two PCs (Fig 5C), which showed that both the WT and C142S exhibited a similar
type of spread with a low energy barrier, whereas C142L exhibited a large spread projection in
the phase space. Furthermore, similarities and dissimilarities between the essential subspaces
of the WT and mutants were defined using the first 10 PCs, which contributed significantly
to more than 70% of the overall covariance. The RMSIP calculations highlighted the essen-
tial subspace of the mutant ensembles in comparison with the WT. The RMSIP calculation
between the WT and C142S mutant of 3Cpro exhibited a normalized overlap of 0.554,
whereas, for WT vs. C142L, it was calculated to be 0.382. S3A Fig represents the pairwise
comparison plot between the WT and 3Cpro mutants, suggesting that the mutants exhibited
distinct collective motion compared to the WT with no substantial overlap. In particular, the
RMSIP of the first three eigenvectors, which comprise the majority of the dominant motions,
differ significantly. Hence, the distribution of all systems was projected using the first three
PCs and shown in S3B Fig. In addition, we assessed variations in the global motion of the WT
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Fig 5. Collective mode analysis from the concatenated trajectories. (A) Eigenvalues of all the systems. (B) Cumulative percentage from the first 30 eigen-
vectors. (C) Projection of first two PCs. Black, red, and green colors represent the WT, C142S, and C142L systems of 3Cpro. (D, E, F) Structural changes in
WT, C1428, and C142L with respect to PC1 are represented using extreme conformations with 30 frames. Black-dashed circles represent large conforma-
tional changes, and red arrows represent the size and direction of movements.

https://doi.org/10.1371/journal.pone.0321079.g005
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PC2

and mutants by considering the extreme conformations with 30 frames from the first PC of
the concatenated trajectories (Fig 5D,5E, and 5F). The results revealed that, as compared to
the WT, both the mutants showed larger fluctuation in the B-ribbon linker region. In the case
of the C142S mutant system, a larger fluctuation was observed in the active site residue (S142)
and catalytic residues (H46, D84, C163), which causes the -ribbon structure to bend towards
the catalytic pocket and close the substrate binding site. Although no significant changes were
observed in the catalytic residues of the C142L mutant system, the -ribbon structure was
observed to be bent away from the catalytic pocket, which might be the reason for reducing
enzymatic activity.

Furthermore, the FEL analysis was performed using the first two PCs (PC1 and PC2) to
assess the low-energy structures, shown in (Fig 6) where the deep blue color indicates the
global minima. FEL analysis in protein MD simulations is a valuable technique for studying
the structural effects of mutations. It provides a comprehensive understanding of the energetic
landscape, conformational changes, and functional implications of mutations and offers valu-
able insights for the design of targeted therapies [49,50]. FEL analysis revealed the presence of
three global minima in the WT structure of the 3C protease. The mutants exhibited the occur-
rence of large transitions during the MD simulations compared to the WT. In particular, the
C142L mutation underwent large conformational changes with three global minima distrib-
uted over more than three clusters. Moreover, we superimposed the respective global minima
structures from all three systems (WT, C142S, and C142L). Interestingly, a clear structural
change at the active site B-ribbon structure was observed for the mutants. Again, the super-
imposition of representative structures from the mutants with the WT revealed an RMSD
value of 1.108 A (168 atoms) and 1.048 A (174 atoms) against C142S and C142L respectively.
All the above analysis indicates that the C142S and C142L mutation may alter the structural

WT-C1428

Fig 6. Free energy landscape of all three systems and their representative structures. The low-energy structures were retrieved from their respective global
minima and superimposed. In addition, the superimposition of WT and representative mutant conformations are shown with RMSD values.

https://doi.org/10.1371/journal.pone.0321079.g006
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conformation particularly the conserved B-ribbon region of the 3C protease. Additionally, it
was evident that the cysteine-to-leucine mutation changed the structural organization of the
B-ribbon region, which may have an impact on the substrate binding process during prote-
olysis, whereas the cysteine-to-serine substitution at position 142 may prevent the substrate
binding process and inhibit enzymatic activity.

The distinct collective motions observed in the mutants, particularly the increased fluc-
tuation and altered conformation of the p-ribbon region, highlight the significant structural
implications of these mutations. The bending of the B-ribbon towards the catalytic pocket in
the C142S mutant suggests potential steric hindrance at the substrate binding site, which may
inhibit enzymatic activity. On the contrary, the bending of the B-ribbon away from the cata-
Iytic pocket in the C142L mutant implies disrupted substrate interactions, likely contributing
to reduced enzymatic efficiency. The observed conformational changes, coupled with distinct
energy minima distributions, emphasize the role of these mutations in altering the functional
dynamics of the protease and provide a basis for understanding their potential effects on sub-
strate binding and proteolysis.

3.4. Cross-correlation analysis

The internal dynamics of the WT and the 3C protease mutants were examined through
cross-correlation analysis using the Bio3D package. A dynamic cross-correlation map
(DCCM) between wild-type and mutant proteins can provide structural information on how
particular mutations affect the correlated motions within individual residue pairs of a protein
[51]. Hence, a DCCM map was created using the Ca atoms from the concatenated trajecto-
ries (last 100 ns from each replicate; total 300 ns) as shown in Fig 7A. Cyan depicts positively
correlated motions (+1.0), while pink depicts negatively correlated motions (-1.0). The color
intensity depicts the degree of positive/negative correlations. As shown in Fig 7B, all systems
exhibited large correlated and small anti-correlated motions. In particular, the -ribbon
region in WT exhibited only a positive correlation, suggesting that the residues present in this
region moved in the same direction only. The C142L mutant system showed less correlated
motion and more anti-correlated motion than the WT and C142S systems. Furthermore, the
residual motion pattern in the catalytic site was studied by capturing local correlations, and
the results suggested that catalytic residues such as H46 and D84 exhibited only positive cor-
relation motion in all systems; C163 exhibited less anti-correlated motion in WT and C142L.
In contrast, DCCM analysis revealed that the positive correlation between amino acid residues
was much stronger in all systems, whereas the WT and C142L systems showed a similar
pattern of anti-correlated motions. These findings imply that the C142L mutation destabi-
lizes the B-ribbon’s synchronized movements, potentially affecting substrate interactions and
enzymatic activity, while C142S maintains a motion pattern closer to the W'T, with less anti-
correlated motion observed in the catalytic residues. This emphasizes the differential impact
of the mutations on the protease’s functional dynamics.

3.5. Betweenness centrality analysis

We considered the representative structure of WT and mutants of 3Cpro complexes from the
simulation and used them to perform a residue network analysis using NAPS server with a
cut-off distance of 0.7 nm (S4A Fig). RIN analysis is a valuable technique for understanding
the structural and dynamic properties of proteins and is especially pertinent when com-
paring wild-type and mutant protein structures. Specific mutations in a protein can affect
interactions and connectivity between residues [52-54]. Residue network analysis helps in
pinpointing the specific residues or regions that are most affected by mutations. In addition,
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Fig 7. Cross-correlation analysis. (A) Dynamic cross-correlation map (DCCM) of WT and mutants. The red and blue dashed frames represent positive and
negative correlations respectively. (B) Structural representation of the strong residual cross-correlation in WT, C142S, and C142L. Red (+1.0) and blue (-1.0)
lines denote the most correlated and anticorrelated interactions between two residues. The intensity of the line color denotes the degree of association.

https://doi.org/10.1371/journal.pone.0321079.9007

it provides insight into allosteric communication, which is the transmission of information
between distal sites in a protein. Changes in network connectivity between the WT and
mutant structures can indicate altered allosteric pathways, helping us to understand the
impact of mutations on protein dynamics. The betweenness centrality (C,) value was com-
puted using a residual network. This can help to identify residues that play a crucial role in the
structural stability or function of a protein. The high C, value of a node may have a significant
impact on the structural-functional relationship of the complex. Subsequently, we calculated
the degree of centrality (C)) and C, differences between the WT and mutant complexes repre-
sented in Fig 8A and 8B.

The condition |C,(WT)-C,(mutant)| > 0.3 was used to map the respective amino acids
on the protein structures to understand the residual interaction variations between WT and
mutants. From this analysis, we found that the residues in the interior surface region of the
B-barrels of 3Cpro exhibited larger C, values than other regions, suggesting this region might
be necessary for signal transmission (S4B Fig). We also observed similar patterns of essential
residues in both mutants. More than 50% of the residues were found to be common among
the mutants (Fig 8C and 8D), and the non-common residues suggest that intra-residual sig-
naling differs in the mutant complexes as compared to the WT 3Cpro, thereby impacting the
function of the protein. In particular, the central region of 3Cpro, accommodating the active
site and catalytic triad, may play an important role in the conformational shift required for
substrate binding. However, additional studies are required to validate the functions of these
residues.
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Furthermore, the free energy (Ag) of each residue in response to a specified mutation was
computed using the representative structure and AlloSigMA server [55]. It is used to calcu-
late the allosteric free energy experienced by a single residue due to mutations. Allosteric free
energy was used to assess the allosteric communication linked to a mutation. Specifically, a
positive sign of the allosteric free energy indicates destabilized residues, whereas a negative
sign indicates stabilized residues, both of which lead to local stabilization [56,57]. The results
revealed that residues in the B-ribbon region are stabilizing with negative free energy (—Ag)
for both mutations. The C142S and C142L mutations revealed free energy values of —4.972
and —4.852 Kcal/mol, respectively. Although catalytic residues such as H46 and D84 were
found to be less stabilized in the C142L mutant, the residues present near D84 (residues
74-82) revealed a strongly stabilized beta-sheet compared to C142S (Fig 9). In contrast,
compared to C142L, the C142S mutant exhibited stable catalytic and active site regions
indicating that side chains of 3-ribbon residues may be involved in intra-residual activity to
form a locked active site conformation for substrate binding. Hence, it is possible that a single
mutation at position 142 may potentially control the protein’s function through an allosteric
mechanism.

4. Conclusion

The 3C protease (3Cpro) is one of the most important genes in the viral genome of FMDV
and is responsible for 10 of 13 cleavages by targeting specific sequences in its polyprotein
structure. The crucial role of 3Cpro in proteolytic activity and viral replication makes it

a suitable drug target for the development of various therapeutics against FMD. Previous
studies reported that, despite of having a degree of flexibility, the conserved p-ribbon struc-
ture containing the active site residues C142 contributes significantly to substrate specificity.
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https://doi.org/10.1371/journal.pone.0321079.g009

Mutagenesis of C142 at the apical-tip of the -ribbon structure significantly affects catalytic
activity. However, the underlying allosteric molecular mechanisms of these mutations remain
unclear, limiting the development of novel 3Cpro inhibitors and how these mutations in

the active site affect enzyme activity. The MD simulation analysis with three different rep-
licates presented in the current study deciphered the conformational alterations that occur
upon active-site mutations of 3Cpro. The all-atom MD simulation results suggested greater
structural stability in the WT and C142L than in C142S. Although there were no significant
changes observed in the number of intra-hydrogen bonds and Rg values of WT and mutants,
the global dynamics analysis revealed large and opposite structural deviation of the conserved
B-ribbon in both the mutants, compared to the WT complex. In the case of the C142L mutant
system, the B-ribbon structure is observed to bend away from the catalytic pocket while in the
case of the C142S mutant, it bends towards the catalytic pocket to form an open and closed
conformation respectively. Residual cross-correlation analysis revealed a strong positive
correlation between the amino acid residues of all three systems. In particular, WT and C142L
mutants exhibited similar patterns of anti-correlated motions between residues. Moreover,
the difference in the free energies (Ag) values of each residue and betweenness centrality
from RINs indicates that a single mutation in the active site of 3Cpro affects the dynamics of
the protein which may result in allosteric regulation of its biological activity. Additionally, it
was suggested that significant residues might be accountable for the functional variation in
the mutants relative to the WT. From these findings, we believe that active-site mutations,
particularly C142S, induce specific structural and conformational changes that inhibit protein
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activity. By combining the results obtained from this study with targeted experimental muta-
genesis, it will be plausible to provide a detailed understanding of the allosteric mechanisms
induced by these mutations which will be helpful in the development of novel therapeutics
against FMD.
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S1 Fig. Validation of AlphaFold2 modeled structure of FMDV 3C protease (WT, C142S,
and C142L) using Ramachandran plot.
(TIF)

S2 Fig. Evolutionary conservation profile of 3Cpro.
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$3 Fig. Collective mode analysis. (A) RMSIP of the first 10 PCs showing similarities and
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and PC1 vs. PC3. Black, red, and green colors represent the WT, C142S, and C142L systems of
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S4 Fig. Network topology. (A) Residue interaction networks were constructed for all the
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the common residues in both mutants.

(TIF)

S1 Table. DSSP analysis of WT and mutants representing the overall percentage changes
in their secondary structure.
(DOCX)

Acknowledgments

The authors thank Jeonbuk National University for providing the necessary facilities for this
study.

Author contributions

Conceptualization: Sthitaprajna Sahoo, Donghyun Shin.

Formal analysis: Sthitaprajna Sahoo.

Investigation: Sthitaprajna Sahoo.

Supervision: Hak-Kyo Lee, Donghyun Shin.

Writing - original draft: Sthitaprajna Sahoo.

Writing - review & editing: Sthitaprajna Sahoo, Hak-Kyo Lee, Donghyun Shin.

References

1. Sutmoller P, Barteling SS, Olascoaga RC, Sumption KJ. Control and eradication of foot-and-mouth dis-
ease. Virus Res. 2003;91(1):101-44. https://doi.org/10.1016/s0168-1702(02)00262-9 PMID: 12527440

2. Jamal SM, Belsham GJ. Foot-and-mouth disease: past, present and future. Vet Res. 2013;44(1):116.
https://doi.org/10.1186/1297-9716-44-116 PMID: 24308718

3. Knight-dones TJD, Rushton J. The economic impacts of foot and mouth disease - what are they, how
big are they and where do they occur? Prev Vet Med. 2013;112(3—4):161-73. https://doi.org/10.1016/j.
prevetmed.2013.07.013 PMID: 23958457

PLOS ONE | https://doi.org/10.1371/journal.pone.0321079  April 21, 2025 16/19



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0321079.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0321079.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0321079.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0321079.s004
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0321079.s005
https://doi.org/10.1016/s0168-1702(02)00262-9
http://www.ncbi.nlm.nih.gov/pubmed/12527440
https://doi.org/10.1186/1297-9716-44-116
http://www.ncbi.nlm.nih.gov/pubmed/24308718
https://doi.org/10.1016/j.prevetmed.2013.07.013
https://doi.org/10.1016/j.prevetmed.2013.07.013
http://www.ncbi.nlm.nih.gov/pubmed/23958457

PLOS ONE

Structural dynamics of active site mutations in 3Cpro FMDV

10.

1.

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22,

23.

King AMQ, Adams MJ, Carstens EB, Lefkowitz EJ. Order - Picornavirales. Virus Taxonomy. San
Diego: Elsevier; 2012. pp. 835-839.

Diaz-San Segundo F, Medina GN, Stenfeldt C, Arzt J, de Los Santos T. Foot-and-mouth disease vac-
cines. Vet Microbiol. 2017;206:102—-12. https://doi.org/10.1016/j.vetmic.2016.12.018 PMID: 28040311

Theerawatanasirikul S, Thangthamniyom N, Kuo C-J, Semkum P, Phecharat N, Chankeeree P, et al.
Natural phytochemicals, luteolin and isoginkgetin, inhibit 3C protease and infection of FMDV, in silico
and in vitro. Viruses. 2021;13(11):2118. https://doi.org/10.3390/v13112118 PMID: 34834926

Carrillo C, Tulman ER, Delhon G, Lu Z, Carreno A, Vagnozzi A, et al. Comparative genomics of
foot-and-mouth disease virus. J Virol. 2005;79(10):6487-504. https://doi.org/10.1128/JV1.79.10.6487-
6504.2005 PMID: 15858032

Grubman MJ, Baxt B. Foot-and-mouth disease. Clin Microbiol Rev. 2004;17(2):465-93. https://doi.
org/10.1128/CMR.17.2.465-493.2004 PMID: 15084510

Skern T, Hampdlz B, Guarné A, Fita |, Bergmann E, Petersen J, et al. Structure and Function of Picor-
navirus Proteinases. Molecular Biology of Picornavirus. John Wiley & Sons, Ltd.; 2002. p. 199-212.

Curry S, Roqué-Rosell N, Sweeney TR, Zunszain PA, Leatherbarrow RJ. Structural analysis of
foot-and-mouth disease virus 3C protease: a viable target for antiviral drugs? Biochem Soc Trans.
2007;35(Pt 3):594-8. https://doi.org/10.1042/BST0350594 PMID: 17511659

Li W, Ross-Smith N, Proud CG, Belsham GJ. Cleavage of translation initiation factor 4Al (elF4Al) but
not elF4All by foot-and-mouth disease virus 3C protease: identification of the elF4Al cleavage site.
FEBS Lett. 2001;507(1):1-5. https://doi.org/10.1016/s0014-5793(01)02885-x PMID: 11682048

Falk MM, Grigera PR, Bergmann IE, Zibert A, Multhaup G, Beck E. Foot-and-mouth disease virus
protease 3C induces specific proteolytic cleavage of host cell histone H3. J Virol. 1990;64(2):748-56.
https://doi.org/10.1128/JV1.64.2.748-756.1990 PMID: 2153239

Allaire M, Chernaia MM, Malcolm BA, James MN. Picornaviral 3C cysteine proteinases have a
fold similar to chymotrypsin-like serine proteinases. Nature. 1994;369(6475):72—6. https://doi.
0rg/10.1038/369072a0 PMID: 8164744

Birtley JR, Knox SR, Jaulent AM, Brick P, Leatherbarrow RJ, Curry S. Crystal structure of foot-and-
mouth disease virus 3C protease. New insights into catalytic mechanism and cleavage specificity. J
Biol Chem. 2005;280(12):11520-7. https://doi.org/10.1074/jbc.M413254200 PMID: 15654079

Zunszain PA, Knox SR, Sweeney TR, Yang J, Roqué-Rosell N, Belsham GJ, et al. Insights into cleav-
age specificity from the crystal structure of foot-and-mouth disease virus 3C protease complexed with
a peptide substrate. J Mol Biol. 2010;395(2):375-89. hitps://doi.org/10.1016/j.jmb.2009.10.048 PMID:
19883658

Curry S, Roqué-Rosell N, Zunszain PA, Leatherbarrow RJ. Foot-and-mouth disease virus 3C
protease: recent structural and functional insights into an antiviral target. Int J Biochem Cell Biol.
2007;39(1):1-6. https://doi.org/10.1016/j.biocel.2006.07.006 PMID: 16979372

Hedstrom L. Serine protease mechanism and specificity. Chem Rev. 2002;102(12):4501-24. hitps:/
doi.org/10.1021/cr000033x PMID: 12475199

Grubman MJ, Zellner M, Bablanian G, Mason PW, Piccone ME. Identification of the active-site resi-
dues of the 3C proteinase of foot-and-mouth disease virus. Virology. 1995;213(2):581-9. https://doi.
0rg/10.1006/viro0.1995.0030 PMID: 7491782

Bergmann EM, Mosimann SC, Chernaia MM, Malcolm BA, James MN. The refined crystal structure
of the 3C gene product from hepatitis A virus: specific proteinase activity and RNA recognition. J Virol.
1997;71(3):2436-48. hitps://doi.org/10.1128/JV1.71.3.2436-2448.1997 PMID: 9032381

Mosimann SC, Cherney MM, Sia S, Plotch S, James MN. Refined X-ray crystallographic struc-
ture of the poliovirus 3C gene product. J Mol Biol. 1997;273(5):1032—47. https://doi.org/10.1006/
imbi.1997.1306 PMID: 9367789

Matthews DA, Smith WW, Ferre RA, Condon B, Budahazi G, Sisson W, et al. Structure of human rhi-
novirus 3C protease reveals a trypsin-like polypeptide fold, RNA-binding site, and means for cleaving
precursor polyprotein. Cell. 1994;77(5):761-71. https://doi.org/10.1016/0092-8674(94)90059-0 PMID:

7515772

Sweeney TR, Roqué-Rosell N, Birtley JR, Leatherbarrow RJ, Curry S. Structural and mutagenic anal-
ysis of foot-and-mouth disease virus 3C protease reveals the role of the beta-ribbon in proteolysis. J
Virol. 2007;81(1):115-24. https://doi.org/10.1128/JVI1.01587-06 PMID: 17065215

Matthews DA, Dragovich PS, Webber SE, Fuhrman SA, Patick AK, Zalman LS, et al. Structure-
assisted design of mechanism-based irreversible inhibitors of human rhinovirus 3C protease
with potent antiviral activity against multiple rhinovirus serotypes. Proc Natl Acad Sci U S A.
1999;96(20):11000-7. https://doi.org/10.1073/pnas.96.20.11000 PMID: 10500114

PLOS ONE | https://doi.org/10.1371/journal.pone.0321079  April 21, 2025 17/19



https://doi.org/10.1016/j.vetmic.2016.12.018
http://www.ncbi.nlm.nih.gov/pubmed/28040311
https://doi.org/10.3390/v13112118
http://www.ncbi.nlm.nih.gov/pubmed/34834926
https://doi.org/10.1128/JVI.79.10.6487-6504.2005
https://doi.org/10.1128/JVI.79.10.6487-6504.2005
http://www.ncbi.nlm.nih.gov/pubmed/15858032
https://doi.org/10.1128/CMR.17.2.465-493.2004
https://doi.org/10.1128/CMR.17.2.465-493.2004
http://www.ncbi.nlm.nih.gov/pubmed/15084510
https://doi.org/10.1042/BST0350594
http://www.ncbi.nlm.nih.gov/pubmed/17511659
https://doi.org/10.1016/s0014-5793(01)02885-x
http://www.ncbi.nlm.nih.gov/pubmed/11682048
https://doi.org/10.1128/JVI.64.2.748-756.1990
http://www.ncbi.nlm.nih.gov/pubmed/2153239
https://doi.org/10.1038/369072a0
https://doi.org/10.1038/369072a0
http://www.ncbi.nlm.nih.gov/pubmed/8164744
https://doi.org/10.1074/jbc.M413254200
http://www.ncbi.nlm.nih.gov/pubmed/15654079
https://doi.org/10.1016/j.jmb.2009.10.048
http://www.ncbi.nlm.nih.gov/pubmed/19883658
https://doi.org/10.1016/j.biocel.2006.07.006
http://www.ncbi.nlm.nih.gov/pubmed/16979372
https://doi.org/10.1021/cr000033x
https://doi.org/10.1021/cr000033x
http://www.ncbi.nlm.nih.gov/pubmed/12475199
https://doi.org/10.1006/viro.1995.0030
https://doi.org/10.1006/viro.1995.0030
http://www.ncbi.nlm.nih.gov/pubmed/7491782
https://doi.org/10.1128/JVI.71.3.2436-2448.1997
http://www.ncbi.nlm.nih.gov/pubmed/9032381
https://doi.org/10.1006/jmbi.1997.1306
https://doi.org/10.1006/jmbi.1997.1306
http://www.ncbi.nlm.nih.gov/pubmed/9367789
https://doi.org/10.1016/0092-8674(94)90059-0
http://www.ncbi.nlm.nih.gov/pubmed/7515772
https://doi.org/10.1128/JVI.01587-06
http://www.ncbi.nlm.nih.gov/pubmed/17065215
https://doi.org/10.1073/pnas.96.20.11000
http://www.ncbi.nlm.nih.gov/pubmed/10500114

PLOS ONE

Structural dynamics of active site mutations in 3Cpro FMDV

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37

38.

39.

40.

41.

42,

43.

44.

Jumper J, Evans R, Pritzel A, Green T, Figurnov M, Ronneberger O, et al. Highly accurate protein
structure prediction with AlphaFold. Nature. 2021;596(7873):583-9. https://doi.org/10.1038/s41586-
021-03819-2 PMID: 34265844

Laskowski RA, MacArthur MW, Moss DS, Thornton JM. PROCHECK: a program to check the stereo-
chemical quality of protein structures. J Appl Crystallogr. 1993;26(2):283-91. https://doi.org/10.1107/
s0021889892009944

Colovos C, Yeates TO. Verification of protein structures: patterns of nonbonded atomic interactions.
Protein Sci. 1993;2(9):1511-9. hitps://doi.org/10.1002/pro.5560020916 PMID: 8401235

Pontius J, Richelle J, Wodak SJ. Deviations from standard atomic volumes as a quality measure for
protein crystal structures. J Mol Biol. 1996;264(1):121-36. https://doi.org/10.1006/jmbi.1996.0628
PMID: 8950272

Bekker H, Berendsen H, Dijkstra E, Achterop S, Vondrumen R, Vanderspoel D, et al. GROMACS - a
parallel computer for molecular-dynamics simulations: 4th International Conference on Computational
Physics (PC 92). DeGroot R, Nadrchal J, editors. Physics Computing '92. 1993; 252—-256.

Lindorff-Larsen K, Piana S, Palmo K, Maragakis P, Klepeis JL, Dror RO, et al. Improved side-chain
torsion potentials for the Amber ff99SB protein force field. Proteins. 2010;78(8):1950-8. https://doi.
org/10.1002/prot.22711 PMID: 20408171

Meza JC. Steepest descent. WIREs Computational Stats. 2010;2(6):719-22. https://doi.org/10.1002/
wics.117

Sahoo S, Son S, Lee H-K, Lee J-Y, Gosu V, Shin D. Impact of nsSNPs in human AIM2 and IFI16
gene: a comprehensive in silico analysis. J Biomol Struct Dyn. 2024;42(5):2603-15. https://doi.org/10.
1080/07391102.2023.2206907 PMID: 37139544

Bussi G, Donadio D, Parrinello M. Canonical sampling through velocity rescaling. J Chem Phys.
2007;126(1):014101. https://doi.org/10.1063/1.2408420 PMID: 17212484

Parrinello M, Rahman A. Polymorphic transitions in single crystals: a new molecular dynamics
method. J Appl Phys. 1981;52(12):7182-90. https://doi.org/10.1063/1.328693

Darden T, York D, Pedersen L. Particle mesh Ewald: An N-log(N) method for Ewald sums in large
systems. J Chem Phys. 1993;98(12):10089—-92. https://doi.org/10.1063/1.464397

Hess B, Bekker H, Berendsen HJC, Fraaije JGEM. LINCS: a linear constraint solver for
molecular simulations. J Comput Chem. 1997;18(12):1463-72. https://doi.org/10.1002/
(sici)1096-987x(199709)18:12<1463::aid-jcc4>3.0.c0;2-h

Hess B. P-LINCS: a parallel linear constraint solver for molecular simulation. J Chem Theory Comput.
2008;4(1):116—22. https://doi.org/10.1021/ct700200b PMID: 26619985

van Aalten DM, Findlay JB, Amadei A, Berendsen HJ. Essential dynamics of the cellular retinol-
binding protein--evidence for ligand-induced conformational changes. Protein Eng. 1995;8(11):1129—
35. https://doi.org/10.1093/protein/8.11.1129 PMID: 8819978

Yamaguchi H, van Aalten DM, Pinak M, Furukawa A, Osman R. Essential dynamics of DNA contain-
ing a cis.syn cyclobutane thymine dimer lesion. Nucleic Acids Res. 1998;26(8):1939—-46. hitps://doi.
0org/10.1093/nar/26.8.1939 PMID: 9518486

Sahoo S, Lee H-K, Shin D. Structure-based virtual screening and molecular dynamics studies to
explore potential natural inhibitors against 3C protease of foot-and-mouth disease virus. Front Vet Sci.
2024;10:1340126. https://doi.org/10.3389/fvets.2023.1340126 PMID: 38298458

Sahoo S, Samantaray M, Jena M, Gosu V, Bhuyan PP, Shin D, et al. In vitro and in silico studies to
explore potent antidiabetic inhibitor against human pancreatic alpha-amylase from the methanolic
extract of the green microalga Chlorella vulgaris. J Biomol Struct Dyn. 2024;42(15):8089-99. https:/
doi.org/10.1080/07391102.2023.2244592 PMID: 37561393

Amadei A, Ceruso MA, Di Nola A. On the convergence of the conformational coordinates basis set
obtained by the essential dynamics analysis of proteins’ molecular dynamics simulations. Proteins.
1999;36(4):419-24. https://doi.org/10.1002/(sici) 1097-0134(19990901)36:4<419::aid-prot5>3.0.c0;2-u

Marino V, Dell’Orco D. Allosteric communication pathways routed by Ca2+/Mg2+ exchange in GCAP1
selectively switch target regulation modes. Sci Rep. 2016;6:34277. https://doi.org/10.1038/srep34277
PMID: 27739433

Chakrabarty B, Parekh N. NAPS: network analysis of protein structures. Nucleic Acids Res.
2016;44(W1):W375-82. https://doi.org/10.1093/nar/gkw383

Chakrabarty B, Naganathan V, Garg K, Agarwal Y, Parekh N. NAPS update: network anal-
ysis of molecular dynamics data and protein-nucleic acid complexes. Nucleic Acids Res.
2019;47(W1):W462-70. https://doi.org/10.1093/nar/gkz399 PMID: 31106363

PLOS ONE | https://doi.org/10.1371/journal.pone.0321079  April 21, 2025 18/19



https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1038/s41586-021-03819-2
http://www.ncbi.nlm.nih.gov/pubmed/34265844
https://doi.org/10.1107/s0021889892009944
https://doi.org/10.1107/s0021889892009944
https://doi.org/10.1002/pro.5560020916
http://www.ncbi.nlm.nih.gov/pubmed/8401235
https://doi.org/10.1006/jmbi.1996.0628
http://www.ncbi.nlm.nih.gov/pubmed/8950272
https://doi.org/10.1002/prot.22711
https://doi.org/10.1002/prot.22711
http://www.ncbi.nlm.nih.gov/pubmed/20408171
https://doi.org/10.1002/wics.117
https://doi.org/10.1002/wics.117
https://doi.org/10.1080/07391102.2023.2206907
https://doi.org/10.1080/07391102.2023.2206907
http://www.ncbi.nlm.nih.gov/pubmed/37139544
https://doi.org/10.1063/1.2408420
http://www.ncbi.nlm.nih.gov/pubmed/17212484
https://doi.org/10.1063/1.328693
https://doi.org/10.1063/1.464397
https://doi.org/10.1002/(sici)1096-987x(199709)18:12<1463::aid-jcc4>3.0.co;2-h
https://doi.org/10.1002/(sici)1096-987x(199709)18:12<1463::aid-jcc4>3.0.co;2-h
https://doi.org/10.1021/ct700200b
http://www.ncbi.nlm.nih.gov/pubmed/26619985
https://doi.org/10.1093/protein/8.11.1129
http://www.ncbi.nlm.nih.gov/pubmed/8819978
https://doi.org/10.1093/nar/26.8.1939
https://doi.org/10.1093/nar/26.8.1939
http://www.ncbi.nlm.nih.gov/pubmed/9518486
https://doi.org/10.3389/fvets.2023.1340126
http://www.ncbi.nlm.nih.gov/pubmed/38298458
https://doi.org/10.1080/07391102.2023.2244592
https://doi.org/10.1080/07391102.2023.2244592
http://www.ncbi.nlm.nih.gov/pubmed/37561393
https://doi.org/10.1002/(sici)1097-0134(19990901)36:4<419::aid-prot5>3.0.co;2-u
https://doi.org/10.1038/srep34277
http://www.ncbi.nlm.nih.gov/pubmed/27739433
https://doi.org/10.1093/nar/gkw383
https://doi.org/10.1093/nar/gkz399
http://www.ncbi.nlm.nih.gov/pubmed/31106363

PLOS ONE

Structural dynamics of active site mutations in 3Cpro FMDV

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Vogt G, Woell S, Argos P. Protein thermal stability, hydrogen bonds, and ion pairs. J Mol Biol.
1997;269(4):631-43. https://doi.org/10.1006/jmbi.1997.1042 PMID: 9217266

de Brevern AG. Impact of protein dynamics on secondary structure prediction. Biochimie.
2020;179:14-22. https://doi.org/10.1016/j.biochi.2020.09.006 PMID: 32946990

Maisuradze GG, Liwo A, Scheraga HA. Principal component analysis for protein folding dynamics. J
Mol Biol. 2009;385(1):312—-29. https://doi.org/10.1016/j.jmb.2008.10.018 PMID: 18952103

Daidone I, Amadei A. Essential dynamics: foundation and applications. WIREs Comput Mol Sci.
2012;2(5):762—70. https://doi.org/10.1002/wcms. 1099

Hoang TX, Trovato A, Seno F, Banavar JR, Maritan A. Geometry and symmetry presculpt the free-
energy landscape of proteins. Proc Natl Acad Sci U S A. 2004;101(21):7960—4. https://doi.org/10.1073/
pnas.0402525101 PMID: 15148372

Papaleo E, Mereghetti P, Fantucci P, Grandori R, De Gioia L. Free-energy landscape, principal
component analysis, and structural clustering to identify representative conformations from molec-
ular dynamics simulations: the myoglobin case. J Mol Graph Model. 2009;27(8):889-99. https://doi.
org/10.1016/j.jmgm.2009.01.006 PMID: 19264523

Yu H, Dalby PA. Chapter Two - A beginner’s guide to molecular dynamics simulations and the
identification of cross-correlation networks for enzyme engineering. In: Tawfik DS, editor. Methods in
Enzymology. Academic Press; 2020. pp. 15-49.

Rajasekaran N, Suresh S, Gopi S, Raman K, Naganathan AN. A general mechanism for the propaga-
tion of mutational effects in proteins. Biochemistry. 2017;56(1):294-305. https://doi.org/10.1021/acs.
biochem.6b00798 PMID: 27958720

Kumar R, Kumar R, Goel H, Tanwar P. Computational investigation reveals that the mutant strains of
SARS-CoV2 have differential structural and binding properties. Comput Methods Programs Biomed.
2022;215:106594. hitps://doi.org/10.1016/j.cmpb.2021.106594 PMID: 34968787

Kumar AP, Verma CS, Lukman S. Structural dynamics and allostery of Rab proteins: strategies for
drug discovery and design. Brief Bioinform. 2021;22(1):270-87. https://doi.org/10.1093/bib/bbz161
PMID: 31950981

Tan ZW, Guarnera E, Tee W-V, Berezovsky IN. AlloSigMA 2: paving the way to designing allosteric
effectors and to exploring allosteric effects of mutations. Nucleic Acids Res. 2020;48(W1):W116-24.
https://doi.org/10.1093/nar/gkaa338 PMID: 32392302

Kurochkin IV, Guarnera E, Wong JH, Eisenhaber F, Berezovsky IN. Toward allosterically increased
catalytic activity of insulin-degrading enzyme against amyloid peptides. Biochemistry. 2017;56(1):228—
39. https://doi.org/10.1021/acs.biochem.6b00783 PMID: 27982586

Guarnera E, Berezovsky IN. Structure-based statistical mechanical model accounts for the causality
and energetics of allosteric communication. PLoS Comput Biol. 2016;12(3):e1004678. https://doi.
org/10.1371/journal.pcbi. 1004678 PMID: 26939022

PLOS ONE | https://doi.org/10.1371/journal.pone.0321079  April 21, 2025 19/19



https://doi.org/10.1006/jmbi.1997.1042
http://www.ncbi.nlm.nih.gov/pubmed/9217266
https://doi.org/10.1016/j.biochi.2020.09.006
http://www.ncbi.nlm.nih.gov/pubmed/32946990
https://doi.org/10.1016/j.jmb.2008.10.018
http://www.ncbi.nlm.nih.gov/pubmed/18952103
https://doi.org/10.1002/wcms.1099
https://doi.org/10.1073/pnas.0402525101
https://doi.org/10.1073/pnas.0402525101
http://www.ncbi.nlm.nih.gov/pubmed/15148372
https://doi.org/10.1016/j.jmgm.2009.01.006
https://doi.org/10.1016/j.jmgm.2009.01.006
http://www.ncbi.nlm.nih.gov/pubmed/19264523
https://doi.org/10.1021/acs.biochem.6b00798
https://doi.org/10.1021/acs.biochem.6b00798
http://www.ncbi.nlm.nih.gov/pubmed/27958720
https://doi.org/10.1016/j.cmpb.2021.106594
http://www.ncbi.nlm.nih.gov/pubmed/34968787
https://doi.org/10.1093/bib/bbz161
http://www.ncbi.nlm.nih.gov/pubmed/31950981
https://doi.org/10.1093/nar/gkaa338
http://www.ncbi.nlm.nih.gov/pubmed/32392302
https://doi.org/10.1021/acs.biochem.6b00783
http://www.ncbi.nlm.nih.gov/pubmed/27982586
https://doi.org/10.1371/journal.pcbi.1004678
https://doi.org/10.1371/journal.pcbi.1004678
http://www.ncbi.nlm.nih.gov/pubmed/26939022

