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Abstract

3C protease of Coxsackievirus B3 (CVB3) plays an essential role in the viral replication
cycle, and therefore, emerged as an attractive therapeutic target for the treatment of
human diseases caused by CVB3 infection. In this study, we report the first account of
the molecular impact of T68A/N126Y double mutant (Mutantge,ng) using an integrated
computational approach. Molecular dynamics simulation and post-dynamics binding free
energy, principle component analysis (PCA), hydrogen bond occupancy, SASA, R, and
RMSF confirms that T68A/N126Y instigated an increased conformational flexibility due
to loss of intra and inter molecular hydrogen bond interactions and other prominent
binding forces, which led to a decreased protease grip on ligand (3CPI). The double
mutations triggered a distortion orientation of the 3CPI in the active site and decreases
the binding energy, AGying (~3 kcal/mol) compared to the wild type (Wildgouna). The van
der Waals and electrostatic energy contributions coming from residue 68 and 126 are
lower for Mutantg,,,g when compared with Wildgoung. In addition, variation in the overall
enzyme motion as evident from the PCA, distorted hydrogen bonding network and loss of
protein-ligand interactions resulted in loss of inhibitor efficiency. The comprehensive
molecular insight gained from this study should be of great importance in understanding
drug resistance against CVB3 3C protease also it will assist in the designing of novel

coxsackievirus B3 inhibitors with high ligand efficacy on resistant strains.

Keywords: Coxsackie virus; 3C protease; T68A/N126Y mutations; resistance; molecular

dynamics
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1. Introduction

Picornaviruses are important human pathogenic viruses, which include enterovirus (EV),
human poliovirus (HPV), hepatitis A virus (HAV), human rhinovirus (HRV), and
Coxsackievirus (CV)(1-5). CVs are positive sense, single-stranded RNA viruses which
are divided into two groups (Coxsackie A and Coxsackie B) (6-9). Each group is
categorized into several serotypes. Once a person gets the virus, it takes an average of
one to two days for symptoms to develop. People are most contagious in the first week of
illness, but the virus may still be present up to one week after symptoms resolve. The
virus persists longer in children and those whose immune systems are weak. It is also
unaffected by the acids present in the stomach and can live on surfaces for a long period
of time. Coxsackievirus A (CVA) virus causes paralysis and death, with extensive
skeletal muscle necrosis (10-12). Coxsackievirus B (CVB) causes less severe infection in
the mice, but with damage to more organ systems, such as heart, brain, liver, pancreas,
and skeletal muscles. There are six groups of CVB serotypes (CVB1-6) within the

Picornaviridae family (13-15).

Coxsackievirus B3 (CVB3) is a small (approximately 300 A in diameter), non-enveloped,
positive-stranded RNA enterovirus, associated with a number of diverse syndromes
including viral myocarditis, hepatitis, pancreatitis, virus-induced heart disease and
meningitis in humans (8, 16-18). CVB3 related diseases causes approximately 50% of the
heart transplantations registered annually worldwide. The CVB3 genome is 7.4 kb long
and contains untranslated regions (UTRs) at both its 5’ and 3’ ends (Figure 1) and a large
open reading frame in between that encodes the viral polyprotein, which is processed into

structural and nonstructural proteins by viral proteases. Upon infection, the positive-



Molecular BioSystems

strand RNA genome of CVB3 is translated into a large poly-protein precursor that is
subject to successive proteolytic cleavage processes to generate functional and structural
viral proteins. The proteolytic processing of poly-protein is essential for the production of
new infectious virions and it is depends on two virally encoded proteases 2A and 3C
protease (19, 20). In particular, the picornavirus 3C protease is required for the majority
of proteolytic cleavage events during viral replication. Therefore these enzymes are
attractive targets for the development of therapeutic antiviral agents because there are no
effective therapeutic strategies for the prevention or treatment of diseases caused by

CVB3.

Figure 1

Coxsackievirus B3 3C protease (CVB3 3CP) is highly homologous with the human
rhinovirus (HRV) 3CP in amino acid sequence (approximately 64%). Therefore,
Matthews et al. showed that Rupintrivir (novel HRV inhibitor) had activity against CVB3
enzyme with a half-maximal effective concentration (21, 22). Additional studies also
indicated that a substitutions of the ethyl ester in position P2 of AG7088 (Rupintrivir) by
large aromatic moieties will lead to a significant enhancement of affinity to the
enzyme(21). This can be ascribed to the hydrophobic interaction with residue Tyr22 of
the 3CPRO. Soo-Hyeon Yun et al. also reported a potent CVB3 3CP inhibitor (3CPI)
using the backbone protein structure of AG7088, which showed viral proliferation in
HeLa cells in vitro (8). Repetitive cultivation of the CVB3 3CP in the presence of
rupintrivir raised two resistance mutations (T68A and N126Y) (23). The X-rays crystal
analysis indicate that the structure of the T68A mutant is close to that of the wild-type

enzyme, whereas the N126Y mutation apparently leads to major rearrangements of the
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structure. However, details of how these changes affect the binding of inhibitors is yet to
be reported. In literatures recombinant viruses harboring these mutations have been

demonstrated to be resistant against rupintrivir(23).

In this work, we aim to provide a comprehensive understanding of the impact of the
T68A and N126Y mutations (Figure 2) on the activity of inhibitors towards 3C Protease
of Coxsackie virus B3. Findings from this study could be critical in future development
of more potent Coxsackie Virus B3 inhibitors and understanding molecular basis of drug
resistance. In recent years, molecular dynamics simulation and post dynamics analyses
become the close counterpart of experiment in understanding molecular basis of drug
resistance across a number of different biological systems (24). Different post-dynamics
analyses have been widely used to gain an overall atomic level understanding from
molecular dynamics simulations. Among these, per-residue C-a fluctuation, R, hydrogen
bond occupancy and principal componenet analysis (PCA) emerged as an essential tool to
understand the effect of mutation in conformational and ligand binding landscape of a
biomolecule. It has also been studied that mutation(s) in a protein residue leads to the
disruption in the protein backbone mainly due a decrease in intra-residue hydrogen bond

connections.

Figure 2

Reports from this study highlights the effect of T68A/N126Y mutations on
conformational and ligand binding landscape of 3C protease of CVB3 from a
computational perspective. To the best of our knowledge, this is the first account of any

such reports on the CVB3 which not only provides a valid computational model to
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understand T68A/N126Y mutations but will also boost future drug discovery efforts to

counter drug-resistance.

2. Computational methods

2.1. System preparation

In order to understand the effect of T68 A/N126Y mutations on 3C protease of CVB3 the
apo and ligand (Code named: 3CPI, the detailed [IUPAC name of the ligand is presented
in Supplementary Material) bound conformations of the viral protease was retrieved from
protein data bank (Table 1). The o, B unsaturated ethyl ester, 3CPI complexed with
bound conformation of CVB3 3C protease considered as a prototype ligand to understand
the effect of mutations on drug/ligand binding landscape. All non-standard residues were
removed and missing residues were adjusted using graphical user interface (GUI) of
Chimera(25). Prior to molecular dynamics simulation the protonation state of all residues
were adjusted using H™ server(26) and the wrong residue flips were corrected to generate

a reasonable starting structure.

Table 1
2.2. Molecular dynamics simulations

All systems were subjected to an all-atom molecular dynamics simulation using GPU
version of PMEMD engine provided with Amber 14(27). A detailed reported of the
system set up and simulation was provided in our previous reports (28, 29). In brief, the
geometry of the ligands were optimized at HF/6-31G* level using Gaussian 09. Finally
antechamber module was used in order to generate atomic partial charges for all the

ligands using RESP and force field parameters of GAFF. The FF99SB force field
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integrated with Amber 14 was used to describe the protein systems. The systems were
then processed using typical parameters described by Bhakat et al.(28) and Wilson et
al.(29). The minimization steps were performed using CPU version whereas the heating,
equilibration steps were carried out using GPU version of Amber 14. Finally, MD
production runs of 50ns each were accomplished using the GPU version of Amber 14
(30). The trajectories were saved in every 1 ps and analysed using the PTRAJ and
CPPTRAJ modules (31) integrated within Amber 14. MM/GBSA based binding free
energy calculations were performed using a singular trajectory approach averaged over
1000 snapshots at equal intervals of 50 ps as described in our previous reports(28, 29,

32). All plots were generated using data analysis software Origin(33).

3. Results and Discussion

3.1. Apo conformations (Wildap, versus Mutanty,,)

In a recent study, it was highlighted that the occurrence of T68A and N126Y mutations
led to five-fold less susceptible to inhibitor than the wildtype virus as well as loss of
conformation integrity on 3C protease of CVB3(34). Per-residue C-a fluctuation (RMSF)
of Wilday, and Mutanta,,, show the presents of T68A/N126Y mutation led to an increased
backbone fluctuation. The mutations at residue 68 and 126 resulted in an increased
flexibility at those regions (Table 2) and surrounding regions (Figure 3). A possible
explanation of this increased conformational flexibility is due to loss of residue-residue

hydrogen bond connections.

Figure 3
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Table 2

Commonly in other studies mutations led to an increased conformational flexibility due
to loss of residue-residue hydrogen bond connections(28). Calculation of hydrogen bond
counts between Wildap, and Mutantap, during simulation time (Figure 4A) highlights
that average no. of H-bonds were slightly less in case of Mutant,,, (average no. of H-

bonds 85) as compared to Wilda,, (average no. of H-bonds 87).

Figure 4

The calculations of radius of gyrations for Wilda,, and Mutant,,, were carried out at
300K as described in our previous reports (28, 29). Radius of gyration (R,) is defined as
the moment of inertia of the C-o atoms from its centre of mass. The increased
conformational flexibility led to destabilization in R,. (Figure 4B) highlights difference
in R, fluctuation between Wildap, and Mutanta,,. The increased per-residue C-o
fluctuation of Mutantap, led to an increased average R, (average R, of Mutanta,, 15.46
A) as compared to of the Wildap, (15.40 A). The trend of R, further corroborated a
conformational distortion hypothesis as a result of mutations, which contribute towards
an increased conformational flexibility resulting a decreased the receptor grip on the
inhibitor. An increased conformational flexibility in case of Mutanta,, (average SASA=
8150 A?) led to an increased average solvent accessible surface area (SASA) as compared
to Wildap, (average SASA=8144 A?) (Figure 4C). The trend in SASA, R, and RMSF
confirms that T68 A/N126Y instigated an increased conformational flexibility mainly due
to loss of residue-residue H-bond connections and possibly due to the loss of other

residue-residue interaction forces.
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The distorted landscape of Wilday,, and Mutantay,, further confirms that T68A/N126Y
mutations led to a distorted protein conformation which ultimately affects proper binding

of ligand due to a decreased receptor grip and ultimately resulted in drug resistance.

3.2. Bound conformations (Wildgouna versus Mutantg,yng)
3.2.1. Conformational analyses and ligand-binding landscape

As mentioned in the previous section (Section 3.1) T68A/N126Y triggered an increased
conformational flexibility that distorts the receptor grip on the ligand (3CPI), which
ultimately leads to resistance. Figure 5, highlights the per-residue C-o fluctuation
(RMSF) of Wildpoung and Mutantge,ng conformations. The RMSF clearly demonstrate an
overall increase in flexibility for Mutantgung as compared to Wildgeung. This phenomena
is particularly prominent at the point of mutations, which ultimately affects the overall C-

a fluctuation.

Figure 5

The increased RMSF fluctuation not only affects the overall conformational fluctuation
but increases the fluctuation among active site residues (Table 3) which plays pivotal
role in decreased inhibitor grip and subsequent drug resistance.
Table 3

As evident from section 3.1 and our previous reports, which stated that habitually
mutations triggers a loss in residue-residue H-bond connections as well as ligand-residue
H-bond connections. Figure 6 and Table 4 highlights the changes in residue-residue
hydrogen bond network as well as ligand-residue hydrogen bond connections as a result

of T68A/N126Y mutations. The loss in average residue-residue H-bond interactions and
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ligand-residue H-bond interactions is in good agreement to the data’s presented in section
3.1 and highlighted the reduced protein grip on ligand as a result of amplified
conformational motion.

Figure 6

Table 4

Further, an in-depth analysis of ligand-residue hydrogen bond interactions (Table 5)
highlighted a decreased % h-bond occupancy as well as an increased h-bond distance. A
decreased % occupancy further confirms that T68A/N126Y double mutations led to
distorted ligand binding landscape which resulted in a decreased protein grip on inhibitor
as well as an increased average h-bond distance. A 2-D protein-ligand contact map
(Figure 97 taking in account average structure from each simulation also highlighted
difference in protein-ligand contact map in a static state which also shows the distorted
ligand interaction map in case of Mutantgong as a results of T68A/N126Y double
mutation.

Figure 7

Table S
Further, analysis of R, and SASA displayed a similar trend as described in section 3.1.
Both R, and SASA (Figure 8) found to fluctuate more in case of Mutantgou,g Which
further settle the fact that T68A/N126Y led to an increased conformational movement
and decreased receptor grip on ligand as evident from an increased fluctuation in R, and
SASA.

Figure 8

3.2.2. Free energy profile
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MM/GBSA based binding free energy analyses (Table 6) and per-residue energy
decomposition has emerged as valuable tools to be applied in the understanding of the
effect of mutations for the free energy profile of ligand binding. The T68A/N126Y
mutations (Mutantgung) led to a lower AGyping (~3 kcal/mol) when compared with wild
type enzyme (Wildgoung). The results are in agreement with the initial findings which
states that protease with T68A/N126Y mutations are about five-fold less susceptible to
the incoming inhibitor(34). Analyzing the corresponding energy contributions
highlighted the fact that the van der Waals (vdW) contribution is the major driving force
behind total binding energy. Both vdW and electrostatic contributions observed a

decrease of ~1 kcal/mol each which contribute total a decrease in overall AGy;nq.

Table 6

Per-residue energy decomposition revealed a slight decrease in energy contribution from
particular active site residues, which confirms the negative effect of T68A/N126Y
mutations on active site residues (Figure 9). It was also noticed that vdW and
electrostatic energy contributions coming from residue 68 and 126 are lower for the
Mutantg,yng as compared to Wildgung (Table 7).

Figure 9

Table 7

Principal component analyses of both apo and bound conformations highlighted
significant difference in the motion as a result of mutations. From the PCA scatter plot

presented in Figure 10, it is clear that eigenvectors computed from the MD trajectory for
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Wildapo/Mutantape; Wildgoune/Mutantgound Systems are largely varied, which clearly

indicates the difference in protein motions as a result of mutations.

Figure 10

The conformational analyses concerning the wild and mutant (Apo and bound)
conformations forms of CVB3 3C protease has confirmed that the occupancy of
T68A/N126Y mutations led to an overall increase in conformational flexibility. In
addition it reduced receptor grip on the ligand. This was further validated by an increase
in RMSF, Rg and SASA fluctuations both in the apo as well as in bound state. The
mutations led to a change in 2-D ligand interaction map, residue-residue and ligand-
residue H-bond interactions as well as decrease in binding free energy. These data’s
further validate the experimental findings, which justifies the development of resistance

as a result of T68A/N126Y mutations.

4. Conclusion

The precise molecular level understanding of the serious impact of T68A/N126Y double
mutations on inhibitor binding landscape is lacking in literature. In this report, we
embarked on a wide range of computational approaches to provide a multidimensional
view on the effect of the mutations mentioned above. Molecular dynamics simulations,
binding free energy calculations, principle component analysis (PCA) and % occupancy
led us to several findings that can explain the molecular level impact of T68A/N126Y
double mutant. It is also noteworthy to mention that T68A/N126Y is believed to impact
a number of structural changes in B-hairpin region of CVB3 3C protease(35). However to

reveal those changes, the computational outcome should be combined with
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crystallographic evidences and wet lab experiments. This study provides a firsthand
computational understanding of the T68A/N126Y mutations and its effects on
drug/ligand binding landscape targeting CVB3 3C protease. We believe this report will
act as a benchmark for future in-silico or wet lab efforts to understand a more-detailed
insight into structural changes across broad categories of CVB3 protease inhibitors. It
will also assist towards structural based drug design efforts in order to combat the

resistance caused by different type of mutations.
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respectively for Wildgound and Mutantgyng Whereas average SASA was reported to be

8151 A% and 8407 A? respectively for Wildgeung and Mutantgeyng.

Figure 9. Per-residue energy decomposition analysis for Wildgoumd and Mutantgoyng

conformations of CVB3 3C protease.

Figure 10. Projection of PC1 over PC2 for apo and bound conformations of CVB3 3C
protease.

List of Tables

Table 1. The systems used for simulation study with their PDB codes and abbreviations
Table 2. RMSF fluctuation(s) corresponding to certain region of Wildap, and Mutantap,.

Table 3. RMSF fluctuation(s) corresponding to certain region/s of Wildgoumga and

Mutantgound.

Table 4. Average number of residue-residue and ligand-residue hydrogen bond

interactions during simulation time for Wildgeung and Mutantgeyng Systems.

Table 5. % occupancy and average distance (A) between ligand (3CPI) and prominent
active site residues were calculated over simulation time. A complete list of all

interactions were presented in supplementary materials.

Page 18 of 30



Page 19 of 30 Molecular BioSystems

Table 6. MM/GBSA binding free energy profile of wild (Wildgoua) and T68A/N126Y
(Mutantgoyng) variant of 3C protease of CVB3 complexed with the inhibitor. All energy

terms are presented in kcal/mol unit.
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conformations.
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Figure 1. Representation of CVB3 genome and several domains, which constituted its

architecture.
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Figure 2. Representation of Wild (cornflower blue) and T68A/N126Y (magenta)
conformations of CVB3 3C protease. Residues at 68 and 126 were zoomed in for better

understanding.
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Figure 3. Per-residue C-a fluctuations of Wilda,, and Mutanta,, during simulation time.
The fluctuations at mutational sites T68A (blue) and N126Y (orange) were highlighted

which showed an increased fluctuation as a result of mutation.
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Figure 6. Fluctuation in number of residue-residue (A) and ligand-residue (B) hydrogen
bond interactions during simulation time for Wildgoung and Mutantg,yng during simulation

time.
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Figure 7. The relative position of ligand inside the active site of Wildgouna (cornflower

blue) and Mutantgng (orange) taking in account average PDB structure from each



Page 25 of 30 Molecular BioSystems

simulation (A). B and C highlights 2-D ligand interaction map for Wildgouna and

Mutantg,ung respectively. Ligand interaction plots were generated using LigPlot (36).
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Figure 8. Fluctuation of R, and SASA during simulation time for Wildgound and
Mutantg,und conformations. The average R, fluctuation found to be 15.45 A and 15.50 A
respectively for Wildgoung and Mutantgy,ng Whereas average SASA was reported to be

8151 A? and 8407 A? respectively for Wildgeuna and Mutantgoung.
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Figure 10. Projection of PC1 over PC2 for apo and bound conformations of CVB3 3C

protease.

Table 1. The systems used for simulation study with their PDB codes and abbreviations

Systems PDB Codes Abbreviations
Wild 3C protease CVB3 3ZYD(37) Wildapo
Mutant (T68A/N126Y) 3C 3774(38) Mutantap,
protease CVB3
Wild 3C protease CVB3+ 3779(39) Wildgound
ligand (3CPI)
Mutant (T68A/N126Y) 3C 377.C(40) Mutantgoung
protease CVB3+ ligand
(3CP))

Table 2. RMSF fluctuation(s) corresponding to certain region of Wild,, and Mutantap,.
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Residue(s) Wildap, Mutanty,,
68 1.21 A 1.63 A
126 0.64 A 0.74 A
60-80 0.68 A* 0.82 A*
125-135 0.86 A* 0.91 A*

*average RMSF fluctuation

Table 3. RMSF fluctuation(s) corresponding to certain region/s of Wildgoung and

Mutantgound.
Residue(s) Wildgound Mutantgouna
68 0.62 A 1.19 A
126 0.80 A 1.07 A
40, 127-1628 0.68 A* 0.82 A*

Yactive site residues; * average RMSF values

Table 4. Average number of residue-residue and ligand-residue hydrogen bond

interactions during simulation time for Wildgeund and Mutantgeyng Systems.

Systems No. of residue-residue H-bond No. of ligand-residue H-bond
connections’ interactions’
Wildgound 89 0.97
Mutantgound 86 0.81

| average value
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Table 5. % occupancy and average distance (A) between ligand and prominent active site

residues were calculated over simulation time. A complete list of all interactions were

presented in supplementary materials.

Acceptor DonorH Donor % % Avg. Avg.
Occupancy Occupancy Distance (A) Distance (&)
WildBound MUtantBuund WildBound MUtantBound

G83@035 Glyle4@H  Glyl65@N 50.44% 38.40% 2.885 2.895
G83@066  Hisl6l@HE2 Hisl6l@NE2  13.26% 26.37% 2.882 2.893
Vall62@O G83@H49 G83@N49 12.88% 5.10% 2.917 2.930
Gly164@0 G83@H21 G83@N21 9.47% 1.55% 2.912 2.924
Argl43@O G83@H69 G83@N69 8.26% 0.35% 2.902 2.899
G83182@066 Thrl42@HG! Thrl42@O0G1 1.02% 0.42% 2.848 2.843
Thr142@0 G83@H69 G83@N69 0.98% 0.05% 2913 2.909
Thrl42@0Gl  G83@H69 G83@N69 0.77% 1.34% 2.931 2.932
G83@086 Glyl4s@H  Glyl45@N 0.50% 0.08% 2.917 2.902

Table 6. MM/GBSA binding free energy profile of wild (Wildgound) and T68A/N126Y
(Mutantgoyng) variant of 3C protease of CVB3 complexed with the inhibitor. All energy

terms are presented in kcal/mol unit.

SyStems Evaw Eelec AGyoly AGgas AGyind

Wild -60.3557+0.3660 -12.3396+0.3174  21.4138+0.2285  -72.6952+0.4561  -51.2814+0.3806

T68A/N126Y  -59.3494+0.4845 -11.5533+0.2325  22.8675+0.2458  -73.9016+0.5132  -48.0341+0.4988
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Table 7. Per-residue binding free energy profile of Wildgung and Mutantgoyng

conformations.
Residues vdW (kcal/mol) Electrostatic (kcal/mol)
Thr68 -0.009+0.002 0.014=+0.007
Ala68* -0.007+0.002* 0.019+0.008*
Asnl26 -0.226+0.165 0.004+0.115
Tyrl26* -0.173+0.128* 0.055+0.085%*

*T68A/N126Y mutant



