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Abstract
The Japanese encephalitis virus (JEV) is one of the vector borne causes of encephalitis found in southeastern Asia. This positive
single-stranded RNA virus is a member of the Flaviviridae family, which notably includes dengue, tick-borne, West Nile, Zika as
well as yellow fever, and transmits to humans by infected mosquitos. The main site of interactions for antibodies against this virus
is the envelope protein domain III (ED3). The present report investigates the time-dependent structural and conformational
changes of JEV ED3 functional epitopes and escape mutants by computer simulations. The results indicate the presence of
significant structural differences between the functional epitopes and the escape mutants. Mutation-induced structural/
conformational instabilities of this type can decrease the antibody neutralization activity. Among the different escape mutants
studied here, Ser40Lys/Asp41Arg appear to be most unstable, while Ser40Glu/Asp41Leu exhibit the lowest structural variations.
The highest level of escape mutation observed in Ser40Lys is linked to the relatively higher values of root mean square deviation/
fluctuation found in the molecular dynamics simulation of this protein. Secondary-structure deviations and depletion of H
bonding are other contributing factors to the protein’s increased instability. Overall, the proteins with residue 41 mutations are
found to be structurally more ordered than those with residue 40 mutations. The detailed time-based structural assessment of the
mutant epitopes described here may contribute to the development of novel vaccines and antiviral drugs necessary to defend
against future outbreaks of JEV escape mutants.
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Introduction

Structure-based molecular immunology is an emerging field
of biological research, where experimental/clinical immuno-
logical results are combined with computer modeling by in-
corporating bioinformatics tools and commonly available
biological/immunological databases [1–6]. Applications of
this approach include identifying host/pathogen interactions,
predicting epitopes, antibody modeling and designing rational
drugs, as well as in silico vaccinations [7–11]. The present
work is a computational study within this field, focusing

specifically on certain structural and molecular aspects of the
functional epitopes and escape mutants of Japanese encepha-
litis virus (JEV) envelope protein domain III (ED3).

The JEV is the primary cause for viral encephalitis disease
that is responsible for nearly 15,000 deaths annually world-
wide, mostly in southeastern Asia [12–14]. Although this dis-
ease is predominantly confined within a particular region of
the world, after the recent outbreak of several such (previously
considered strictly regional) diseases, it is difficult to ignore
the potential global impact of any spreadable illness. JEV is a
vector borne disease that transmits to humans via cycles be-
tween infected Culex mosquitos and vertebrates. The single-
stranded RNA positive JEV belongs to the Flaviviridae family
that also includes dengue, tick-borne encephalitis, West Nile,
Zika, and yellow fever viruses. The flavivirus consists of three
structural portions: (i) capsid, commonly known as C; (ii) pre-
membrane or membrane protein, PrM orM; and (iii) envelope
protein E. The E protein (a homodimer) is considered to be the
main site for host-virus attachment and consists of three struc-
tural domains: domain 1 (D1), domain II (D2), and domain III
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(D3). The envelope protein D3 (ED3) is the main interacting
site for the JEV neutralizing antibodies. The non-structural
(NS) protein includes seven nonstructural units [15–21].

The NMR and X-ray crystal structures of ED3 for West
Nile, tick-borne Langat, yellow fever, and different dengue
virus serotypes have already been archived in the protein
databank (PDB). Likewise, the crystal structure of the com-
plete envelope protein of JEV is also available in the literature
[21], and the structure of the corresponding ED3 has been
identified as 1PJW.PDB [22]. In view of the scope for preven-
tive and therapeutic interventions, the significance of the ED3
epitopes and “neutralization escape” mutants of ED3 in the
Flaviviridae family has been noted in several earlier studies
[15–17, 20, 23, 24]. Previous authors have also identified
certain regions/residues on the JEV-E protein as determining
factors for functional epitopes [21, 22, 25–30]. While experi-
mental research about the Flaviviridae virus family has been
active for a number of years, molecular level structural/
computational studies of conformational changes (involving
functional epitopes and escape mutants) of the JEV ED3 have
so far remained comparatively less explored.

Specifically, residues Ser331 and Asp332 on ED3 of JEV
(strain: Beijing-1) are believed to interact with corresponding
residues of H3 region in monoclonal antibody (mAb) E3.3
[27]. Alterations of Ser331 and Asp332 on ED3 can signifi-
cantly lower their binding affinity toward specific mAb sites,
and therefore, these critical residue mutations behave like
“neutralizing antibody” escapes. By using site-directed muta-
genesis and ELISA affinity assay, Lin and Wu have shown
that, the altered 331 and 332 residues, (Ser331Lys,
Ser331Arg, and Ser331Glu) and (Asp332Leu, Asp332Lys,
and Asp332Arg) in JEV ED3 fusion proteins undergo com-
plete loss of binding affinity against mAb E3.3. However,
there are four additional variants (Ser331Leu, Ser331Gln/
Asp332Gln, Asp332Glu) and Ala substitutions at position
331 and 332 that exhibit moderate to low reductions in their
binding affinities toward mAb E3.3. The reasons why these
residue mutations would cause a decrease or a complete loss
of function (neutralizing activity) have also been discussed
previously [27]. This present work centers on the impact of
escape mutants on the structure and function of the overall
ED3.

Molecular dynamics (MD) simulation [31, 32] is used here
to characterize the time-dependent molecular level structural
changes of both wild type (wt) and mutant JEV ED3 proteins
in the solution phase. MD simulation is an established tech-
nique, useful for identifying structure-function relationships
of proteins in general. PreviousMD-based studies by the pres-
ent author have described the structures and time-dependent
dynamics of several immunologically relevant proteins
[33–38]. Other authors have reported MD simulation studies
of the dengue ED3 protein in the aqueous medium [39, 40].
The primary goal of the current work is to investigate the time-

dependent structural changes of some of the neutralizing es-
cape mutant proteins as those described by Lin andWu on the
JEV ED3 [27]. The motivation for this effort stems from the
observation that such residue level structural studies using wt
or mutant JEV ED3 proteins may provide useful information
in epitope mapping and novel antibody–based therapeutics.

Materials and methods

The solution structure of D3 of the JEV envelope protein
1PJW.PDB has been described by Wu et al. [22]. 1PJW is a
single chain protein with 111 amino acids. For the purpose of
MD simulation, wt JEV ED3, 1PJW (chain A; model 1), and
its structural variants, each with single residue mutation, are
used [27]. The simulations have used Nanoscale Molecular
Dynamics (NAMD) [41] and Visual Molecular Dynamics
(VMD) [42] programs.

JEV ED3 residues 40 and 41 of 1PJW correspond to resi-
dues 331 and 332 of the 3P54, JEV E protein shown in Figs. 1
and 2 and Figs. S1–S2 of the Electronic supplementary mate-
rial (ESM). Mutations at position 40 and 41 were induced
using the mutator plugin of the VMD. Mutator is a built in
feature of VMD that changes the residue of interest using
internal coordinates. Six sets of mutant protein structures were
generated, each carrying a single point mutation at position 40
or 41. The data for these six mutated proteins are presented in
Figs. 3, 4 and 5, along with further results included in Figs.
S3–S4 of the ESM. Four additional variants, with two sets for
each position, are also shown in the ESM, Figs. S5–S7.

The test system was set up with explicit solvation while
the counter ions, sodium or chloride, were added as needed
to neutralize the system. First, using the NPT ensemble,
each system was energy-minimized and equilibrated for
10,000 steps. The final production run was performed for
5 ns using the NVT ensemble at a constant temperature of
298 K. The CHARMM force field was used. Periodic
boundary conditions and Langevin dynamics were applied
for each of the systems studied. The particle mesh Ewald
(PME) method was activated for each run. The integration
time step was 1.0 fs, and the total number of steps during
the final run was set to 5 × 106, which corresponded to 5 ns
in length. MD simulations of such time scale can be carried
out with relatively moderate computational resources and,
at the same time, can serve as an effective probe of the
basic conformational changes in the protein [43, 44]. The
detailed output frequencies of the trajectory coordinate
files have been described previously [33–36]. The VMD
program [42] was used to analyze these trajectory struc-
tures, and the corresponding figures were generated with
Discovery Studio Visualizer (DSV) [45]. Origin 9.1 was
used for trajectory analyses.
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Results

In general, epitopes play a key role in molecular recognition
and antibody-antigen interactions. Certain epitope mutations
may lead to a lack of antibody neutralization or, may demon-
strate high neutralizing effectiveness. For the JEV envelope
protein, majority of these neutralizing agents are located at the
terminal end of the ED3. Some of these JEV ED3 escape
mutants have been described by Wu et al. [22]. In addition,
as shown by Luca and co-authors, the E3 and E3.3 antibodies
can recognize several residues (Gly302, Ile337, Phe360 and
Arg387) on the JEV ED3 lateral boundary [21]. According to

Lin andWu, various residues of the envelope proteins D1 and
D2 may also take part in the binding process of mAb E3.3 to
ED3 [27]. As part of this present study, the structures of wt
JEV ED3 protein [22] and its corresponding mutant variants
are compared [27], and time-based structural changes of these
JEV ED3 wt and mutant proteins are identified.

Figure 1 shows the various structural features of JEV ED3.
To supplement these results, the amino acid sequence align-
ments between 3P54 and 1PJW have been included in the
ESM, Fig. S1. Different neutralization escape mutations of
JEV ED3 have been tabulated in ESM Fig. S2. Figure 1a
shows a schematic view of the JEV structure. A ribbon

Fig. 1 Structural analyses of JEV
E protein. a Schematic of JEV
structure. Seven non-structural
parts (NS1, NS2a, NS2b, NS3,
NS4a, NS4b, and NS5) along
with protein’s structural compo-
nents (C, M, and E) are displayed.
b Secondary structure of of JEV E
protein 3P54.PDB where ED3 is
displayed in green and ED3 resi-
dues Ser331 and Asp332 are
shown in CPK mode. c Residues
at inter-domain interfaces.
Interfacial residues that are close
to D3 are depicted in gray line
mode

Fig. 2 Structure of JEV ED3
protein. a Secondary structure of
1PJW.PDB, where Ser40 and
Asp41 are displayed in stick
mode. b, c Neighbor residues of
Ser40 and Asp41 in 1PJW. d
Solvent accessible surface of
1PJW. e Surface representation of
1PJW based on hydrophobicity
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Fig. 3 MD simulations of wt and mutant versions of JEV ED3. a RMSD
comparison of wt ED3 protein and its three mutant versions each with
single residue point mutation at position 40 (Ser40Lys, Ser40Arg and
Ser40Glu). b RMSD data for wt (Ser) and mutant residues (Lys, Arg

and Glu) at position 40 during the 5 ns time scale. All-atomRMSDvalues
are considered in a and b. c RMSF analyses of 1PJW. The overlay of a
initial and b final conformations are diaplayed. d RMSF analyses of wt
residue Ser40 and mutant residues (Lys, Arg and Glu) at position 40

Fig. 4 a Protein’s secondary structure changes during 5 ns MD
simulation. Illustration of the conformational changes in 1PJW.PDB
during the timescale of the MD simulation. Color code explanation of
the secondary strucures are shown in the small panel below (a). T denotes
turn (aqua); E represents the β-sheet (yellow); B is the representative of
isolated bridges (dark yellow); H indicates α-helix (pink); G is the 3–10

helix (blue); pi helix, I is colored in red and coils, C are colored in white.
These temporal structural analyses are created using VMD timeline
plugin window. Default color codes are used in this picture. b H bond
formation of wt and mutant structures (each protein with single residue
mutation at position 40) of JEV ED3 during the time course of MD
simulation
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diagram of JEV E protein (3P54.PDB) is displayed in Fig. 1b
where ED3 is indicated in green. The residues at position 331
and 332 are shown in Fig. 1b. The interfacial residues that
exist in close vicinity of D3 are depicted in Fig. 1c.

The positions of two functional “antigenic determinant”
residues, Ser40 and Asp41 in wt JEV ED3 1PJW, are
displayed in Fig. 2a. The locations of these residues are
marked on the Figure, and as seen here, the two labeled resi-
dues are positioned next to each other at the exterior surface of
the protein. The neighboring residues of Ser40 and Asp41 in
1PJW are displayed in Fig. 2b and c, where the relevant sites
are once again marked. The surface illustrations, based on
solvent accessibility and hydrophobicity, are presented in
Fig. 2d and e, where the associated color intensity codes indi-
cate, respectively, the solvent accessible surfaces (SAS) and
the hydrophobicity indices (with more positive values for
higher hydrophobicities). A close examination of the surface
plots reveals that the wt residues are mostly solvent accessible
with larger SAS indices. However, in a separate examination,

it was found that the mutant Lys40 and Arg41 had more sol-
vent accessible surfaces than those of the wt residues (data not
included here). As will be discussed later in this report, this
has implications in terms of stability for antibody binding.

Structural variations of the mutant proteins were investigat-
ed by MD simulations. Results of these simulations for wt
JEVED3 and the mutant variants (residuemutation at position
40) are shown in Fig. 3a. Within the framework of MD sim-
ulation, root mean square deviation (RMSD) calculations
measure the time-dependent structural variations in biomolec-
ular systems. Among the three mutant proteins considered
here, the mutation of Ser40Lys (plot b) in Fig. 3a shows the
highest RMSD values compared with those of the (a) wt
1PJW and the other two structural variants, (c) Ser40Arg
and (d) Ser40Glu. The mutant proteins Ser40Arg and
Ser40Glu have slightly lower RMSD values than those of
the wt protein (Fig 3a), especially during the last 1 ns of the
simulation. Mostly, similar results are observed also for the
individual mutant residues Arg40 and Glu40 (Fig. 3b). The

Fig. 5 MD simulations of wt and mutant forms of JEV ED3. a
Comparison of RMSD plots between wt ED3 protein and its three
mutant forms each with single point mutations (Asp41Leu, Asp41Arg
and Asp41Lys) during the timescale of MD simulation. b The RMSD
analyses of the wt (Asp) and mutant residues (Leu, Arg and Lys) at

position 41 during the simulation time scale. All-atom RMSD values
are considered in all these cases. c RMSF plots of wt and mutant residues
at position 41 during MD simulation. d H bond formation of wt protein
and its three mutant forms (each with single amino acid substitution at
position 41) during the time course of MD simulation
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mutant Lys40 residue indicates slightly higher RMSD values
than those of wt Ser40 and the other two mutant variants at
position 40. Per residue root mean square fluctuation (RMSF)
analyses of wt 1PJW are considered in Fig. 3c, which displays
mutual overlays of the initial and final conformations as func-
tions of residue numbers. Figure 3d presents the RMSF tem-
poral profile analyses of (a) wt residue Ser40, along with those
of three mutant residues (b) Lys, (c) Arg, and (d) Glu at posi-
tion 40. Overall, the observed RMSF graphs of wt protein,
1PJW, and wt residue Ser40 are almost uniform in the native
structures, compared with those of the three mutants.

Figure 4a shows secondary structural changes of 1PJW
during the simulation time. The horizontal axis represents
frame number of simulation, and the vertical axis lists the
amino acid residues of the protein. Structural variations are
noticeable around residues 70–76, which explain the some-
what higher RMSF values observed around that region (Fig.
3c). The counts of H bond formation in the wt and mutant JEV
ED3 structures (each with single residue mutation at position
40) are displayed in Fig. 4b. The H bond counts for the
Ser40Lys appear with slightly lower values than those of the
two mutants and the wt protein. This lowered population of H
bonds in Ser40Lys likely contributes to a corresponding low-
ering of the protein’s structural constancy.

Comparative RMSD plots of wt JEV ED3 and its mu-
tant variants (residue mutation at position 41) are shown
in Fig. 5a. According to these plots, Asp41Arg and
Asp41Leu, within the comparison group, are associated
with the highest and lowest structural variations, respec-
tively. Figure 5b shows the results of RMSD analyses for
the three mutant residues at position 41 (Leu, Arg, and
Lys); the RMSD plot of wt residue Asp41 is also includ-
ed for structural comparisons. The RMSF values of all
four residues at position 41 are noted in Fig. 5c. In all
cases, the wt species (either as a PDB structure, 1PJW, or
as an individual residue, ASP41) demonstrate almost uni-
form RMSD/RMSF variations during the simulation time
scale. The H bond formation counts for the wt and mu-
tant JEV ED3 structures (each with a single residue mu-
tation at position 41) are displayed in Fig. 5d.

To gain further insight in the molecular level structural
variations, the changes in the mutant proteins’ secondary
structure, occurring during the 5 ns timescale, were recorded.
These results are shown in ESM, Fig. S3-A-F, where the sec-
ondary structure in the loop region around residues 41–45 and
70–76 shows maximum changeability in the mutant protein
Se40Lys. The results of RMSF analyses for the mutant JEV
ED3 protein complexes, each with single residue substitution
at positions 40 and 41, are presented, respectively, in Fig. S4-
A-C and S4-D-F of the ESM. In the latter data, higher varia-
tions are observed in Asp41Arg, whereas the overall RMSF
values remain nearly stable in the wt species, 1PJW.
Additional four variants, two for each position (Ser40Leu,

Ser40Gln/ Asp41Gln, Asp41Glu), are also displayed in the
ESM, Figs. S5–7.

Discussions

The wt JEV ED3, 1PJW, has a β-barrel shaped structure and
contains a centrally located buried region with a hydrophobic
core (Fig. 2). In flavivirus, ED3 contributes to host-virus in-
teractions and membrane fusion, and JEV ED3 participates in
antibody neutralizing actions. Due to these reasons, under-
standing the structural details of ED3 is particularly relevant
to characterize the protein’s functions. As noted by previous
authors, certain ED3 mutations can lead to the lack of anti-
body neutralization [15–17, 20, 21, 23, 24, 27]. Some of these
JEV ED3 neutralization escape mutations are discussed in the
ESM, where the escape mutations are listed in Fig. S2; the
structural changes induced by the particular mutations are also
discussed there in the context of that Figure.

Among the different escape mutants studied here,
Ser40Lys appears to be most unstable, while SerGlu40 exhib-
ited the lowest structural variations. However, the RMSD plot
for the wt type is largely time invariant in its overall profile as
compared with those of the three mutants (Fig. 3a). The
RMSD values of the singular mutant residue Glu40 exhibits
are found to be comparable to those of the wt Ser40 residue
(Fig. 3b). The moderately stable RMSD values observed for
Glu40 can be associated with the latter’s negative charge (a
relatively higher affinity to bind with hydrogen).

The temporal RMSF profile basically monitors the steadi-
ness of a given protein complex. The RMSF values of initial
and final snapshots of wt 1PJW did not vary significantly, and
only slightly higher fluctuations are observed near the residue
70 and the terminal regions (Fig. 3c). Residues 70–76 reside
within the loop region, and this possibly accounts for the
slightly higher structural changeability of the system around
this region. The mutant residue Lys40 shows higher fluctua-
tions than those of the wt residue Ser40 and mutant residues
Arg40 and Glu40 (Fig. 3d). Once again, here the overall ob-
served RMSF values for the wt type of residue 40 shows
minimal variations within the time scale probed here. In com-
parison, the fluctuations monitored for Lys40 are relatively
larger, most probably as a result of the residue’s charged
nature.

Illustrations of the secondary conformational changes in
1PJW.PDB during the timescale of the MD simulation are
presented in Fig. 4a. In wt JEV ED3, the conformational var-
iations (turn to α-helix and 3–10 helix) are primarily observed
within the loop regions; otherwise, the structural uniformity is
fairly maintained. A comparable situation, involving a high
flexibility of the protein’s certain loop areas, has been previ-
ously reported for dengue virus serotype 2, where the obser-
vation could be linked to the virus-host binding process [40].
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A similar implication for cell binding may apply to the present
case.

Although the number of H bond formation during MD
simulation time is almost steady for the wt and mutant variants
of JEV ED3 (Fig. 4b), the slightly lower value in Ser40Lys
indicates that it is less stable than the wt as well as the other
two mutant variants at position 40. Accordingly, the highest
level of escape mutation may be possible in Ser40Lys due to
this protein’s higher RMSD/RMSF rate, secondary-structure
deviation, and loss of H bonding. A recent study on influenza
virus mutant epitope analysis indicates that certain loss of non-
covalent interactions in mutant protein may be related to the
latter’s omission of affinity toward antibody [46]. The authors
of that work also suggested that a reduced number of H bonds
in mutant-antigen/Ab complex might be related to weaker
antibody attachment. These observations are consistent with
the expected role of the mutations for generating antibody
neutralizing escape mutants.

From Fig. 5a, it is evident that, among the three mutant
proteins, Asp41Arg mutation shows higher RMSD values.
Nevertheless, during the last 1 ns of MD simulation, the wt
1PJW and its other two structural variants, Asp41Leu,
Asp41Lys, exhibit RMSDs of comparable magnitudes.
Moreover, Asp41Arg have higher RMSD values during the
simulation than those of the wt protein; this indicates that a
residue substitution most likely does not play a role in stabi-
lizing the protein structure. The protein Asp41Lys also shows
considerable RMSD fluctuations (Fig. 5a, b). It is possible that
the positive charge of these two residues (Arg and Lys) affects
the proteins’ stability through an electrostatic mechanism.

While JEV ED3 protein with Asp41Arg mutation exhibits
relatively higher variations, the individual mutant residues
Leu41 and Lys41 show slightly higher RMSD values than
that of the mutant residue Arg41 (Fig. 5b). However, in all
cases, the wt species demonstrate a virtually unvarying
RMSD profile during the simulation time scale. Robust mo-
lecular interactions within the wt protein structure are most
likely responsible for the relatively lower and temporally uni-
form RMSD values observed. At the same time, it is also
possible that the mAb does not have a favorable binding con-
formation for the mutant proteins of unstable conformations.

The above analyses are based on the all-atomRMSD values,
computed using initial structure (time = 0 ns) as a reference.
The results in Fig. 5c indicate that, during the last 1 ns of
simulation, all these three mutant residues at position 41 (Leu,
Arg, and Lys) have almost similar RMSF values. Here also, the
wt protein shows rather low structural variance. The results in
Fig 5d suggests that, in terms of H bonds formation, the wt and
mutant JEV ED3 structures (each with single residue mutation
at position 41) do not significantly deviate from each other.

The conformational changes of the mutant proteins with an
altered residue at position 40 or 41 are examined in Fig. S3A-F.
Based on the secondary structure changes, it is possible to infer

that, the protein with Ser40Lys is less stable than the wt as well
as the other two mutant variants at position 40 (Fig. S3A).
Overall proteins, with residue 41 mutations, seem to be more
orderly than proteins with residue 40 mutations. The results of
RMSF analyses for the mutant JEV ED3 proteins are presented
in the ESM, Fig. S4-A-C and S4-D-F, respectively. The protein
with Ser40Glu mutation appears most steady (Figs. 3a and Fig.
S4C) among the first three cases examined. Among the mutant
protein with residue substitution at position 41, the higher vari-
ations are observed in Asp41Arg, whereas the overall RMSF
values almost uniform in wt species, 1PJW (Figs. S4E and 3c).

On the basis of the above discussion, it is reasonable to con-
clude that Ser40Lys and Asp41Arg are structurally less stable
compare to other mutated proteins residing at positions 40 and
41. All the other variants noted above (except for Ser40Lys and
Asp41Arg) have a slightly lower or equal RMSD value with
respect to that of thewt 1PJW. In particular, during the last phase
of the simulation time, though the wt 1PJW has maintained an
overall fairly stable status. All these mutant proteins show com-
plete loss of binding toward mAb E3.3 [27].

In West Nile virus, the exterior surface region residues
participate extensively in antibody bindings [18]. Therefore,
the instability of the mutant epitopes in this regionmay disrupt
the normal course of antibody bindings. It is possible that the
greater structural movements of mutant epitopes in JEV ED3
(Figs.3a, d and 5a, c) could be related to their structural insta-
bility and may reduce their binding interactions toward mAb.
Solvent accessibility may play a role in proteins destabiliza-
tion. Ieong et al. have shown that, in the influenza virus,
mutation-mediated increase of solvent accessibility plays a
role in disrupting the salt bridges and, eventually destabilizes
the protein [46]. Since the mutant residues Lys40 and Arg41
contain relatively larger solvent accessible surfaces, this ac-
cessibility may evidently contribute to the unstable nature of
Ser40Lys and Asp41Arg. All other mutant residues at position
40 and 41 also display greater SAS values than those of the wt
residues Ser40 and Asp41. Residue mutations at position 40
show greater SAS than mutations at position 41. Finally, the
higher RMSD/RMSF rates certainly have an impact on the
proteins’ overall stability; this may lower the mAb binding
probability and finally assist them to be recognized as anti-
body neutralization escapemutations. In addition to the results
presented above, MD simulation data for four more mutant
proteins were also obtained. These latter results, presented in
ESM Fig. S5A and S5C, demonstrated somewhat higher
RMSD values compared with that of the wt 1PJW. These four
additional mutations have been known to exhibit decreased
binding affinity toward mAb E3.3 [27].

The JEV ED3-specific antibody neutralization is a subject
with considerable scopes for further investigations. In this con-
text, the observation reported by Chiou et al. is noted according
to which, some mutations on ED1-ED3 of the JEV virus-like
particles should not exhibit decreased cross-reactivity toward the
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target mAbs [47]. Plans for extending this work in the future
include trial simulations of model systems based on the mAb
bound JEV ED3 complex to check the neutralizing efficacy of
the mutant epitopes. It will also be necessary eventually to probe
how the functional epitopes and the escape mutants on ED3
might affect the overall functionality of the ED3-mAb complex.
Such predictive modeling efforts could be useful for studying
structure-based novel drug targets.

Conclusions

Epitope-immune responses are crucial for understanding var-
ious physiological and biological phenomena, and structural
immunology plays a key role in identifying such possible
functional epitopes and escape mutants [48–51]. The struc-
tures of the functional epitopes and neutralization escape mu-
tants of JEV ED3 have been studied in this work. A major
finding of the study is the identification of significant struc-
tural differences between the functional epitopes and escape
mutants. Such mutation-generated structural and conforma-
tional instabilities of proteins can act to alter their functional-
ities. Among the different escape mutants studied here,
Ser40Lys/Asp41Arg are most unstable while SerGlu40/
Asp41Leu are associated with the lowest structural variations.
The relatively high RMSD/RMSF values found in the MD
results for Ser40Lys can be taken as an indicator of this pro-
tein’s elevated level of escape mutation, the changes in its
secondary-structure, as well as its lower capacity for H bond-
ing. Overall, the proteins with residue 41 mutations seem
more structured than those with residue 40 mutations.

The detailed time-based simulation analyses and structural
assessment of the escape mutants as those described in this
paper may be helpful for scientists to develop new vaccines
and antiviral drugs to combat future outbreaks of JEV anti-
body neutralization escape mutants. Such characterizations of
neutralizing “epitope determinants” on JEV ED3 may be use-
ful in the studies of alternative epitope determinants and new
epitope based drug targets and biologics [52]. Additionally,
this study may also be useful in aiding the understanding of
the rather complex epitope-immune responses.

The importance of investigating viruses has been further
recognized most recently, as COVID-19 pandemic has al-
ready taken nearly 200,000 human lives worldwide (as of
April 27, 2020) [53]. Based on the current observations, the
antibody neutralization escape mutants of JEV could poten-
tially become a future threat to public health on a broad scale.
Since RNA viruses have greater adaptability and mutation
rates, effective antiviral treatments tend to be rather challeng-
ing in such cases. Molecular and structural details of epitope
mutations can help to address these challenges. These illustra-
tive results of computer simulation presented in this report

serve to reiterate this point in the specific context of JEV
escape mutants.
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