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Abstract: Japanese encephalitis (JE) is a mosquito-borne zoonotic disease that causes severe brain
inflammation. The JE virus envelope protein domain III (JEV-ED3) plays a critical role in activating
receptor binding and membrane fusion. This communication briefly describes, in a computational
approach, how structural changes within the JEV-ED3 mutant epitopes suppress their antibody
neutralization function. The simulated results demonstrate that mutant Ser40Lys acts as an antibody
neutralization escape while Asp41Arg may play the role of an escape mutant. Additionally, an
examination of the double mutants on JEV-ED3 suggests that these mutants may qualify as stronger
neutralizing escape agents than their single variants. The structural analysis of this work helps to
identify the proper antiviral target sequences and specific monoclonal antibodies for the JEV-ED3
escape mutants.
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1. Introduction

Computational Structural Immunology is an active field where immuno-informatics
tools and databases are used to predict antibody structures as well as vaccine candidates.
Such structure-based predictions can help to evaluate/identify host-pathogen interactions
and epitopes [1–3]. Molecular level analyses of host–virus interactions and identification of
antibody neutralizing escape mutations are particularly important under the current clinical
challenges linked to the global SARS-CoV-2 crisis and to combating recently emerged
zoonoses [4,5].

Zoonoses or zoonotic diseases are triggered by pathogens and are transmitted from
animal to human hosts. Common examples of zoonotic diseases are Japanese encephali-
tis, Lyme disease, monkey pox, plague, rabies, tick-borne diseases, west Nile, zoonotic
influenzas and the recently emerged SARS-CoV-2 [6–11]. Japanese encephalitis (JE) is a
Culex mosquito-borne zoonotic disease that causes severe brain inflammation and is mostly
found in Asia [12]. Every year, the JE virus (JEV) infects around 68,000 people, resulting
in nearly 13,000 to 20,000 deaths worldwide [13]. JEV belongs to the Flaviviridae family,
which also includes dengue, St. Louis encephalitis, tick-borne, west Nile and zika viruses.
The JEV envelope protein domain III (JEV-ED3) plays a critical role in activating receptor
binding and membrane fusion. The outer boundary of the JEV-ED3 harbors the functional
epitopes responsible for antibody (Ab) neutralization [14–18]. In this communication, we
briefly describe how structural changes within the mutant epitopes suppress their antibody
neutralization function. Specifically, we examine the mutated ED3 residues that lose contact
with the fragment antigen binding (Fab) region of monoclonal Ab (mAb). This work is an
extension of our previous report on a related topic [16].

2. Materials and Methods

We consider the protein databank structure, 1PJW as wild type (wt) Beijing-1 strain
structure of JEV-ED3 [19]. The predominant Ab-neutralizing escape mutations identified
on JEV-ED3 are Ser330 and Asp331, which correspond to the 1PJW residues 40 and 41,
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respectively. These mutant residues were selected based on the experimental work re-
ported by Lin and Wu [14]. Docking simulations using GrammX server were performed
to identify the host (mAb-Fab)-virus (JEV-ED3) interactions [20,21]. Repeatability of the
JEV-ED3/mAb-Fab complex formation was verified by employing another docking pro-
gram, “Patch dock”, where docking was performed in the framework of molecular shape
recognition [22,23]. Subsequently, the docked structures were further refined by the “Fire
dock” server [24,25].

In view of the lack of readily available mAb E3.3 structures, we selected the model
1A3R.PDB (Fab-8F5) as mAb [26] on the basis of previously reported considerations [14].

In that work, the designed model of mAb E3.3 was based on the 1A3R structure.
1A3R.PDB is the X-ray crystal structure of antibody Fab fragment, mAb 8F5, complexed
with the peptide of viral capsid protein from human rhinovirus. Given the significance of
ED3 epitopes for the antibody neutralization process, and considering 8F5 as a neutralizing
Ab for human rhinovirus 2, the Fab-8F5 structure was selected in this experiment as a model
for mAb structure. Here, the 1A3R was truncated, and the viral peptide was removed.
1A3R has more than 80% sequence identities with Zika- and dengu-ED3-bound Fabs.
Four separate docking simulations were performed using the wt ligand, ligand with single
mutations (mutant1, Ser40Lys or mutant2, Asp41Arg) and the ligand with double mutations
(Ser40Lys and Asp41Arg) of JEV-ED3. Molecular dynamics simulations were executed for
JEV-ED3 bound 1A3R to determine the structural stability of the wt and mutant residues.
NAMD, QwikMD and VMD software systems were used for simulations [27–29], with the
incorporation of the implicit solvation method, employing the Generalized Born implicit
solvent (GBIS) models [30].

For implicit solvent parameters, the alpha cutoff and the ion concentration were
set at 14.0 Å and 0.15 mol/L, respectively. For the simulations, protein structure files
(.PSF) were initially generated, and energy minimization was performed for 2000 steps.
Annealing was performed for 0.24 ns with a gradual ramp of temperature increase from 60
to 300 K. Equilibration was performed for 0.40 ns. After initial minimization, annealing
and equilibration, the final production run was executed for 20 ns in the NVT ensemble
using Langevin dynamics at a temperature of 300 K. Langevin damping was set to 1, and
Langevin piston was set to off.

For the simulations, the integration time step was set to 2 fs, and the CHARMM36 force
field was employed [31]. Short-range non-bonded and long-range electrostatics interactions
were updated using the reversible reference system propagation algorithm (r-RESPA) of
multiple time steps pattern [27]. The non-bonded frequency and the electrostatic frequency
were set to the values of 1 and 2 units, respectively. For annealing and equilibration proto-
cols, the backbones were restrained, while no atoms were constrained during the final MD
run. Most of these above parameters were available from the NAMD default setting [27].
Additional details of the simulation procedure have been described elsewhere [32–34]. The
figures were generated using BIOVIA Discovery Studio Visualizer [35].

3. Results and Discussions

Figure 1A displays a schematic drawing of mAb. The detectable bindings of the wt
JEV-ED3 units to mAb-Fab are displayed in Figure 1B. Figure 1B shows a model of wtJEV-
mAb, where the wt residues Ser 40 and Asp 41 reside within 3.5 Å (a reference “proximity”
chosen for our simulation) from the mAb Fab. In the case of wt Ser40, the inter-chain H-
bonds, (H: Ala53) and (H: Tyr33), are observed at the 1PJW-1A3R complex, where numerous
inter-chain van der Waals interactions are detected. In wt Asp41, a small bump, most likely
caused by close residue-contacts and torsional strains, is observed between A:Asp41 and
H:Ala53. Usually, these small bumps disappear during the refinement processes of the
simulation. A scheme of these interactions is displayed in Figure 1C,D.
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Figure 1. (A) Schematic representation of an antibody structure, where H and L denote the heavy 
(red) and light (blue) chains, respectively. Antigen is colored in green. (B) Predicted immune-com-
plex of wt JEV-ED3 (1PJW, green) and Fab variable regions (truncated 1A3R). The wt Ser40 and wt 
Asp41 residues are displayed in green CPK. The mAb-Fab heavy and light chains are colored in red 
and blue ribbons, respectively. (C,D) Residue interactions in 1PJW-1A3R complex. Only inter-chain 
interactions are displayed. (C) The wt Ser40 interactions with mAb in 1PJW-1A3R complex. (D) The 
wt Asp41 residue interactions with mAb in 1PJW-1A3R complex. 

In the mutant1-mAb system, the mutant residue Lys40 did not exhibit its expected 
binding to mAb. The representations of mutant1 ligand protein in Figure 2A1,A2 are near 
the Fab-8F5 paratope. Mutant Lys40 on the mutated ED3 loses contacts with its neighbor-
ing mAb-Fab, and does not have inter-chain H bonds or the vdW interactions. Addition-
ally, since mutant Lys40 no longer resides within 3.5 Å from the Ab, it is likely that Lys40 
promotes neutralization escape. 

Figure 1. (A) Schematic representation of an antibody structure, where H and L denote the heavy
(red) and light (blue) chains, respectively. Antigen is colored in green. (B) Predicted immune-complex
of wt JEV-ED3 (1PJW, green) and Fab variable regions (truncated 1A3R). The wt Ser40 and wt Asp41
residues are displayed in green CPK. The mAb-Fab heavy and light chains are colored in red and
blue ribbons, respectively. (C,D) Residue interactions in 1PJW-1A3R complex. Only inter-chain
interactions are displayed. (C) The wt Ser40 interactions with mAb in 1PJW-1A3R complex. (D) The
wt Asp41 residue interactions with mAb in 1PJW-1A3R complex.

In the mutant1-mAb system, the mutant residue Lys40 did not exhibit its expected
binding to mAb. The representations of mutant1 ligand protein in Figure 2A1,A2 are near
the Fab-8F5 paratope. Mutant Lys40 on the mutated ED3 loses contacts with its neighboring
mAb-Fab, and does not have inter-chain H bonds or the vdW interactions. Additionally,
since mutant Lys40 no longer resides within 3.5 Å from the Ab, it is likely that Lys40
promotes neutralization escape.

In the mutant2–mAb interactions, most mutant2 models do not bind properly to the
mAb-Fab. Figure 2B1,B2 represent the postures of mutant2 JEV-ED3 close to that of Fab-
paratope. In both cases, Arg41 resides within 3.5 Å from mAb. No inter-chain interactions
are observed between mutant Arg41 and Fab-8F5 in the model presented in Figure 2B1. In
Figure 2B2, aside from the presence of a bump, an inter-chain alkyl interaction is identified
between Arg41 and Fab: H Ala53. Despite being hydrophobic, the alanine surface is
exposed here, and the alkyl side chains of Ala on such an exposed surface may act to
destabilize the protein complex. Owing to its unfavorable interactions, Arg41 may serve
as an Ab neutralization escape mutant. For the purpose of simulation, we have selected
the mutant2 complex displayed in Figure 2B2. Based on these models, the Lys40 appears
to be an Ab neutralization escape mutant, while Arg41 may also be effective as an Ab
neutralization escape mutant.
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Figure 2. Predicted interactions between mutant JEV-ED3 and mAb-Fab variable regions (truncated 
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complexes of mutant1 ligand protein (orange) and Fab receptor. Mutant Lys40 residue is displayed 
in orange CPK. (B1,B2) Predicted complexes of mutant2 ligand protein (violet) and Fab receptor. 
Mutant Arg41 residue is displayed in violet CPK. (C1,C2) Predicted complexes of double-mutant 
ligand protein (cyan) and Fab receptor. Here, the mutant residues Lys40 and Arg41 are displayed 
in cyan CPK. 
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destabilize the protein complex. Owing to its unfavorable interactions, Arg41 may serve 
as an Ab neutralization escape mutant. For the purpose of simulation, we have selected 
the mutant2 complex displayed in Figure 2B2. Based on these models, the Lys40 appears 
to be an Ab neutralization escape mutant, while Arg41 may also be effective as an Ab 
neutralization escape mutant. 

For the double-mutant–mAb complex (Figure 2C1), the mutant residues do not in-
teract with mAb (Figure 3A,B). In the model from Figure 2C2, the mutant Lys40 is not 
located within the reference proximity of 3.5 Å from Fab-8F5, and does not have any inter-
chain interactions (Figure 3C). However, Arg 41 is located within this proximity from 

Figure 2. Predicted interactions between mutant JEV-ED3 and mAb-Fab variable regions (truncated
1A3R). The Fab heavy and light chains are colored in red and blue, respectively. (A1,A2) Predicted
complexes of mutant1 ligand protein (orange) and Fab receptor. Mutant Lys40 residue is displayed
in orange CPK. (B1,B2) Predicted complexes of mutant2 ligand protein (violet) and Fab receptor.
Mutant Arg41 residue is displayed in violet CPK. (C1,C2) Predicted complexes of double-mutant
ligand protein (cyan) and Fab receptor. Here, the mutant residues Lys40 and Arg41 are displayed in
cyan CPK.

For the double-mutant–mAb complex (Figure 2C1), the mutant residues do not interact
with mAb (Figure 3A,B). In the model from Figure 2C2, the mutant Lys40 is not located
within the reference proximity of 3.5 Å from Fab-8F5, and does not have any inter-chain
interactions (Figure 3C). However, Arg 41 is located within this proximity from 1A3R, and
experiences positive–positive repelling interactions with mAb L: Lys30 (Figure 3D). These
repulsion forces can lead to mutant Arg41 acting as an escape mutant.

The detailed interactions between the double-mutant JEV-ED3 and mAb are displayed
in Figure 3. Since the first model of the double-mutant complex (Figure 2C1) does not have
any inter-chain interactions, the second model (Figure 2C2) is chosen for MD simulation.
Some inter-chain steric clashes are observed in mutant Arg41 (Figures 2C2 and 3D); the
initially observed bumps eventually disappeared during the refinement and simulation
processes. Based on this observation, it is expected that the Arg41 in the other complex
(Figures 2C1 and 3B) also follow the same trend. Nonetheless, JEV-ED3 mutant epitopes
are not completely understood at this time, since some of them do not manifest decreased
antibody cross-reactivity [36].
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Figure 3. Tentative interactions within the double-mutant JEV-ED3/mAb-Fab complex. (A) Inter-
actions between mutant Lys40 JEV-ED3/mAb within the double-mutant complex. (B) Interactions
between mutant Arg41 JEV-ED3/mAb within the double-mutant complex. The interactions shown
in (A,B) are based on double-mutant JEV-ED3/mAb-Fab displayed in Figure 2C1. (C) Interactions
between mutant Lys40 JEV-ED3/mAb within the double-mutant complex. (D) Interactions between
mutant Arg41 JEV/mAb within the double-mutant complex. The interactions shown in (C,D) are
based on double-mutant/mAb-Fab complex displayed in Figure 2C2.

Although the Chimpanzee mAb-Fabs show some effectivity against this virus, the
antibody neutralizing escape mutants continue to pose challenges for understanding their
detailed behavior [18].

To check repeatability of the complex formation, we have performed an additional
docking simulation using “Patchdock”. Here, the docked structures were further re-
fined by the “Firedock” server, where the binding energy values of the solution were
readily accessible [22–25]. The predicted docked models of wt and mutant variants were
selected from the first twenty filtered best scoring structures. Visual inspection plays
a crucial role in selecting the docked complexes. These complexes are presented in
Supplementary Figure S1.

Referring to the Supplementary section, Figure S1A displays the wt JEV-ED3/mAb-
Fab complex; for visual inspection, this is the most suitable ligand binding mode out of the
first twenty refined structures, and it has a global energy of −20.64 energy unit. In the case
of mutant1-mAb, most of the mutant1 ligand did not bind to a proper (stabilizing) region of
mAb. The mutant2–mAb complex, characterized by with an energy value of −9.49 energy
unit, is depicted in Figure S1B. The double-mutant JEV-ED3/mAb-Fab complexes, is
displayed in Figure S1C, and is characterized by global energy value of −8.39 energy unit,
respectively.

The global energy value for the wt protein complex is lower than those of mutant-2
and the double-mutant complex, although these values may change during the course of
a simulation. Therefore, based on the results of the second docking, it is reasonable to
conclude that these findings are fairly consistent with the first docking experiments, that
the wt protein forms a stable complex with mAb-Fab, and that these mutations may be
linked to antibody neutralization escape.
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The combined results of the two foregoing experiments are indicative of the overall
efficacy of docked complex formation. It is also useful to emphasize that blind docking
was performed in this study, with no constrained interfacial residues. Nonetheless, it
should be noted in this context that in all the above cases, docked structures exist where
the wt or mutant ligand protein did not bind to the paratope region of the mAb, and those
models are not considered in the present context. The exclusion of the model structures
where interactions between residues 40 and 41 with mAb were absent may divert the
formation of expected structures of mutant Ag/mAb complexes. As both mutations had
overall destabilizing effects on the antibody binding region (epitope), it is possible that the
preferred mutant Ag/mAb interactions moved to the other regions of the protein.

Figure 4 displays root-mean-square deviations (RMSD) measured during the MD sim-
ulation for some of the wt or mutant residues. These calculations excluded those immune
complexes for which interactions of the receptor Fab with ligand residues 40 or/and 41 were
absent. The wt residues, Ser40 and Asp41, in the wt JEV-ED3/mAb complex (Figure 1B)
have lower RMSD values compared to that of Arg41 (in mutant2 JEV-ED3/mAb; model
displayed in Figure 2B2) or Lys40 and Asp41 (in double-mutant JEV-ED3/mAb; model
displayed in Figure 2C2). Time-based secondary structural changes in the corresponding
wt and mutant ligand proteins are displayed in the electronic Supplementary materials
Figure S2. According to these results, the double mutant appears to have essentially the
same effects of individual single-point mutations, and together, they may qualify as a
stronger neutralizing escape agent than in their individual forms.
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Figure 4. The RMSD variations of wt and mutant ligand residues in JEV-ED3/mAb-Fab complexes.
(a) The RMSD plot of wt residues 40 and 41 in JEV-ED3/mAb-Fab complex. This plot refers to
the configuration shown in Figure 1B. (b) The RMSD plot of mutant residue 41 in mutant2 JEV-
ED3/antibody complex. This plot refers to the configuration shown in Figure 2B2. (c) The RMSD plot
of double-mutant residues 40 and 41 in double-mutant JEV-ED3/antibody complex. This plot refers
to the configuration shown in Figure 2C2.
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We have calculated the binding energies for the wt and mutant ligand–receptor com-
plexes by using structural coordinates corresponding to the time frame at 20 ns (t = 20 ns;
final trajectory). This time-selected approach helped to minimize the computation time
necessary for obtaining binding energy estimates. Energy calculations were performed
using the Swiss PDB viewer [37] with Gromos96 [38] implementation. As we discuss below,
these calculations yielded negative binding energies necessary to stabilize both the wt and
the mutant complexes.

Since the calculated RMSD values of mutant residues 40 and 41 in double-mutant
JEV-ED3/antibody complex was higher than those of wt residues 40 and 41 in the wt JEV-
ED3/mAb-Fab complex (Figure 4), we have selected the complexes of wt and the double
mutant for binding energy calculations considering the possibility that a double mutant
might act as more effective antibody neutralization escape than its constituent individual
components. For the wt protein the calculated values of the binding energy at t = 20 ns
was −829.463 KJ/mL. This was the binding energy of the wt JEV-ED3/mAb-Fab receptor
complex displayed in Figure 1B. The calculated binding energy value for the double-mutant
ligand/receptor complex at 20 ns was found to be −709.234 KJ/mol. This was the binding
energy of the double-mutant JEV-ED3/mAb-Fab receptor complex displayed in Figure 2C2.
Thus, it is evident that the wt protein complex remains stable throughout the sampling
time, as indicated by the negative energy of the complex recorded at the end of sampling.

The results of docking and scoring experiments and ligand–receptor interaction stud-
ies demonstrate that mutant Ser40Lys acts as an antibody neutralization escape while
Asp41Arg may also play the role of an antibody neutralization escape mutant. Further,
the calculated RMSD values reinforce our assessment that the double-mutant variant may
function as a better neutralizing escape mutant than its single mutant variants. Addition-
ally, the lower binding energy of the wt species measured at the final simulation state is
supportive of our conclusion that the wt protein forms a stable complex with greater mAb
binding affinity.

The SARS-CoV-2 pandemic of 2020 has pointedly brought out the implication of viral
zoonotic diseases as major public health threats [39,40]. As JEV-RNA viruses are subject to
epidemiological fitness and frequent mutational changes, they also have the potential of
becoming a significant health hazard under favorable spreading conditions. Therefore, it
is useful to fully understand their structural basis, which, through translational research,
may help to identify proper therapeutic targets and prevent potential outbreaks of the
JEV antibody neutralization escape mutants. The structural results presented in this work
contribute an effort aimed in that direction.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/zoonoticdis2030012/s1, Figure S1: The wt and mutant JEV-
ED3/mAb-Fab complexes using Pathdock and Firedock server. A. The wt JEV-ED3/receptor complex.
The global energy value for this complex is −20.64 energy unit. B. The mutant2 (Asp41Arg)/receptor
complex, with global energy value −9.49 energy unit. C. Double-mutant/receptor complex with a
different ligand binding mode is displayed. The global energy value for this complex is −8.39 energy
unit. These values may change during the simulation process. Figure S2: Secondary structure changes
in wt and mutant ligand proteins with time. A. Secondary structure changes in wt 1PJW-ED3 ligand
in JEV-ED3/mAb-Fab complex (This plot refers to the configuration shown in Figure 1B of the main
article). B. Secondary structure changes in mutant2 ligand protein in mutant2/mAb S6 Fab complex
(This plot refers to the configuration shown in Figure 2B2 of the main article). C. Secondary structure
changes in double-mutant ligand protein in double-mutant/mAb-Fab complex (this plot refers to the
configuration shown in Figure 2C2 of the main article). D. The scheme of the color codes used in this
figure is described. Default color codes are used. The X axis represents the frames corresponding
to the simulation time. On this scale, the 20 ns correspond to 10,000 frames. The Y axis denotes the
proteins’ residue numbers.
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