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The Dengue virus (DENV), a member of the Flaviviridae family, is a rapidly spreading pathogen that infects millions of
people every year causing severe illness. The capsid (C) protein is in charge of assembling the viral RNA into a
nucleocapsid. A significant amount of capsid protein relocates to the nucleus, although viral replication takes place in the
cytoplasm. DENV C interacts with the four core histones according to earlier research. Therefore, DENV C functions to
bind DNA and interfere with the assembly of nucleosomes through heterodimerization with core histones. Using coarse-
grained in silico assembly simulations and comprehensive MD simulations to examine the interaction between the proteins,
we have elucidated on the pattern of interaction between the DENV C protein and the histone proteins. Here it was seen that
the interaction strength of DENV C and histones is as follows: H3> H2B> H2A> H4 with all interactions being highly
stable. Our study also identifies critical residues (majorly hydrophobic residues in the hydrophobic pocket and H4 helix) in
the DENV C protein responsible for these interactions. This study opens up new possibilities for antiviral drug design by
advancing our understanding of the molecular interactions between viral proteins and host cell machinery.
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Dengue virus (DENV) belongs to the family
Flaviviridae and is a globally emerging pathogen that
leads to serious human disease culminating in
millions of infections every year throughout the globe
specifically in tropical and sub-tropical countries. The
flaviviral RNA genome encodes a single precursor
polyprotein which is cleaved co- and post-
translationally into three structural and seven non-
structural (NS) proteins by viral and cellular
proteases'. Mature DENV capsid protein (C) is a
small, highly basic 12-kDa protein and an essential
factor during virion assembly. Flavivirus capsid (C) is
a structural protein responsible for gathering the viral
genomic positive sense single stranded RNA and
packaging it to form a nucleocapsid thus forming the
core of a mature virus particle. DENV C is involved
in the proper encapsidation of the RNA genome,
resulting in a spherical nucleocapsid with a single
copy of the ssRNA molecule’. Flaviviral replication is
known to occur in the cytoplasm along with the
perinuclear region of the ER yet a large portion of
capsid protein localizes to the nucleus during
infection®*.

*Correspondence:
Email: kalyan.dbs@presiuniv.ac.in
Suppl. data available on respective page of NOPR

DENV C was detected to be bound with
recombinant histones in solution and colocalized with
histones in the nucleus and cytoplasm of liver cells
during DENV infection. Earlier researches suggest
that the DENV C protein can mimic the structure of
the core histone as well in turn forming heterodimers
with core histones, binding DNA, ultimately
disrupting nucleosome formation. The interactions of
C and histones thus, add an interesting new role for
the presence of C in the nucleus during DENV
infection’.

Histones are known to form dimers through
interactions between hydrophobic amino acids located
in their second and third alpha helices®. DENV C is
also an alpha-helical protein with the ability to self-
dimerize and contains a large number of hydrophobic
residues in its second alpha helix’. It has been seen
that this capsid-histone interaction does not affect the
histone-DNA interaction, in fact capsid protein has
also been shown to interact with the DNA in absence
of histone proteins as well. But, it has been observed
that this interaction between the DENV C protein and
the histone proteins prevents assembly of the
nucleosome and histone dimers in the infected cell.

Here we have tried to shed light on the binding
mode between the DENV C and the core histone



CHAUDHURI AND GIRI: ASSEMBLY OF DENGUE VIRUS CAPSID WITH CORE HISTONE PROTEINS

1159

}’\/
E @
‘\_» ‘:":;_‘(f;«’)
w\,.-\ R er\
A 3
H3 H4

Graphical abstract

proteins leading to their heterodimerization. In silico
assembly simulations of the viral C protein and the
core histone proteins were performed such that no
long range interactions take place between the capsid
protein and the histone proteins prior to the simulation
taking place. The importance of the various capsid
protein residues in complex formation have also been
discussed in great detail in this study. This study thus
sheds light on the mode of interaction between the
DENV C and the histone proteins helping to
characterize the intricacies of this step of the viral life
cycle inside the host cell.

Materials and Methods

Coarse-grained assembly of capsid protein with histone
proteins

The structure of the DENV C protein was taken
from 1r6r.pdb following loop remodeling since the
first twenty amino acids from the N-terminal end
constituting the disordered segment of the capsid
protein is absent in the structure. The structure of the
histone proteins was all taken from 4z5t.pdb. The
capsid protein along with each of the four histone
proteins that comprise the core histone octamer were
taken together to form four complexes each with one
copy of the capsid protein and one copy of histone
protein. The coarse-grained model was generated
through the CHARMM-GUI Martini Maker tool,
which applied the MARTINI force field to map the
protein and water molecules®. The resulting coarse-
grained protein system was placed in a water box. The
system solvation was performed with the MARTINI
water model, and additional counter-ions were added
to neutralize the solvated system. The solvated system
underwent two levels of steepest descent
minimization using GROMACS 2021.5 where each

level of minimization was performed for 3000 steps
each to remove any steric clashes or unrealistic
geometry arising from the coarse-graining process’.
The convergence criterion was set to a maximum
force of 1000 kJ/mol/nm. This step was performed to
ensure that the system reaches a stable configuration
before the production runs are initiated. The energy
minimized protein-protein complex system was
equilibrated for 1000 ps under NPT (constant number
of particles, pressure, and temperature) conditions
where the heavy atoms of the protein were position-
restrained to ensure that the initial coarse-grained
structure was not disturbed during the thermalization
process. The temperature was set to 310 K using the
V-rescale thermostat, and the pressure was maintained
at 1 bar using the Parrinello-Rahman barostat'®"".
Production molecular dynamics (MD) simulations
were performed to study the dynamics of the protein
assembly process in its coarse-grained form. The
production run was carried out for a total duration of
1 ps under NPT conditions at 310 K and 1 bar. The
V-rescale thermostat and Parrinello-Rahman barostat
were used to maintain the temperature and pressure,
respectively. A time step of 20 fs during the
production run, a value suitable for the coarse-grained
model, which allows for longer time steps due to the
reduced degrees of freedom. To enhance the sampling
of conformational space, long-range electrostatic
interactions were calculated using the reaction-field
method and a cut-off of 1.2 nm'>. Van der Waals
interactions were computed using a cut-off of 1.2 nm
as well. The periodic boundary conditions were
applied to the simulation box to simulate an infinite
system and minimize finite size effects. Clustering
analysis of the generated trajectory was performed
making use of in-built gromacs commands and
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linkage method of clustering. The process of
assembly was also analysed by studying the evolution
of distance between the center of masses of the two
proteins in consideration in the respective systems as
the assembly process proceeds through a decrease in
the distance between the center of masses. Capsid-
histone protein complex structure which serves as the
central structure of the densest cluster was taken for
further analysis.

MD simulation and post simulation analysis of capsid-histone
protein-protein complex

The capsid-histone protein complex structure
extracted from each of the 1us coarse-grained MD
simulation trajectories was first converted to all-atom
configuration making use of the all atom converter
module present in CHARMM-GUI web server". The all
atom systems were prepared using CHARMM-GUI web
server using the TIP3P water model in a cubic
simulation box using the CHARMM36 forcefield. A
distance of 1 nm between the protein and simulation box
boundary was selected during system preparation.
Additionally, counter-ions (Na" and CI) were added
such as to neutralize the system and simulate a
physiological concentration of 0.15 M NaCl. An energy
minimization was performed using the steepest descent
algorithm to remove any steric clashes and relax the
system before the equilibration and production run. The
protein-protein complex system was minimized until the
maximum force on any atom was reduced to below
1000 kJ/mol/nm to get rid of any high-energy
configurations. The energy minimized system was
equilibrated in NPT condition with 1 bar pressure and
310 K temperature for 500 ps using the Parrinello-
Rahman barostat to adjust the system’s pressure and
maintain its density. The V-rescale thermostat was
employed for temperature regulation and maintenance.
The production molecular dynamics (MD) simulation
was carried out thrice for each system in the NPT
ensemble at a constant temperature of 310 K and
pressure of 1 bar for a total simulation time of 500 ns
each. The simulation was performed using a time step of
2 fs. The LINCS algorithm was used to constrain bond
lengths and long range electrostatic interactions were
computed using the PME (Particle Mesh Ewald) method
and a cut-off of 1.2 nm'. Van der Waals interactions
were computed using a cut-off of 1.2 nm as well.
GROMACS in-built commands were used for post
simulation analysis purpose in order to characterize the
nature and specificity of interaction between DENV C
protein and the histone proteins. The g mmpbsa module
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was used for binding energy calculation'. Contact
analysis of the capsid-histone complexes were
performed for the last 50 ns taken from all the three
500 ns MD simulation trajectories using the get
Contacts module.

Results and Discussion

Coarse grained assembly of the Capsid-histone complexes

The DENV C protein and the histone proteins were
initially placed at a minimum separation of 5 nm from
each other in a random orientation. A higher distance
between the two proteins was selected so as to
eliminate any possibility of long range interactions
taking place between them. Through the course of the
unrestrained coarse grained MD simulation it was
observed that following an initial extended
equilibration period, the capsid protein came in close
proximity of the histone proteins in case of all the
four systems under consideration in this study. This
process of moving of the capsid and histone protein in
close proximity of each other in order to form a stable
complex could be easily visualized from the
decreasing trend of the distance between the center of
masses of the two proteins through the course of the
lus coarse grained MD simulation performed here
(Fig. 1A). It can be seen that except for the complex
between C and histone H4, the other heterodimeric
complexes were formed within the first 200 ns of the
MD simulation runs. In case of the heterodimeric
complex between capsid protein and the histone H4,
stable complex was formed for the last 200 ns of
the MD simulation run. In this last 200 ns of the
Ius MD simulation trajectory all the complexes
formed were found to be highly stable in nature. This
highly stable nature of the formed complexes could be
seen from the plateau formation of the RMSD
evolution of the protein complex through the course
of the MD simulation trajectory (Fig. 1B). RMSD
trajectory also follows similar trends like the distance
between the center of masses of the two proteins
under consideration in this study. This provides
further evidence on the highly stable nature of the
complexes generated through the course of the
MD simulation run. In case of all the histone
proteins except H4, a RMSD plateau could be seen to
be achieved within the first 175-200 ns of MD
simulation run, while a plateau can be seen to be
attained for the last 300 ns approximately in case of
the complex between DENV C protein and histone
H4 proteins.
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Fig. 1 — Coarse grained assembly of C protein and histone proteins. A. Distance between center of mass of C protein and histone
proteins through the course of 1us coarse grained MD simulation. B. RMSD evolution of C protein and histone proteins through the

course of 1us coarse grained MD simulation
MD simulation and post simulation analysis of capsid-histone
complexes

The structures of the capsid-histone protein
complexes were obtained following clustering
analysis of the lus coarse grained assembly MD
simulation trajectories of the capsid and histone
protein systems. Through the course of the MD
simulations conducted, structural equilibration and
stabilization of the formed complexes was observed.
Clustering was performed on the 500 ns MD
simulation trajectories as well following catenation of
the triplicate MD simulation trajectories, ultimately
leading to the analysis being conducted on a
simulation length of 1.5 ps in case of every single
capsid and histone protein complex i.e. capsid protein
in complex with H2A histone, H2B histone,
H3 histone and H4 histone individually. In each case,
formation of three prominent clusters was observed in
the entire 1.5 us MD simulation trajectory. Further
analysis of the frames encompassing the three
dominant clusters point to the convergence being
reached in each of the three independent replica
MD simulations conducted. MM/GBSA binding
energy calculation was performed on all the cluster
representative  structures  obtained from the
MD simulations conducted. All three representative
structures in case of each of the systems were seen
to be having similar binding energy magnitudes
with each of the complexes being highly stable in
nature as can be seen from the high negative
magnitude of the binding energy values computed in
this study (Fig. 2).
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Fig. 2 — Capsid-histone complexes post MD simulation and
clustering analysis. A. MM/GBSA Binding free energies of the
capsid-histone protein complexes following 500 ns MD
simulations in sets of three independent simulations. B. Capsid
protein in complex with H2A histone. C. Capsid protein in
complex with H2B histone. D. Capsid protein in complex with H3
histone. E. Capsid protein in complex with H4 histone. Capsid
protein is coloured in green while the histone proteins are
coloured in blue
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Fig. 3 — MD simulation and post simulation analysis of C protein in complex with H2A histone. A. RMSD evolution of the capsid-
histone complex backbone atoms through the course of the three 500 ns MD simulation trajectories. B. Saturation mutagenesis analysis of
the highest binding energy contributing residues of the capsid protein. C. Inter-chain contact map of Capsid protein in complex with

Histone protein

Capsid protein interaction with Histone H2A

RMSD trajectory of the protein backbone atoms for
all the three 500 ns MD simulations conducted shows
the formation of a RMSD plateau within the first
70 ns of the conducted MD simulations following
which the statistical variance of the RMSD values
become negligible in nature (Fig. 3A) indicative of

the formation of structural convergence in this case.
Residue wise binding energy analysis of the
structurally stabilized complexes generated following
clustering  analysis show the  predominant
participation of the hydrophobic residues of both
the capsid as well as the histone protein
(Suppl. Table S1). Saturation mutagenesis of the
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capsid protein residues showing highest contribution
during complex formation shows most of the
mutations to be destabilizing in nature (green colour
in Fig. 3B) with few mutations having neutral and/or
beneficial effect as well. This further stresses on the
importance of these residues during interaction of the
C and H2A protein. It can be seen that almost all the
capsid protein residues that have been analyzed based
on mutagenesis analysis are hydrophobic in nature
with all the residues being part of the highly
structured H2-H4 helical region of the capsid protein.
Residues like Phe53, Leu50 and Leu54 show
immense participation in the interaction between the
capsid protein and H2A histone protein which are also
important constituents of the capsid protein
hydrophobic pocket. This high contribution of
hydrophobic interactions indicates the importance of
these interactions in histone octamer formation as
well as capsid dimer formation'®. Contact and long
range interaction analysis as seen in (Fig. 3C) shows
the active involvement of majorly hydrophobic
interactions during the complex formation between
the capsid protein and H2A histone. It can also be
seen that a high number of residues belonging to the
capsid protein hydrophobic pocket are involved in
stable interaction with the H2A histone further
emphasizing on the dominance of hydrophobic
interactions in complex formation between the two
proteins under consideration in this case. Contact
analysis of the capsid-histone protein complex shows
the active involvement of the hydrophobic pocket and
H4 helix belonging to the DENV C protein in
complex formation with the H2A histone protein
(Suppl. Table S5). The high involvement of multiple
hydrophobic amino acids like Phe53, Phe56,
Phe33, Leu54, Leu81, 11e88, Leu92, Leu95, Phe84 are
direct evidence of the high prevalence of these
hydrophobic interactions in stabilization of the
protein-protein complex formed between the viral
capsid protein and histone protein. The high
involvement of Arg55, Arg82, Arg85 and Arg99 also
show the predominant role played by the Arginine
residue sidechains during heterodimerization between
the capsid and histone protein through the
involvement of multiple hydrophobic interactions.
Similarly, in case of the H2A histone as well, active,
dominant and stable involvement of the hydrophobic
interactions (Tyr57, Tyr50, Val54, Ala60, Phe25,
Glu61, Val30) could be seen through the course of the
MD simulation run.

1163

Capsid protein interaction with Histone H2B

Coarse grained in silico assembly MD simulation
of the C protein and the H2B histone points to the
formation of a stable complex between the two as can
be ascertained from the RMSD plateau for the last
800 ns of the lpus MD simulation trajectory with
respect to RMSD of protein backbone atoms
(Fig. 1B). Clustering analysis of the trajectory points
to the formation of one prominent cluster through the
course of the coarse grained simulation.
Representative structure from this protein complex
cluster was simulated using conventional MD
simulation in set of three independent replica MD
simulations with each extending for 500 ns. Protein
backbone atom RMSD analysis of the three conducted
simulations point to a stable complex being formed
within the initial 50 ns of the trajectories following
which RMSD plateau can be seen to be formed
(Fig. 4A). Binding energy analysis points to the
immense contribution of multiple residues belonging
to both the proteins during complex formation. It is
observed that most of the major contributing residues
of the capsid protein belong to either the hydrophobic
pocket or the H4 helix of the capsid protein
(Fig. 4B, and Suppl. Table S2). A single residue was
found belonging to the N-terminal disordered segment
to be participating prominently in the interaction as
well. Saturation mutagenesis of these residues point to
the importance of multiple residues in the interaction
since mutating these residues leads to disastrous
consequences on the binding stability of the complex
formed between the capsid protein and histone H2B.
Mutagenesis studies show that the hydrophobic
residues belonging to the hydrophobic pocket are
those which are mostly affected owing to mutation.
This indicates the importance of hydrophobic
interactions during complex formation between the
two proteins as has been previously seen as well. The
same results are shown by the contact map in
(Fig. 4C) where multiple residues belonging to the
capsid protein hydrophobic pocket play important role
in complex formation between the two proteins. The
involvement of majorly the hydrophobic residues of
the H2B histone (Phe65, I1e69, 1le73, Tyr37, lle6l,
I1le39, Met62, LeulOl) are indicative of the same
results. Thus it can be hypothesized from these results
that the major mode of interaction between the two
proteins is due to hydrophobic interactions leading to
the burying of the said residues during complex
formation in aqueous solution. This leads to increase
in the stability of the protein architectures under
consideration here. The mode of interaction and
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Fig. 4 — MD simulation and post simulation analysis of capsid protein in complex with H2B histone. A. RMSD evolution of the capsid-
histone complex backbone atoms through the course of the three 500 ns MD simulation trajectories. B. Saturation mutagenesis analysis of

the highest binding energy contributing residues of the capsid protei
Histone protein

residue involvement during complex formation
belonging to the viral capsid protein is similar in this
case as compared to the interaction between the
C protein and the H2A histone protein i.e. the
involvement of the hydrophobic pocket and the
H4 helix residues belonging to the capsid protein. An
addition in this case is the active involvement of the
N-terminal disordered segment and the H1 helix
belonging to the capsid protein during complex

n. C. Inter-chain contact map of Capsid protein in complex with

formation with the H2B histone

(Suppl. Table S6).

protein

Capsid protein interaction with Histone H3

Conventional MD simulation of the capsid protein
in complex with the H3 histone showed the formation
of protein backbone RMSD plateau within the first
80 ns of the MD simulation trajectory in case of all
the three independent simulation runs conducted for
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Fig. 5 — MD simulation and post simulation analysis of capsid protein in complex with H3 histone. A. RMSD evolution of the capsid-
histone complex backbone atoms through the course of the three S00 ns MD simulation trajectories. B. Saturation mutagenesis analysis of
the highest binding energy contributing residues of the capsid protein. C. Inter-chain contact map of Capsid protein in complex with

Histone protein

500 ns each (Fig. 5A). This plateau formation is
indicative of the highly stable nature of the protein
complex formed in this case. Residue wise
binding energy analysis and saturation mutagenesis
analysis in unison point to the high importance of the
hydrophobic pocket and H4 helix belonging to the C
protein during its interaction with the H3 histone as is
observed through the course of the three MD

simulation runs (Fig. 5B, and Suppl. Table 3).
Residues like Leu29, Val51, Leu54, Arg55 and
Phe56, key components of the capsid protein
hydrophobic pocket suffer disastrous consequences

with respect to both binding stability of the formed
complex as well as binding affinity between the two
proteins upon undergoing saturation mutagenesis.
Prominent involvement of residues belonging to the
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Fig. 6 — MD simulation and post simulation analysis of capsid protein in complex with H4 histone. A. RMSD evolution of the capsid-
histone complex backbone atoms through the course of the three 500 ns MD simulation trajectories. B. Saturation mutagenesis analysis of
the highest binding energy contributing residues of the capsid protein. C. Inter-chain contact map of Capsid protein in complex with

Histone protein

H4 helix of the Dengue virus capsid protein is also
observed during complex formation with the H3
histone protein as well indicative of the similar mode
of interaction as is observed during formation of the
Dengue virus capsid protein dimer'’. This disastrous
effect is evident from the positive values of AAG
indicative of decrease in the binding affinity between
the capsid protein and the H3 histone. Contact map
analysis also point to the extremely high involvement
of the hydrophobic amino acids belonging to both the
capsid protein and the H3 histone protein
(Tyr98, 1le73, Leul02, Phe77, Leu69, Leu99) during
complex formation (Fig. 5C). All results point to the
crucial role of hydrophobic interactions between the

DENV C protein and the histone proteins similar to
the previous two cases. The interaction between the
viral capsid protein and the H3 histone protein is
dominated by the stable interactions involving the
four helices belonging to the capsid protein
(Suppl. Table S7). Here much more active
involvement of the H4 helix belonging to the viral
capsid protein can be seen. Similar to the previous
interactions, here also active involvement of the
hydrophobic interactions is observed.
Capsid protein interaction with Histone H4

Protein backbone RMSD analysis through the
course of the triplicate 500 ns MD simulation runs
point to the convergence of the MD simulation
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systems in the last 200 ns of the MD simulation
trajectories (Fig. 6A). Thus, in comparison to the
previously studied capsid-histone complexes as
mentioned in this study, this capsid protein complex
with the H4 histone took an increased time to attain
structural stability. Binding energy calculation taking
major cluster representatives from all the three MD
simulations conducted also point to the less stability
of the complex formed between the capsid protein and
H4 histone. This lesser binding stability of the
Dengue virus capsid protein in complex with the H4
histone is further elucidated by the presence of only
three prominent capsid protein residues in the residue
wise  binding  energy  contribution  analysis
(Suppl. Table S4). Saturation mutagenesis analysis of
the selected three residues show the high importance of
all the three residues with special importance being seen
in case of the two aromatic amino acids included i.e.
Trp82 and Phe47 (Fig. 6B). Contact analysis shows the
involvement of few number of residues belonging to the
capsid protein during heterodimer formation with the H4
histone protein (Fig. 6C). These residues could be seen
to be constituting the hydrophobic pocket and the H4
helix of the Dengue virus capsid protein indicative of
the involvement of this region during dimer formation
in this case as well. The lesser number of interacting
residues as observed in this case leads to lesser
binding stability of the formed complex in
comparison to the interaction stability with the other
histone proteins under consideration in this study. The
same trends have been previously shown during
binding energy calculation between the capsid protein
and the respective histone proteins. The same thing is
observed here as well, where it can be seen that fewer
stable and consistent inter-protein interactions are
observed when compared to the other three
interactions analyzed in this study (Suppl. Table S8).
In the few stable interactions observed in this case,
majority of the residues involved can be seen to be a
part of the capsid protein hydrophobic pocket with
lesser active involvement of the H4 helix and almost
negligible involvement of the N terminal segment of
the capsid protein. As for the histone protein, it can be
seen that the central region of the protein shows major
involvement in complex formation in this case with
important role being played by residues Phe61,
Glu53, Leu58, Tyr72, lle50, Val57, Asp85, Thr54 and
Glu74.

Conclusion
Important new information on the molecular
interactions between the viral capsid proteins and host
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cell histone proteins is provided in this study of the
Dengue virus capsid-histone complex. Here we have
shown that although the DENV C protein interacts
with high stability and robustness with all the four
core histone proteins, its preference towards the four
histones are as follows: H3> H2B> H2A> H4.
Through the use of computational techniques, we
have elucidated on the complex's structural stability
and possible binding mechanisms, identifying
important residues making use of in silico site
directed saturation mutagenesis studies. These
residues and the protein-protein interfacial
architecture could be used as therapeutic targets. This
work opens the door for additional research on
stopping the dengue virus's life cycle, ultimately
resulting in more potent antiviral treatments.
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