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Abstract

This study comprises of conformational space explored within molecular dynamics
simulations framework for flaviviridae family fusion peptides, Dengue virus serotype 2
fusion peptide (DENV2), Dengue virus serotype 3 fusion peptide (DENV3) and tick —
borne encephalitis virus (TBEV) in explicit solvents at 300K with four different force
fields, Amber99SB*-ILDN-Q, Charmm22/CMAP, Gromos54a7 and OPLS-AA using MD
simulation techniques such as classical molecular dynamics simulations, replica
exchange molecular dynamics simulations, simulated or temperature annealing that
provide enhanced sampling. Experimental limitations such as failure to capture
physiologically relevant time scales in order to study biological problems motivated this
computational study where the protein/bimolecular dynamics can be feasibly accounted
at such smaller time scales. The total simulation time was 33.6 us. Different force fields
were seen to have propensities towards different secondary structures. Amber99SB*-
ILDN-Q simulations formed structures close of Dengue virus serotype 2 fusion peptide
crystal structure in case of replica exchange molecular dynamics simulations method,
whereas in case of methods, classic molecular dynamics simulations and temperature
annealing/simulated annealing, not effective enough sampling Amber99SB*-ILDN-Q did
not predict structures close to the crystal structure. Charmm22/CMAP, Gromos54a7
and OPLS-AA on the other hand were biased towards secondary structures. This study
comprehends the use of sampling methods in combination with force fields in predicting

structures for a small unstructured peptide that is highly dynamic in the solvent studied.



Introduction

Flaviviridae family viruses cause Dengue fever, Dengue hemorrahagic fever and
dengue shock syndrome. A study conducted by World Health Organization (WHO)
estimated upto 3.6 billion people at the risk of this disease (WHO, 2012; N. E. A Murray
2013). Flaviviruses are transmitted via mosquitoes. Some prominent flaviviruses are:
yellow fever virus (YFV), Japanese encephalitis virus (JEV), West Nile virus (WNV), and
four dengue viruses (DENVs: DENV1, DENV2, DENV3, DENV-4), tick-borne
encephalitis viruses (TBEVS) are transmitted by ticks. The structural assembly of a
flavivirus: flavivirus genome comprises of a positive-stranded RNA which encodes
proteins, capsid, precursors of membrane (prM) proteins, envelope proteins (E) and
non- structural proteins (NS)- (seven non-structural proteins-NS1, NS2A, NS2B, NS3,
NS4A, NS4B, NS5). E proteins are involved in binding the receptors and fusion with the
host cell membrane hence antibodies are induced against E proteins to study the
neutralizing effects on the viruses (Lindenbach BD et al 2013).E proteins are involved in
fusion process during viral infection process. These proteins undergo conformational
changes during viral maturation and fusion stages of the virus life (Y.Modis et al 2004; Y
Zhang et al 2004). E proteins are formed by three domains. Domain | makes the
insertion loop (Y Modis et al 2004; Y Modis et al 2003; F.A. Rey et al 1995). Domain Il
makes the hydrophobic sequences that are recognized as fusion peptides and are
responsible for insertion of the E protein trimers after rearrangement (dimer to trimer
transition). These fusion peptides of the flaviviruses are conserved (Y Modis et al 2004;
S. Bressanelli et al 2004; Y Modis et al 2003; S.L. Allison et al 2001; S.L.Allison et al
1999). Domain Il connects to domain | initiating cellular receptor binding (J Hung et al
2004). E proteins lay flat on the virus surface as dimers. They experience
rearrangement during low pH conditions in late endosome during fusion process
exposing the fusion peptide. The fusion peptide exposed comprises of a tip containing
highly conserved residues Trp101 and Phel08. E protein is most important in receptor
recognition and attachment to the host cell membrane. It is seen interacting with various
molecules (S. Bressanelli et al 2004; M. Liao et al 2005; D. Kato et al 2010; C.O.



Nicholson et al 2011). It can serve as a potential drug target. “Fusion peptides” of
flaviviruses are motifs that differ in terms of single residues in a 15 residue sequence.
For example: DENV2 and DENV4 (®*DRGWGNGCGLFGKGG?) PDB entry 10AN,
DENV-1, DENV-3, as well as West Nile Virus (**DRGWGNGCGLFGKGS™?) PDB entry
1UZG, Tick borne-encephalitis virus (**DRGWGNHCGLFGKGS™?) PDB entry 1URZ.
Previously it has been shown by nuclear magnetic resonance study (NMR) that a single
mutation from tryptophan to alanine (W101 to A) can abolish the membrane fusion
process (Melo MN et al 2009). Experimental findings have revealed that anti-peptide
molecules recognize the fusion peptide motif of the flaviviruses from non-flaviviruses
(Pattnaik P et al 2006). Fusion peptide recognition has lead to effective flavivirus
vaccines against yellow fever virus, Japanese encephalitis virus and tick-born
encephalitis virus infections have been developed, but WNV and DENV vaccines are
still being worked on for human use (Baratte AD et al 2001; Patel JR et al 2009).
Dengue viruses have four serotypes: (DENV1, DENV2, DENV3, DENV4 ) Infection from
individual virus can be prevented (Sabin AB 1952). Studies revealed that cross-
protection against dengue virus serotypes occurs over a short period of time causing
dengue fever but the risk is still higher in causing dengue hemorrhagic fever even after
primary infection (Halstead SB 1982). Hence it is a worth the effort to develop new
vaccines for DENV. As it is experimentally established fusion peptide plays a crucial
role during infection it was of high interest to study the dynamics of it using
computational tools as experimental techniques limit the scope of studying bimolecular
activities at atomic resolution and at physiologically relevant time scales. To capture the
dynamic details of fusion peptides of flaviviruses were studied (DENV2, DENV3, TBEV)
using molecular dynamics simulations (MD), a technique to study the evolution of fusion
peptide conformations in time. Molecular dynamics simulation (MD) is a computational
technique wherein the basic idea is to assign initial conditions (positions and velocities)
to particles of the system (in this case the atoms of fusion peptide) and interaction of
potentials (represented by mathematical formulations called “force fields”) in order to
calculate forces among these particles. The evolution of the system in time is solved

within classical mechanics framework specifically Newton's second law of motion:



F = ma where F is the force and m and a are the mass and acceleration of the particle.
Within MD frame work techniques such as simulated/temperature annealing and replica
exchange molecular dynamics simulations are widely used to sample the
conformational space of the protein of interest revealing the secondary structures that
are attained during molecular dynamics simulations. Simulated/temperature annealing
(TA/SA) is an enhanced sampling molecular dynamics simulation method to study
conformational space for protein folding and unfolding (Galzitskaya et al 2000) where
the system is linearly heated to a high temperature in order to overcome energy barriers
followed by slow cooling to acquire a low energy states in order to reach minimum
energy state confomations (Kirkpatrick et al 1983). Crystallographic and NMR studies
widely use simulated annealing molecular dynamics simulations method. It is also used
in protein modeling studies (Brunger et al 1999; Brunger and Adams, 2002; Li et al
1997; Moglich et al 2005). A main limitation of simulated annealing is that conformations
of peptides or proteins may come across minimum energy traps and this is highly
affected by the cooling process during annealing. Unless the simulations are longer the
method does not assure any global minimum energy states. (Larrhoven and Aarts
1987). Replica exchange molecular dynamics simulation (REMD) is another enhanced
conformational sampling MD method that provides sampling of conformation (Fukunishi
et al, 2002; Mitsutake et al 2001; Nymeyer and Garcia, 2003; Okabe et al, 2001,
Sanbonmatsuand Garcia, 2002, Sugita and Okamoto, 1999; Yoshida et al, 2005, Zhou
2003, Kannan and Zacharias, 2007a). REMD simulates several copies of the same
system evolving independently at different temperatures. Various values of temperature
are assigned for each replica so that the replicas at different temperatures exchange
coordinates among each other in order to explore conformational space. REMD and
TA/SA explore conformations from low to high energy states crossing energy barriers.
They are being employed to study protein folding and unfolding. This report present a
study of conformational space explored within molecular dynamics simulations
framework for flaviviridae family fusion peptides, Dengue virus serotype 2 fusion peptide
(DENV2), Dengue virus serotype 3 fusion peptide (DENV3) and tick —borne encephalitis
virus (TBEV) in explicit solvents at 300K with four different widely used force field.



Amber ffO9SB*-ILDN-Q (Sorin, E. J. et al 2005; Best, R. B et al 2009; Hornak, V et al
2006; Lindorff-Larsen, K et al 2010, Lindorff Larsen, K et al 2012), Charmm22/CMAP
(MacKerell et al 1998; MacKerell, 2001; MacKerell, A. D. et al 2004), Gromos54a7
(Schmid N et al 2011) and OPLS-AA(Jorgensen, W. L et al 1996) using MD simulation
techniques classical molecular dynamics simulations, replica exchange molecular
dynamics simulations, simulated or temperature annealing. The total simulation time
was 33.6 ps. Force fields Amber99SB*-ILDNQ, Charmm22/CMAP, Gromosb54a7,
OPLS-AA were employed to study the DENV2 conformational space using three
methods MD, SA/TA and REMD. Further it was used as a platform to study fusion

peptides DENV3 and TBEV and the influence of force fields and simulation methods.



Simulation Methodology

The starting structure for molecular dynamics simulations was a 15 amino acid
sequence of the fusion peptide (FP) corresponding to DENV-2 & DENV-4 (protein data
bank* entry: 10AN, with the sequence: ®® DRGWGGGCGLFGKGG1') DENV-1,
DENV-3, WNV (®*DRGWGGGCGLFGKGS™?) (PDB entry 1UZG) and Tick-borne
encephalitis virus (** DRGWGGHCGLFGKGS'*?) (PDB entry 1URZ)

Figure:1a) Dengue virus serotype 2 fusion peptide (atomic (blue) & cartoon (green)

representation). Aromatic residues exposed at viral infection (W101-Tryptophan & F108-
Phenylalanine)



DENV3 TBEV

Figure:1b) Dengue virus serotype 3 fusion peptide and tick borne encephalitis virus structural
alignment with respect to dengue virus serotype 2. Aromatic residues exposed (W101-
Tryptophan & F108-Phenylalanine)



The FP was placed in the centre of the cubic box (4.5x4.5x4.5 nm) and filled with
approximately 3000 water molecules. In order to neutralize the overall system charge,
one CI ion was added. CHARMM22/CMAP and Amber99SB*-ILDN-Q, Gromos54a7,
OPLS-AA force fields were employed in four sets of simulations. The TIP3P water
model was used in Amber99SB*-ILDN-Q and Charmm22/CMAP while SPC in case
Gromos54A7 and TIP4P for OPLS-AA were employed. All MD simulations were
performed using GROMACS 4.6 (Hess, B et al 2008) package. With a time step of 2 fs,
equations of motion were integrated through Verlet leapfrog algorithm. Bond lengths
were constrained with the LINCS (Darden T et al 1993) algorithm. The cutoff distance

was 1.4 nm for the short-range neighbor list and van der Waals interactions. The
Particle Mesh Ewald method (Essman U et al 1995) was applied for the long-range
electrostatic interactions with a 1.4-m real space cutoff. The velocity rescale thermostat
with additional stochastic term (Bussi G et al 2007) and Berendsen barostat were used
to maintain the temperature and pressure (1 bar). Initial velocities were set according to
the Maxwell distribution. Periodic boundaries were used in all directions. All simulations
were performed using Bioinformatics Institute (BIl) cluster. REMD is a method that
simulates several copies or replicas of the same system evolving independently at
different temperatures (Sugita Y, Okamoto Y 1999).The replicas exchange coordinates

at an interval based on Metropolis criterion (Metropolis N et al 1953):

1 1

P(i = j) =min (1,exp [(ksTi - kBT]_) * (U = Up)]

Where (i — j) is the exchange probability, ks is Boltzmann’s constant Ui and Uj are the
potential energies of individual configurations of the replicas at the temperatures T; and
T;. By exchanging coordinates between simulations replicas at different temperatures
REMD method allows the improved sampling of the conformational space visiting
simultaneously many local minima. To ensure a uniform exchange probability, the
temperatures were chosen according to the relation: T; = To exp ic proposed by (Sugita
Y, Okamoto Y 1999) where Ty and ¢ can be changed to provide the desired exchange

ratio. Application of each force field employed 36 replicas at the following temperatures:



297, 297.00, 300.22, 303.47, 306.74, 310.04, 313.38, 316.73,320.12, 323.54, 326.98,
330.45, 333.96, 337.49, 341.05, 344.66, 348.23, 351.88, 355.57, 359.28, 362.91,
366.69, 370.53, 374.38, 378.25, 382.17, 386.11, 390.09, 394.10, 398.15, 402.23,
406.35, 410.50, 414.72, 418.94, 423.20, 427.51 K; where the temperature increments
ranged from 3 to 4K. Initial configuration was minimized using steepest descent (SD)
algorithm. Each replica prior to the production run was equilibrated using 1ns in NVT
and 1ns in NPT ensemble respectively (where N is the number of atoms, V is volume, P
is pressure and T is temperature). Coordinates between replicas were exchanged every
2 ps and the production run (NPT) was run corresponding to 100 ns at given
temperature. In total each REMD run employed 3.6 ys. Simulated annealing simulations
in the NPT ensemble were run for 1000 ns involving 100 cycles of 10 ns each. The
system was linearly heated up from 300 to 450 K for 1ns followed by 4 ns of the
simulation at 450 K. Subsequently, the3 ns of cooling down followed by equilibration of
2 ns at 300K were employed. The data analyzed corresponded to last 2 ns of each
cycle at 300K.



Results

In order to assess the convergence of each simulation the following properties were
averaged over five equal simulation time intervals for DENV-2 fusion peptide: Gyration
radius (Rg) (Figure 2), end to end distance (EwE) (Figure 3) and solvent accessible
surface area (SASA) (Figure 4). The error bars in each figure corresponds to the
standard deviation and was compared with the crystal structure values. Gyration radius
is defined as the compactness of the system as following:

1
Radius of gyration = ﬁ* E (ri—Tem)?
i &
l

Where r; - rem is the distance between atom i and the center of mass of the molecule.
The SASA is calculated based on the algorithm proposed by (Eisenhaber F et al 1995).
It can be observed that in case of REMD method for all force fields the calculated Rq
average was the closest to the crystal structure value (0.59 nm). However in case of
TA/SA all force fields overestimated the experimental Ry value whereas MD showed a
varying trend. In case of the end to end distance for REMD Charmm22/CMAP it is
observed that the value is higher than the crystal structure value.
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Figure: 2) Convergence analysis. The gyration radius obtained as an average obtained for MD,
SA, REMD using force fields, Amber99SB*-ILDN-Q (blue), Charmm22/CMAP (red),
Gromosb54a7 (green) and OPLS-AA (orange).The gyration radius of DENV2 FP crystal structure
value (0.59 nm).
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Capturing fluctuations due to each residue of the fusion peptide about its average
position provided an insight into the flexibility of regions of the protein. The RMSF
(Figure: 5) for C4 atoms was calculated using MD, TA/SA GROMACS tool (rmsf). RMSF
assessment showed that the terminal regions are highly flexible, the reason being
fusion peptide is dynamically changing conformations in time. MD showed increasing
fluctuation as the simulation progressed for all force fields. Similarly in case of REMD,
but the trend was quite different in TA/SA where the fluctuation was not pronounced at
all. Root mean square fluctuation is calculated based on given equation between the

position of C, of a residue i and a reference position of residue.

T
1
RMSF = | Z (ri(t;) —roy)?
tj =1
Where T is the time over which the average is calculated, ro; is the reference position of
the Cq of the residue i. This reference will be a time averaged position of the same

residue i.



Amber99SB*-ILDN-Q MD Charmm22/CMAP MD

Root Mean Square Fluctuation (nm)

[
1
ol 0-200 ns 09r -ann
' 0-400 ns osh 0-200 ns
0.8} 0-600 ns ' 0-400 ns
0.7} 0-600 ns
0.7% \
\ 0-1000 ns 06l
0.6F ' '\\\ 0-1000 ns
st 4 0.5 \\ /
0.4} 11|04 \\\‘y =
g e YA LT L )
T BANGE = P e X =
0.3+ k"‘.,/ ~ \//
02t 02¢
0.1f 0.1t
U 3 4 s 6 7 8 9 101213 1S Y23 45 6 7 8 9 011151l
Gromos54a7 MD OPLS-AAMD
1 1
0.9} 0-200 ns 0.9F 0-200 ns
0-400 ns 0-400 ns
08f 0-600 ns 081 0-600 ns
0.7 0.7
. i 0-1000 ns
06D 0-1000 ns 0.6
05} 05\ .
\ / N\ A
0.4F 04'\\ / .‘_\t,‘ F_
e I T RN G INY, ,"_'.‘.'&\ Vi
03 SN AL T st NN XQ}\;\.’_&/‘ VA
N ST NN
0.2+ ~ 0.21
0.1+ 0.1+
3 4 s 6 78 9wz |0 23 45 6 7 8 9011215 1ls
>

Ca atoms



Root Mean Square Fluctuation (nm)

Amber99SB*-ILDN-Q REMD Charmm22/CMAP REMD
: 1
L 0-20 ns
09y 0-20 ns i 0-40 ns
08} 0-40 ns 0.8r 0-60 ns
il 0-60 ns 0.7} .
Y .
L \‘{ il - \ 0-100 ns
OSS\\\
AN /
AN\ iy -
5 \\:‘_\_ =, - $
1 NGRS RN Y
02+
0.1F 0.1+
%2 3 4 5 6 7 8 9 1011 1213 1415 %3 4 5 6 7 8 9 101 1215 1as
Gromos54a7 REMD
OPLS-AAREMD
1 1
09F 0-20 ns 09r 0-20 ns
0.8k 0-40 ns oslh 0-40 ns
0-60 ns 0-60 ns
0.7F\ 0.7+
\ :
0_65\ \ 0-100 ns ,05\ 0-100 ns
\ \
ost N o5t
R R\ 4
. SIEw 04r \\\\ /é/:f—'\ j/~ J
| o > LN
03 NS < i \\\\\wj‘i",,.f\ %
NE i 2]
0.21 02+ e
0.1f 0.1f
0 L - . - 4 > L % L k ; - . L ! L ! ! ! 1 ! 1 ! ! 1 "
I 2 3 4 5 6 7 8 9 1011 1213 1415 O s 0 1 12 1B 1415

78 9

Ca atoms




Amber99SB*-ILDN-Q TA

Charmm22/CMAP TA

T
I
09l 09+ 0-200 ns
g 0-200 ns osl 0-400 ns
08 0-400 ns 0-600 ns
07¢ 0-600 ns U.?i
= | Jes 06y 0-1000 ns
£ N 0-1000 ns AN
c 05F \\ w‘/ 0.5 {j
~ ol S 0.4F X - 4
é ol \\“A%%i{f T o3l \5‘:\.__,._:%-5"‘ SR &“\\\’/}ﬂ/"{
© 02+
2 0.2
L:) 01k 0.1F
w Ul P 5 S 5 6 7 8 9 10 1l 12 1'3 14 15 01 Y 3 4 5 6 7 8 9 10 1 1213 1415
()]
| -
o Gromos54a7 TA OPLS-AATA
o I
w 1
cC 09+ 0-200 ns ) 0.9+
S il 0-400 ns 0-200 ns
S - 0-600 ns 0.8 0-400 ns
078 07k 0-600 ns
° Y 0-1000 ns )
o | |y ] 08t 0-1000 ns
04 h\“-q:, i %k“*"asa_—f_-g;:,é;’i + 0.4r N \\;f egm T w
0.3 03}
02 02k
0.1 0.1
I TR TR TR I 2 3 4 5 6 7 8 9 1011 1213 1415
~
Ca atoms

Figure: 5) Residue root mean square fluctuations for Ca atom of each residue. RMSF for
MD, TA/SA, REMD for Amber99SB*-ILDN-Q, Charmm?22/CMAP, Gromos54a7 and OPLS-
AA force fields at different time points by dividing the trajectory into five parts in each

simulation method.



Secondary structures predicted by Amber99SB*-ILDN-Q, Charmm22/CMAP,
Gromosb54a7 and OPLS-AA using simulation methods, MD, REMD and TA/SA to
assess propensity towards certain structure, GROMACS tool (do_dssp) was employed.
Secondary structure maps for dengue virus serotype 2 fusion peptide. Figure: 6 (a) &

(b) shows the crystal structure fusion peptide dengue virus serotype 2 configurations.
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Figure: 6 (a) Secondary structure map for DENV2 FP (b) DENV2 FP (cartoon
representation) (300K)
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Figure: 7) Secondary structure analysis of DENV2 fusion peptide for MD, TA/SA and REMD
for force fields Amber99SB*-ILDN-Q, Charmm22/CMAP, Gromos54a7 and OPLS-AA.



The secondary structure maps show clear differences in structure prediction by force
fields. Amber99SB*-ILDN-Q predicts overall coil, bend, turn, B-bridges, B-sheets, a-
helices, 310 -helix. REMD clearly showed efficient sampling compared to MD wherein
only at four time points 3-sheets appear and no a-helices at all in case of Amber99SB*-
ILDN-Q. In case of TA/SA the sampling showed B-sheets and a-helices appear less
frequently but these conformations were explored during the simulation run for force
field Amber99SB*-ILDN-Q. Charmm22/CMAP showed significant bias towards a-helices
in all three methods MD, REMD, TA/SA predict majorly bends, turns, 310 -helices.
Gromos54a7 shows bias towards [B-sheets in REMD and MD. In case of REMD
Gromos54a7 exhibits a frequent appearance of -sheets than MD where it appears only
in the beginning and towards the end of the simulation run. The method TA/SA shows
B-sheets appearing four times during entire simulations. OPLS-AA shows strikingly -
sheets bias during entire simulation run for all three methods. In case of MD OPLS-AA
assumes [B-sheets for a significant period of the simulations suggesting its
overestimation of that structure and lack of sampling efficiency of MD method. The
analysis provided a result suggesting Amber99SB*-ILDN-Q doing well in predicting the
structure in all three methods MD,REMD,TA/SA for DENV2 FP hence for DENV3 and
TBEV simulations were done using Amber99SB*-ILDN-Q for methods MD,
REMD,TA/SA. The difference in sampling efficiency of MD, REMD and TA/SA is very
well accounted in (Figure: 8). MD predicts prominently a-helical conformations of TBEV
amongst coil, bend, turn, B-bridges, B-sheets,310 —helix conformations whereas DENV3
exhibits coil, bend, turn, B-bridges, B-sheets,310 —helix , a-helices over entire time.
REMD sampled conformations much efficiently compared to TA/SA where all these
structures appear throughout the simulation.
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Figure: 8) Secondary structure analysis of DENV3 and TEBV fusion peptide for MD, TA/SA
and REMD for force fields for Amber99SB*-ILDN-Q, Charmm22/CMAP, Gromos54a7 and
OPLS-AA.



Next to identify the most prominent conformation of the entire conformational space
based on hierarchical clustering method gromos (Daura et al. 1999)where it counts
number of neighbors based on a cut-off (cut-off used was 0.45). To assess the structure
with largest number of neighbors GROMACS tool (cluster) was used to find the
representative conformation cluster for DENV2 FP. In (Figure:9) it clearly showed that
MD does not sample as much as REMD and TA/SA do indicating these methods
provide enhanced sampling exploring many conformations given fusion peptide is
dynamic. It was seen (Figure: 10) that the largest cluster representing a stable minimum
energy conformation in case of each force field and each method revealed that
Amber99SB*-ILDN-Q force field has predicted a structure close to crystal structure in
case of REMD. Charmm22/CMAP favors a-helical conformation over any other
conformation and Gromos54a7 and OPLS-AA are seen to perform not so well in any of

the sampling method.
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Figure: 9) Clustering: Number of clusters formed for entire simulation time for MD, TA/SA
and REMD for force fields Amber99SB*-ILDN-Q, Charmm22/CMAP, Gromos54a7 and
OPLS-AA.
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Figure: 10) A single representative cluster (Clusterl) that was prominent throughout the
simulation time for MD, TA, REMD for force fields Amber99SB*-ILDN-Q, Charmm22/CMAP,

Gromos54a7 and OPLS-AA



Principal Components Analysis (PCA) is a way of identifying patterns in data to highlight
similarities and differences based on mathematical expressions. PCA is a powerful tool
for data analysis since patterns in data can be hard to find in data of high dimension,
where the luxury of graphical representation is not available. The other main advantage
of PCA is that once you have found these patterns in the data, and you compress the
data by reducing the number of dimensions, without much loss of information. Principal
component analysis was done in order to identify functionally relevant motions. Eigen
values against the index of eigenvectors were obtained from PCA on a combined
trajectory for REMD, TA, MD for force fields (Amber99SB*-ILDN-Q, Charmm22/CMAP,
Gromosb54a7, OPLS-AA. The analysis was done using GROMACS tool (covar, anaeig).
The first two eigenvectors accounted nearly 40% of the conformations sampled.
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Figure: 11) First two principal components account for the major motions of the fusion peptide
~40% of all conformations.



In protein folding energy landscape maps all possible conformations of a molecular
structure and spatial positions of the interacting molecules in a system and the
corresponding gibbs free energy. It represents all possible conformations and also
provides a qualitative idea about the low energy secondary and tertiary conformations.
Gibbs free energy landscape assessment was done using GROMACS tool (sham) to
study the conformational space explored by MD, REMD and TA/SA. It is clearly seen
that MD explored very few minimum energy conformations of flavivirus fusion peptides
studied (Fig: 12 & 13) but REMD and TA/SA have sampled much more.



Amber99SB*-ILDN-Q Charmm22/CMAP Gromosb4a7 OPLS-AA

o
O
4 ~ o
MD 0 Q i
PCI PCl
0 Gl 15 0 Gld) 1S
| om— e |
REMD
9 5 o
& 154 4 N
PC1
0 Gim) 15
| SE——— ]
I~
TA O} op
PC1
0 Gl 15
| |

Figure: 12) Gibbs free energy landscapes describing conformational sampling by MD, REMD
and TA for Amber99SB*-ILDN-Q, Charmm22/CMAP, Gromos54a7 and OPLS-AA force fields

for fusion peptide dengue virus serotype 2
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Figure: 13) Gibbs free energy landscape describing the conformational sampling by MD, REMD
and TA for Amber99SB*-ILDN-Q, Charmm22/CMAP, Gromos54a7 and OPLS-AA force fields
for DENV3 and TBEV fusion peptides



Conclusions

The conformational sampling was examined by simulation methods, classic molecular
dynamics simulations, replica exchange molecular dynamics simulations and
simulated/temperature annealing for flaviviruses dengue virus serotype 2, dengue virus
serotype 3 and tick-borne encephalitis virus fusion peptides with four different force
fields Amber99SB*-ILDN-Q, Charmm22/CMAP, Gromos54a7 and OPLS-AA force fields
in explicit solvents. The starting structures were DENV2, DENV3 and TBEV simulations
significant differences were noted between each force field for each simulation method
in explicit solvent studied that has heavily influenced the conformations studied.
Amber99SB*-ILDN-Q did well in predicting structure of fusion peptide dengue virus
serotype 2 close to the crystal structure. It has performed well in predicting structures
represented by major clusters as shown in cluster analysis, secondary structure
analysis, configurationally it showed values of properties, gyration radius, end to end
distance, solvent accessible surface area of the fusion peptide are very close to that of
the values for these properties of the crystal structure. It showed effective sampling in
case of REMD as compared to MD and TA/SA. Force fields Charmm22/CMAP,
Gromosb54a7 and OPLS-AA showed strong bias towards secondary structures reason
being force field parameterization. Even though simulated/temperature annealing is an
improved sampling technique exploring the conformational space significantly wider
than MD or REMD it appears that it is not sampling configurations that are structurally
similar to the crystal structure available. In comparison, REMD is known to overcome
those issues. The analysis also revealed that fusion peptide dengue virus serotype 2 is
an unstructured peptide and the MD study carried out in combination with force fields
have influenced the structure prediction hence such a study can be of use for further
investigations of small peptides that do not assume any specific conformations. The
combination of a force field and method can serve as an input for further simulations
studies. In addition to that it provides an idea to design molecules that can interact with
the fusion peptide affecting the viral infection in a robust way possible in spite of the

ongoing findings on blocking virus entry leading to diseased conditions.
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