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ABSTRACT

Revealing and targeting novel cryptic pockets in a protein has become a major challenge
in the field of drug design. Static experimental protein structures represent ensemble
averaged lacking the dynamics of the real biological system. Molecular dynamics (MD)
simulations serve as a “virtual microscope” to probe the dynamics of the biological
structures based on Newton’s equations of motion. In this thesis | have demonstrated an
improved simulation based technique that uses benzene molecules as probes and
enables revealing cryptic pockets hidden in the experimental structures of proteins. In this
method benzene rings contain additional dummy atom in its geometric center with an
optimized Lennard-Jones potential. Initially the method has been benchmarked against
experimentally well-defined wild-type and mutant K-Ras (G12D) protein, essential bio-
substrate in development of many cancers. The application of the method resulted in the
formation of “saddle” like benzene clusters around the pockets of protein. With the novel
protocol | have shown that all pockets previously defined by experimental and in silico
methods for both wild-type and mutant K-Ras have been observed with enlarged volume
together with the exposure of a novel pocket. The method was shown to be efficient within
only 100 ns of sampling. Subsequently the novel approach was applied on envelope (E)
protein of all dengue virus (DENV) serotypes as well as Zika virus (ZIKV). The novel
consensus pocket exposed was positioned in between two monomers and found in all
dimers studied. This crucial region has a great potential for blocking dimer-to-trimer
transition and viral infection process. Hence, it was a subject to subsequent virtual
screening. Ten Food and Drug Administration (FDA) approved drugs (based on binding
affinity and key interaction with both the monomers) have been shortlisted for the
experimental validation. The most promising molecule named Itraconazole was shown to
possess the highest affinity for ZIKV. In summary a general novel method for screening
cryptic sites on protein structures which can be further used in drug design has been

proposed.



1. INTRODUCTION

The identification of druggable sites on proteins has become an area of great interest
in the search for new therapeutics®. Traditionally, sites where ligands are seen in
crystal structures solved in water have been used as targets for screening in the
search for new and more potent modulators. However, the observation of ligands
bound to pockets that were occluded in apo states of the proteins suggested that
cryptic pockets may be more prevalent than assumed. Careful analysis also showed
that the binding of ligands resulted in the opening of pockets that were cryptic in the
absence of ligands — this suggesting the possibility of allosteric modulators?. Various
experimental and computational techniques were developed in order to locate such

transient pockets which are discussed below?>.

1.1. Experimental and computational tools to locate cryptic pockets
Experimental tools include NMR based fragment screening and Hit validation of
library of small molecules®, fluorescence assays®, mass spectrometry and structural
analysis comprising of analysing protein crystal structures with the incorporation of
side-chain flexibility’. Computational techniques include programs such as FTMap?,
SiteMap®, MDpocket®, GRID, and trj_cavity!'. Methods such as FTMap and GRID
consider only static experimental structures and hence are unable to detect transient
sites which can be only characterized considering dynamics of the real biological
system!?13. While classical molecular dynamics (MD) simulations did provide a
picture of the flexible dynamic structures of proteins, nevertheless the accessible
timescales seem insufficient to result in the exposure of cavities that can be deemed
large enough to be druggable. Also most of the simulations of proteins performed in
the water are unable to detect hydrophobic cryptic sites because these pockets are
hidden in crystal structure which are solved in polar solvents. This resulted in the
development of special methods to probe such cavities using hydrophobic molecules
which include mixed-solvent MD and cosolvent-MD"14, site-identification by ligand
competitive saturation (SILCS)*3, ligand mapping or probe based MD simulations
(pMD)71214-16 The last two methods introduce small probe molecules into protein-
water systems prior to running MD simulations and were inspired by the fragment-
based NMR® and multi solvent crystallographic (MSCS)'” approaches. Commonly
1



used probe molecules included benzene?!?, cyclohexane?, and isopropanol4, chosen
based on their drug like features (for example, most of the drug contains the
aromatic rings in their structure)'®. Subsequently, the probe affinity maps are
generated and compared with the starting experimental structure of the protein in
order to examine the new pockets being cryptic in static experimental structures.
This is followed by virtual screening of libraries of ligands based on the known

structure of pockets?®.

1.2. The benchmark of new benzene mapping method: K-Ras protein

Mutant K-Ras protein is a cancerous protein and a major drug target that has been
widely studied*®. All of the druggable pockets are experimentally validated which was
the motivation to choose this protein as benchmark testing of the novel method.
Further aim would be to extend this protocol on envelope (E) protein serotypes of
DENV and ZIKV to locate cryptic pockets in them. Wild-type K-Ras is a signalling
protein that belongs to the family of GTPases which act as a molecular switch'®.
Somatic point mutations in K-Ras protein are implicated in~20 % of human cancers,
making it an important drug target?. There is a rapid exchange between GTP bound
(active) state to GDP bound (inactive) state in order to transmit signal’®. The
common point mutations such as G12D, Q61H and G12C lead to constitutive

activation of the protein?® converting it into oncogenic ones.

Structurally, the G-Domain (1-166) of K-Ras includes two lobes, namely lobe 1 (1-86)
and lobe 2 (87-188)%%. Lobe 1 is the GTP/GDP and effector binding region'®. A
significant conformational change in switch | (30-40) and switch Il (58-76) regions of
this lobe is promoted by the effector binding?!. Lobe 2 is an allosteric binding region
where binding of ligands alters the conformation of switch region which is
responsible for functional specificity of Ras proteins??. Recently the main focus has
been placed on locating cryptic pockets in various mutants of K-Ras and
development of effective inhibitors that bind to vicinity of switch regions??-25.
Previously, the research has been focussed on four experimentally well-
characterized pockets named as P1-P4 that were found near the switch regions and
the C-terminal region in the available K-Ras crystal structures (Figure 1.1 and Table
1.1). All experimentally validated 4 pockets (Table 1.1) were also found using in silico
methods FTMap'®26, ensemble docking'®. More recently the pMD simulation method
2



Table 1.1. Experimentally and computationally revealed pockets details of K-Ras protein. The pMD
method listed in the table refers to the work of Prakash et al (2015)4. All the pockets were discovered
in our study and for all the methods employed, it is collectively named as letter “P”.

Pocket |Location Relevance Computational Ligands bound
S Methods
P1 Core B2-B3 sheet Inhibit Ras-SOS and|pMD, FTMap?¢,|Indole, DCAI, Kobe
and outer switch IlI|Ras-Effector Autodock?!® ligands,
region interaction Benzimidazole?.
P2 Between switch Il Control GTP binding|FTMap?¢, pMD Cystine rich
and helix3 affinity and disrupt molecules bound to
Ras-effector G12C2%, no covalent
interaction inhibitor found to
bind to perform
effective inhibition.
P3 Near C terminus of|Allosterically control FTMAP?5, Metal Cyclens??
Helix 5 and loop7 the activity of switch || Autoligand*®, Blind
and stabilise the ras| Dock'é, pMD
in inactive state.
P4 Behind switch I, helix | Disrupts the crucial|BlindDock'®, pMD | Andrographolide
1 and Dbetween Ras-Sos interaction derivatives?s, Zn(ll)-
nucleotide  binding |and stabilise the Ras bis(2-picolyl)
loop (covering the in inactive  state amines?*
whole nucleotide | (switch | moves away
binding region) from GTP)
P5 Between helix 3 and | Binding of Ca?'|pMD, FTMAP26 Small organic
helix 4 makes Q61 more molecules such as
ordered in active dimethylformamide
state and hence and glycerols
increment in  GTP ( FTMap Study)?426
hydrolysis
P6 Near p3 and Disrupts the allosteric | Autoligand®®, pMD |No effective
between [ sheets|communication (only cluster of inhibitors  till  now
and helix 5 and between residues of|probe interaction found to bind.
Loop3 lobe 1 and lobe 2|spots, not captured
which  alters  the|by MDpocket,
orientation of G-lobe |identified as sub-
relative to membrane, | site)
P7 Between upper part|Mutations in some|No computational No effective
of helix, switch | and residues of  the|/method inhibitors  till now
B sheets pocket disrupts the found to bind.
communication
between lobel and
lobe 2
P8 Between helix 4 and|Disrupts the |MD?4, pMD No effective
helix 5 interaction  between|) inhibitors  till  now

helix4 and switch |
which may alter the
orientation of G-
domain with respect
to membrane.

found to bind




C-terminal tail

Figure 1.1. Pockets analysis on the crystal structure performed in this work. The structure of K-Ras
protein (protein data bank entry: 4DS0%®) showing the switch regions (cartoon representation in blue
and red) and its important loops (L). The four experimentally tested pockets (P1-P4) and additional in
silico defined P5 are shown in pink surface representation (located by MDpocket®).

where isopropanol was used as a probe molecule was employed to map the cryptic
pockets in G12D mutant K-Ras'4. They explored the following pockets: P1 (in
fragments), P2 (opened only in < 50 % of simulation time, not observed by
MDpocket), P3 and P4 (small subsites). However, P5-P8 except P7 have not been
captured by MD pocket and were only confirmed by smaller probe-density clusters.
P1-P5 have also been observed in the crystal structure of G12D mutant K-Ras
(Figure 1). Pocket P5-P8 were identified as low consensus sites since they have

been only found in a single study via FTMap or MSCS technique?®.

1.3. DENV and ZIKV as a drug target

The DENV and ZIKV flaviviruses are affecting hundreds of million people a year and
result in tens thousands of deaths?®. Currently there is no approved therapeutic
against ZIKV or highly effective vaccine against all DENV serotypes (present day
vaccine could be used by 9-45 years old only3°). Therefore, it is of utmost importance
and great interest to study the pathology of these viruses in order to develop highly

effective therapeutics.

Mature flavivirus particle is ~50 nm in diameter with its outer surface covered with
the 90 envelope (E) and membrane (M) protein dimers arranged in the icosahedral
symmetry being embedded in the lipid bilayer (Figure 1.2). Inside the virus, there is a

capsid (C) protein together with the RNA genome. Each of 180 monomers consists



of three domains - 1, Il, and 11132, During the receptor mediated endocytosis, virus is
internalized in the endosome and E protein undergoes a pH driven conformational
change and dimer-to-trimer transition (fusogenic state)®!. This leads to the exposure
of fusion peptides (FPs) of the domain Il of E protein which initiates the fusion of the
virus and host cell membranes. There are four DENV serotypes which exhibit 60-80
% E proteins homology and a high sequence identity with ZIKV (>~45% with
DENV1)31:32,

Various computational and experimental studies have been performed to understand
the conformational changes of E proteins as well as to reveal the druggable cryptic
pockets on the viral envelope3'34. In particular, the latter could potentially help in
designing small molecules which can efficiently bind and prevent the dimer-to-trimer
transition, blocking the viral infection process. It has been studied that during the
transition of the virus envelope, domain Il rotates about a hinge at the domain I-l
interface®'. Modis et al. found a druggable, hydrophobic pocket occupied by the
detergent n-octyl-B-D-glucose (B-OG) around this hinge (Figure 1.2-A) suggesting
that binding a compound to this pocket might inhibit the rotation of Domain Il and
prevent the virus from fusing and infecting the host cell®>. With the (B-OG) pocket as

a target, most of the ligand-protein docking studies using small molecules®325-3" and
linear peptides® were consequently conducted and a few compounds were found to
experimentally inhibit viral activity such as flavionoids®” and phytocompounds from
methanol leaf®®. However, the drug approval process for novel compounds is time
consuming and expensive*?. Many lead compounds are filtered out at the preclinical
and clinical trial stages due to problems with efficacy and toxicity*°. It is thus
unsurprising that so far, there has been little to no updates on the development of
these potential DENV and ZIKV inhibitors. A few lead compounds have also already

been filtered out due to poor pharmocokinetic properties®®.

An alternative approach to drug discovery that will save time and cost is drug
repurposing. Drug repurposing utilizes drugs approved by the U.S. Food and Drug
Administration (FDA) to treat diseases or conditions other than its intended target*°.
The pharmacological and toxicity profiles of these drugs are known, thus drastically

shortening the cost and approval process for new indications*°. Current motivation of



The main focys of this study

Figure 1.2. (A) Onion like structure of DENV showing the envelope protein containing two
momomeric chains®2. The most studied BOG (B-OG) pocket® in domain Il of E protein is shown in
cartoon representation®2. The pockets between the interface of two chains is the main focus of this
study (B) The two sites at the interface studied by Yenamalli et al*3. Site 2 has not been targeted and
is near the fusion peptide which is also the focus of this study (discussed later). Three domains are
also shown with domain I (red), domain Il (yellow) and domain 1l (blue) in cartoon representation.

this study lied in the work of Yennamalli et al®® where they have targeted a site
present at intradimeric region of E protein crystal structure of DENV2 and DENV3
(site 1) and performed virtual screening of FDA approved drug, experimental assays

and predicted that it could interfere with the fusion process (Figure 1.2-B).

1.4 Purpose of the Study

The following computational protocol has been proposed to identify FDA-approved

drugs for the inhibition of the flaviviruses E protein dimer-to-trimer transition:

e Mapping experimentally known and new druggable sites in wild-type and mutant
K-Ras protein via sets of novel benzene mapping MD simulation methodology.

e Assessment of each method efficiency of in revealing the cryptic pockets.

e Finding the uncommon residues of wild-type and mutant K-Ras protein which can
help designing novel phrmacophores that can selectively target the mutant.

e Application of the most efficient method on ZIKV and all serotypes of DENV.

e Perform virtual screening of library of FDA approved drug compound on the
intradimeric pocket exposed in benzene mapping MD simulation.

e Searching for the set of common ligands against all the serotypes.



2. COMPUTATIONAL METHODOLOGY

2.1. Molecular Dynamics (MD) Simulations

Atomistic molecular dynamics simulation (also referred as “computational
microscope”) based on Newton’s laws of motions gives the ability to look at the
systems at an atomistic level and can be used to study the interactions within the
molecules, self-assembly process of polymers and timescales of protein
conformational changes*!. MD simulation can provide a useful insight into the role of
active site components of a protein and effect of mutations at those sites in their
functioning#43241, The recent advances in computational resources make it possible
to simulate microsecond time scales of systems of millions of atoms32. The atoms in
the system are assigned random velocity via Maxwell-Boltzmann distribution. The
potential (bonded and non-bonded) between the particles are dependent upon
position. Thus, a new position will give rise to force on the particle (negative gradient
of potential energy) which in turn produce acceleration in the system evolving the
system at new position and velocity governed by classical Newton’s equation of
motion. The accuracy of trajectory of particles is completely determined by the force-
fields that comprised of bonded and non-bonded potential terms as follows:

Vtotal(r) = Vbonded(I) + Vnon-bonded(r) (1.1)

Viotal = Vbonds + Vangles + Vdihedrals + Velectrostatic + Vvan der waals (1.2

In this work, Amber-99SB-ILDN-Q force field*? was used for both K-Ras and E
protein. This force field includes the corrected side chain torsional potentials and
refitting of residue charges. The expressions for the force-field potentials can be
found elsewhere*3. The van der Waals potentials are also termed as “Lennard-
Jones” potentials. All the MD simulations have been carried out by GROMACS
(GRonigen Machine for chemical simulations)*3. GROMACS is a simulation package

designed for simulating proteins, nucleic acids, lipids and soft matters.

2.2. Computational Docking and protein flexibility

Computational docking is an important tool in structure-based drug discovery®. It

enables us to predict the three-dimensional orientation of a ligand in a binding site*°,
7



study ligand-protein interactions and find the most energetically favorable protein-
ligand complex within a huge database of ligands via virtual screening*. Compared
with standard experimental methods, computational docking is less time-consuming
and is more cost-effective. To understand the rationale for docking the known ligand
binders, a general understanding of scoring is needed. Scoring refers to the
prediction of binding affinity between a docked ligand and receptor (score) via a
mathematical method (scoring function)*¢47. All the ligand hits are then ranked based
on the scores of their top docking poses*’. As a ligand will be docked to a protein
regardless of its binding affinity, a score threshold is required to remove false
positives from the database. Hence, the poorest score among the docked known

ligand binders was set as the score threshold.

The Autodock Vina*® is a fast docking software whose scoring function
comprehensively accounts for both intermolecular and intramolecular interactions.
Furthermore, the performance of Autodock Vina has been tuned using a database of
binding affinities for experimentally determined protein-ligand complexes. However,
no matter how robust a scoring function might seem to be, the accuracy of a scoring

function is highly dependent on the target protein®.

For docking to yield reasonably accurate results, it is important to consider protein
flexibility in the input protein structure®. 85% of proteins in the PDB have four to
seven flexible residues in the binding site that undergo side-chain rearrangements
due to ligand binding. Furthermore, side-chain flexibility has led to more accurate
results for the VEGFR-2 protein (vascular endothelial growth factor receptor 2) using
Autodock Vina®l. Hence, it is unsurprising that the ligand orientation is incorrectly
predicted in 50-70% of cases when only one static protein structure is used for
docking®?. In contrast, when multiple protein conformations generated from clustering
of MD trajectories are used, the precision of results in predicting ligand orientation
generally improves®2. However, to dock ligands to millions of protein conformations is
computationally expensive®. In order to reduce the number of proteins and ensure
that the conformations chosen maximally represent the entire conformational space
sampled by the E-protein, one needs to perform RMSD-based cluster analysis®3. All
conformations were divided into groups of structurally-similar protein conformations
(clusters), and the remaining unique conformations were deemed as noise.
8



2.3 Benzene Parameters

The partial charges for the benzene (CsHs) were taken from Tan et al” with -0.126e
charge on the carbon atom and 0.126e charge on the hydrogen atom. In case of
benzene with exclusions (K-RasBFX in Table 2.1), the non-bonded parameters,
namely van der Waals and electrostatic interactions between the benzene molecules
were switched off (their interactions with protein, explicit water and ions remained
unchanged). Further modifications involved the introduction of a dummy atom with
zero mass and charge placed at the centre of mass/geometry of each benzene
molecule and was covalently bonded (simulated by using the LINCS®* algorithm for
constraining the distance to 1.4 A) to three carbon atoms. The dummy atom had a
single repulsive Lennard-Jones potential for interactions with the remaining dummy
atoms of other benzene molecules only (its interactions with non-dummy atoms were
switched off). € of 0.002 kcal mol* was chosen (Table 2.1) to prevent any attractive
interactions between the dummy atoms. Two values of o were tested: 4.5 A and 5.5

A. Lennard-Jones potentials for both are shown in Figure 3.1.

0.01

3 0.008

§ 0.006

T 0.004

=

< 0.002

80

5 0

500 5 NGAEBET 838 "
’ Distance between inter-dummy

atoms of benzene (nm)

Figure 2.1. Lennard-Jones potential with respect to dummy atom — dummy atom distance with two
sigma values i) 4.5 A (red) ii) 5.5 A (blue). The epsilon value was kept constant (0.002 kcal mol?) for
the dummy atom in both the curves.

2.4, System Preparation for K-Ras protein

The initial starting structure of K-Ras (G12D) bound with GTP was obtained from
RCSB protein data bank (PDB, ID: 4DS0?, Resolution: 1.85 A).The missing C-
terminal lysine residues were added using Pymol °° to complete the 180 amino acid
long protein structure (sequence reference from PDB data bank?®). Wild-type K-Ras
was modelled by applying single point mutation (D12G) using Pymol. For simulations
involving benzene molecules, 58 molecules were randomly placed around the
protein (0.2 M concentration), while this number corresponded to 116 molecules at

9



0.4 M concentration. Each system was solvated with approximately 15,000 TIP3P5¢
water molecules. The system was then neutralized with 2 and 1 chloride ions for
wild-type and mutant respectively. The Amber-99SB-ILDN-Q force field*? was used
for protein simulations and the generalized AMBER force field®>” for the benzene
probes. The force field for GTP was adapted from the work of Meagher et al®®. All
simulations were performed using GROMACS 5.1.1%%. Initially each system was
energy minimized via the steepest descent method®®. Subsequently, the system was
equilibrated in isothermal-isochoric (NVT) and isothermal-isobaric (NPT) ensembles
for 2 ns each with position restraints on protein and benzene’s heavy atoms (force
constant of 1000 kJ mol* nm -2). Unrestrained production runs were performed in the
NPT ensemble for 300 ns. Equations of motion were integrated via the Verlet leap
frog algorithm® with a 2 fs time step. The trajectory was saved every 10 ps for
analysis. The cut-off was set at 12 A for the short-range neighbour list and van der
Waals interactions modelled by 12-6 Lennard-Jones potential (L-J). The particle
mesh Ewald method® was applied for long range electrostatics with a 12 A real-
space cut-off. The velocity rescale thermostat with an additional stochastic term?®2

Table 2.1. The pMD simulation systems employed for both wild-type and mutant (G12D) K-Ras
protein. Each simulation was carried out for 300 ns without restraints. The two Lennard-Jones sigma
(0) values used were i) 4.5 A (marked by *) and ii) 5.5 A. Sigma values control the distance of closest
approach of two benzene molecules. The € had the well depth ~0 kcal mol?! so that no attractive
interactions between the dummy atoms were present. The pockets are labelled as single primes and

double primes for mutant and wild-type respectively since the residues surrounding the respective
pockets in both were not all same.

Methods Name Concentr| o _of dummy|e of dummy Pocket
ation atom (A) atom naming
(kcal mol 1)
K-Ras +water(classical K-Ras%W - - - w'/w”
MD)
K-Ras + water + Benzene |K-RasB?2 0.2M - - b'/b”
K-RasB0-4 0.4 M B'/B”
K-Ras + water + Benzene |K-RasBEX 02 0.2M - - e'/e”
with exclusions K-RasPEX04 04 M E/E
K-Ras + water + Benzene | K-RasBEXP0.2* 0.2M 4.5 0.002 d*'/d*”
with exclusions & dummy*
K-RagBEXD0-4* 0.4 M 4.5 0.002 D*'/D*”
K-Ras + water + Benzene | K-RasBEXP0.2 0.2M 5.5 0.002 d'/d”

with exclusions & dummy

K-RasBEXD04 04M 5.5 0.002 D'/D”




was maintained at a temperature of 310 K with a collision frequency of 10 ps*.The
Parrinello-Rahman barostat®® was used for the production runs, maintaining the
pressure at 1 bar. Initial velocities were set according to Maxwell distribution at 310
K. Periodic boundary conditions were applied in all directions. The constraints on all
the bond lengths involving hydrogen atoms were imposed via the LINCS algorithm®,

2.5. System Preparation for DENV and ZIKV Envelope (E) protein

The initial starting structure of mature E protein dimer of DENV2 was obtained from
RCSB protein data bank (PDB, ID: 3J2728 , Resolution: 3.5 A). Other structures were
homology modelled based on the amino acid sequence since there were no full E
protein structure available at the time of starting of the project. The same simulation
setup was applied as for the K-Ras protein (section 2.4). The benzene molecules
selected had dummy atom with sigma value 4.5 A and epsilon 0.002 kcal mol™,

2.6. Pocket Analyses protocol

The analysis of the MD trajectories for the presence of pockets on the surface of K-
Ras was performed using MDpocket®. Given various conformations of proteins
generated from MD as an input, MDpocket is a robust and free open source tool
which can easily detect large scale tunnel like protein binding cavities in them.
Approximately 8000 conformations of the proteins from each simulation were subject
to pocket analysis; the conformations were chosen after the total and hydrophobic
SASA of the protein reached a plateau. An optimum iso-value of 2.9 was chosen
which controls the size (mesh density) of the pockets in VMD®4. All residues
belonging to a given pocket were extracted based on a particular cut-off radius (2-3.5
A) within the pocket which ensures the inclusion of all the residues surrounding the
pockets despite with the variability in their sizes. The radius of the pocket mesh
generated by MDpocket was kept constant for each pocket in both wild-type and
mutant protein. Only pockets larger than 30 atoms were considered ensuring a
significant pocket volume (>= 70 A3). Pocket meshes were splitted into individual
pockets with explicitly defined residues, the volume and total SASA of each pocket
was calculated for the 8000 frames (before and after 100 ns) via MDpocket and then
averaged. The evolution of the volumes of the pockets with simulation time for the
full trajectory have been recapitulated. For the flaviviruses, the same protocol was
repeated.
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2.7. Structural Analysis

Structural characterizations were carried out by examining the structural deviations
(RMSD) and fluctuations (RMSF) for the protein backbone heavy atoms and Ca
atoms respectively. SASA and RMSD based clustering was performed on C-a atoms
for the full protein as well as for given individual pockets using Gromos method® with
an RMSD cut-off distance of 1 A for the full K-Ras protein. The C-terminus of K-Ras
(168-180) was not included in the clustering due to its high structural fluctuations
during the simulations; this region is located far from the cryptic pockets of the
interest and therefore was not found to be important for the regions of interest, while
for the flaviviruses full E protein was included. Results from the clustering analysis
on the C-alpha atoms of the protein were used to align the generated pockets on to
the most persistent confirmation of the protein. This could clearly suggest which
regions of protein are important for pocket opening. For E protein of all the
serotypes, top 3 cluster representatives along with the native crystal structure have
been subjected to virtual screening. Per-residue propensity secondary structure
assessment and time dependent secondary structure analysis were performed using
DSSP®6, All structural analysis were performed using the GROMACS 5.1.1 package.

Trajectories were visualised via VMD.

2.8. Ligand and Receptor preparation and Virtual Screening

Input files in Autodock Vina*® are required to be in pdbgt format, a modified protein
data bank (pdb) format that has atomic charges. Other common molecular file
formats used include mol2, sdf and pdb. 1985 FDA-approved molecules containing
polar hydrogens were downloaded in pdbqt format from the ZINC database®’.
Gasteiger partial atomic charges were added to ligands in pdbgt format. All the
rotatable bonds were set to be rotatable. Similarly, receptors (E protein) have been
converted to pdbgt format with the non-polar hydrogens merged and polar
hydrogens added according to neutral pH. All the docking runs were performed
through Autodock Vina suite*®. Pymol plugin of Vina was used to inspect the docked
structures of ligand on each of the DENV and ZIKV protein clusters across all the
serotypes obtained from pMD simulations. The binding site’s x-y-z coordinates were
determined by making a cubical box of 29 A covering the whole binding site with
center of box similar across all the serotypes. Mostly residues from 242-251 in the
binding site (approximately four to five residues) were selected to be flexible
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because of their conserved nature across all the serotypes. The pocket is located
near those residues. The protein was treated with flexible side chains. These steps
for the remaining protein conformations (for the three most dominant clusters) across

all the serotypes have been repeated for the confirmation of results (Figure 2.2).

Search for common ligand

Benzene--mapping against all serotypes
simulations
3.8 ~ .
"8+ // \
¢ Known ligand binders Identifying
consensus

100,000 protein
conformations

>

FDA--approved ligands
¢ RMSD--based from ZINC database

clustering Screening ligands
12
Various ¢luster | ZINC

representatives \\_ - ,/ Ligand
} scoring

P \\\ 'L igand—-protein
| I

—>

1985 ligands complexes

3-4 structures with
open pocket

-

Ligand docking

Starting structure .
4-5 protein

i P-..-‘ conformations

\ !

A S

Figure 2.2. Systematic representation of the computational docking pipeline used to identify FDA-
approved hits. These hits can potentially inhibit the DENV and ZIKV.

The clustering with cutoff of 1.3 A was performed on all the atoms of amino acid
residues (except hydrogen) of E protein with output as full protein ensuring that they
surround the entire pocket mesh generated by MDpocket (cutoff radius ~6-7.5 A).
The interaction of docked ligand-protein complex were analyzed by LigPLot
software®®. Each ligand was docked to each protein conformation using a script in
Autodock Vina. A standard number of ten docking poses of the ligand were
generated and ranked based on their relative estimated binding affinities. For each
protein conformation, a python script from Autodock Vina ranked the ligands based
on the scores of their top docking poses. Finally, a detailed comparison was made
across all protein conformations and identified top 100 consensus ligand hits with the
highest scores and finally selected ten ligands which were common in all the
serotypes with high affinity scores (-7.5 to -11 kcal mol?'). The scores were well

above the score of BOG score (-6.3 kcal molt, a benchmark value).
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3. RESULTS AND DISCUSSIONS
3.1. Wild-type and mutant (G12D) K-Ras Protein

3.1.1. Novel Modifications in Benzene probes

In the systems involving unmodified benzene (K-RasB), aggregation of benzene
molecules was observed, both on the protein surface and in bulk solvent (Figure 3.1-
A). It was previously reported in the SILCS'® study that at higher concentrations
(~2.7M) the probe molecules aggregated. In this study, in K-RasBEX the benzene
molecules did not interact with each other, resulting in benzene molecules occupying

the same space at 10 to 12 locations (7- 8 benzene molecules per cluster) (Figure

Figure 3.1. Various pMD methods involved in the new pocket mapping protocol based on K-Ras
protein. (A) Benzene in water without modifications (K-RasB), (B) Benzene with exclusions - no
interactions in between benzene molecules are present (K-RasB®¥) (C) Benzene with exclusions and
additional “dummy” atom inside the benzene ring of sigma value 4.5 A which has a single repulsive
potential remaining dummy atoms of benzene molecules (K-RasB5*P"), (D) Benzene with dummy atom
of sigma value 5.5 A (K-Ras®&*®),

3.1-B). When dummy atom was introduced, with sigma value 4.5 A and epsilon
0.002 kcal mol! (K-RasBEXP"), 8-9 “saddle-like” aggregated clusters (12-14 benzene

molecules per cluster) of benzene were observed to form around the protein’s
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surface with hydrogen atom of one benzene in contact with the hydrogen atom of the
benzene (Figure 3.1-C). However, when dummy atoms with sigma value of 5.5 A
and epsilon 0.002 kcal mol* together with exclusion maintained (K-RasBF*P) was
used, benzene molecules were not observed to form any clusters around protein’s
surface and behaved like normal benzene molecules with greater aggregations than
K-RasB and occupying the similar regions of protein as observed in K-Ras® (Figure
3.1-D). Low concentration-0.2 M and 0.4 M of benzene probes were required which

ensured the elimination of unwanted phase separation between benzene and water.

3.1.2. Structural Analysis of K-Ras Protein

The RMSD of the protein backbone with respect to the experimental structure varied
from to 2 to 5 A with fluctuations caused mainly by switch loops and the C-terminal
region (168-180); upon excluding these regions, the RMSD reduced to 0.8-1.2 A

(Figure not shown). The results are similar to those reported by Prakash et al'#,
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Figure 3.2. Root mean squared fluctuations (RMSFs) of K-Ras protein central carbon atoms
averaged over 100 ns with respect to the experimental structure plotted for both (A) mutant and (B)
the wild-type K-Ras. Sw | and Sw Il corresponds to switch 1 region and switch 2 region respectively.
Helix 3 corresponds to 94-104 region of protein.
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The root mean squared fluctuations (RMSFs) of the Ca atoms were also similar to
those reported by Prakash et al'* when compared over same time scale (Figure 3.2).
Unsurprisingly, the switch | (30-40) and switch Il (60-75) regions have the highest
fluctuations (~2-5 A) in both wild-type and mutant proteins. The RMSFs graph plotted
till 200 ns and 300 ns overlap with each other with negligible difference (Figure not
shown). Large fluctuations (~2 A) were also observed for residues 94-104 (Figure
3.2) which correspond to the helix 3 of the protein (Figure 1.1). A large pocket was
found between helix 3 and helix 4 which has been characterized as a “small subsite”
of low volume (36 A3) by previous pMD** and FTMap studies!® (discussed in later
sections). K-RasBEXP04 exhibited the highest RMSF value (~5 A) in switch | region of
the mutant as compared to other pMD methods employed here. Visualization
revealed that after 45 ns, the benzene molecules quickly start aggregating near the
switch | (residues D30-Y40) and moved it away from the P-loop (10-16) to a new

minimum, facilitating the exposure of nearby pockets (Figure 3.3).

Figure 3.3. (A) The initial configuration (t=0 ns) of the production run of the system K-RasBEXP04
showing protein with its switch | (blue cartoon representation) and switch Il (red cartoon
representation) interacting with the GTP (CPK representation) binding P-loop (cartoon representation
in pink color) through a bridging hydrogen bond (black dashed line) between G60 NH group and T32
carboxyl group with oxygen of y phosphate of GTP maintaining K-Ras in active state. (B) t = 10 ns
when benzene probes triggered the complete opening of the D4’ and D2' and D1’ pockets near the
switch regions of protein in K-RasB&*P%# forcing the switch loops to move away from the GTP binding
region (P-loop).

In the case of K-RasBF*04 the fluctuations of residues 40-50 (B2 and B3 region)

significantly differ amongst wild-type and mutant proteins (~5.5A and ~1.7 A

respectively). A significantly higher number of benzene molecules (5-7 overlapping

benzene molecules) aggregated around the B2 and 3 sheet region of wild-type for a
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greater sampling time as compared to the mutant (Figure not shown).

The secondary structure occupancy in both wild-type and mutant K-Ras is very
similar and comparable with the experimental structural X-ray data in all the methods
(Figure 3.4) with some variations such as the formation of b-bridge and 310 helix at
region formed by residues G60, S145, Q150 and F90-H95 in the crystal structure
which may have resulted from force field related issues (time dependent DSSP
analysis have also been performed for the conformation of result). All structural
motifs are within < 7% difference compared to as observed in the crystal structure,
across all the methods employed. Thus, none of the methods employed here

resulted in any significant secondary structural changes or in any unfolding events.

SASA provides an initial comparison of the propensity of each method to expose the
protein surface and any cryptic pocket. K-Ras" exhibited the lowest hydrophobic

SASA across all methods employed. The trend observed was decreasing over the
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simulation time with destabilizing nature and reaching ~ 4400 A 2 for the mutant at
300 ns or being stabilized at ~ 4600 A 2 after 150 ns in case of the wild-type. There is
a consistent and continuous increase (~6 % for K-RasB%4, ~9 % K-RasB®*%4 and
~20 % for K-RasBEXP04") of SASA (total and hydrophobic) (when the benzene
molecules are added, resulting clearly from inducing the exposure of pockets (Figure
3.5). Total SASA for K-RasBE*P04 s lower (~ 16 %) than that of K-RasB&*P%4" and
comparable to the one observed for K-RasB%4. This can be attributed to the large
sigma value of the dummy atoms. The probe molecules come closer (the distance
between dummy atoms of two benzene molecules recorded was 5.5 A and overlap
around the pockets in the proteins (Figure 3.3-B). The increase in the benzene
concentration (0.2 M versus 0.4M) across each method resulted in increased SASA
(~5-12 %) which may further indicate the more effective opening of cryptic pockets
(Figure 3.5 and 3.6). The highest SASA amongst all methods was observed for K-
RasBEXP04* system (sigma value = 4.5 A) which suggested the highest exposure of

transient cryptic sites (Figure 3.5).
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Figure 3.5. (A)Total SASA of mutant K-Ras (B) Total SASA of wild-type K-Ras (C) Hydrophobic SASA
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Clustering showed that the dominant cluster explored over 50% of the total
simulation time in all the methods. 4 to 30 clusters were found across all systems
with the maximum number corresponding to K-RasBE*P%4* in both wild-type and
mutant: This indicates that this method resulted in the largest exploration of
conformational space. The spread of clusters originated largely in the highly mobile
switch regions and C-terminal regions. The RMSD between the most populated
cluster and the starting/experimental structure was within 3 A in all cases indicating
that the conformations were stable, folded and close to the experimental

conformations.

3.1.3 Pocket Analysis

All MD trajectories extracted after 100 ns generated in this work were a subject to
pocket analysis. Pocket analysis of regions (8000 frames) across each simulation
(where the total and hydrophobic SASA of full protein had plateaued)(Figure 3.5)

showed that the four experimentally and computationally tested pockets (P1-P4)

Al
100%
m K-Ras™
-g 90% m K-Ras®02
5 80% m K-Ras®4
o "] K'R.SEIII
E Lt m K-RasgBews
E 60% o K-Ras®om02
% 50% » K-RasBED04
: g B K-RagBom0z
£ ® K-RasBEmos
s 30%
= 20%
10%
0%
Pocket labels
B 1o
m K-Ras"
.g 90% m K-Ras B2
5 80% ® K-Rag®4
o m K-Rasgt®em2
§ o u K-RasBe®4
E O K-RasPo002
% 50% » K-RasBEmos
: @ K-Rag 8O0
2 % sl S
s 30%
£ 20%
10%
0%
Pocket labels

Figure 3.6. Pocket volume analysis. The histograms show the contribution of each method in
exposing the specific pockets for both mutant and the wild-type of the K-Ras protein. The analysis
performed on the plateau region of SASA after 100 ns (8000 frames) of each trajectory.
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located in various studies#182223.25.2627 yyere well reproduced in both wild-type and

mutant K-Ras.

Pocket volumes were greater than 100 A3 when the probe concentration was 0.4M,
except for K-Ras BEXP%4 in wild-type where D2” is not exposed (refer to Table 2.1 for
the abbreviations of pocket names). At the lower concentration of 0.2 M in each
system, one of the pockets remained unexplored; some of them are b2” in K-RasB?2
and el’ in K-RasBE*P02| The volume of the respective pockets compared across both
the concentrations in each method revealed that higher concentration is triggering
the enlarged opening of the pockets in most of the cases (Figure 3.6). In some of the
cases, volume got decreased as well (b1’ (270 A3)) and B1’' (125 A3) at 0.4 M, but
the number of such cases were lower to those where volume is increased on
increasing the concentration (Figure 3.6). Four other pockets (P5-P8, refer to Table
1.1 for details) that have been described in the literature as “low consensus hot
spots” using MSCS?6, FTMap'®2% or grid energy based pocket analysis!® have also
been located by our novel pMD simulation methods with greater exposed volumes
(refer to Figure 3.6 and will be discussed in detall in later sections) as compared to

those reported in the literature.

Out of these, P6 (between alpha-5 and beta sheets) and P7 (located between alpha-
5 and switch | and beta sheets and had not been previously explored by any
computational methods) were extremely cryptic in nature and effectively opened by
benzene with exclusions overlapping one behind each other (K-RasB®*°4) and K-Ras
BEXDO.4* \ith “saddle” like clusters only (Figure 3.1) with significantly exposed volume
of 530 A3 (E6”) and 220 A3 (E7” ) and 225 A3 (D*6”) and 380 A3 (D*7”) respectively
in wild. In case of the wild-type (K-RasB&*%4) the fluctuation of B2 and B3 regions as
suggested by high RMSF value (~ 5 A) in above sections signifies the opening of a

pocket E6” with bigger volume where benzene molecules aggregated.

Among all the methods, K-Ras" system of both wild-type and mutant protein were

observed to expose the significantly lower or negligible pocket volumes. On the other

hand, K-RasB%4 exposed pocket B1'-B3’ and B5’ in mutant in the range of 100-250

A3 but located B4’ with higher exposed volume of 1100 A3 which is greater as

compared to the volume of the pocket in crystal (824 A3). In the wild-type B2” is not
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exposed where in turn B7” is exposed with a volume of 180 A3. In case of K-
RasB&*04 which provided higher exposure of E2”, E3”, E6” and E7” pockets in wild-
type and E1’, E2’, E3’, E4’ and E6’ in mutant comparison to K-RasB% (Figure 3.6)
the same is observed in wild-type with E2”, E3”, E6” and E7” were greater in volume
as compared to respective pockets exposed by unmodified benzene molecules. This
can be attributed to the higher cluster densities of overlapping benzene molecules
(L-J potentials are switched off) around the cryptic pockets of protein as compared to

that of unmodified benzene molecules.

On the other hand, the K-RasBFXP04" system involving dummy atom of sigma value
4.5 A exhibited the maximum number of the pockets (eight, including novel pocket
P7'/P7”) with the highest exposed volume and SASA (Figure 3.6 and 3.12). Each
pocket has its biological relevance (refer to Table 1.1). In this work it has been
observed that pockets captured by MDpocket were well mapped by the clusters
formed by the benzene molecules for both wild-type and mutant K-Ras (Figure 3.7)
for K-RasBEXPO-4* system. This indeed indicates that benzene clusters interacts with

hydrophobic residues of proteins and facilitates the exposure of pockets.

Figure 3.7. Final snapshots at 300 ns of the K-RasBE*P%#" from the (A) front and (B) back perspective.
The eight probe density clusters of benzene molecules (brown van der Waals representation)
together with the seven pockets (blue mesh). Pocket p8” (back side of protein) is only captured by
probe interacting to that region. Protein is shown in cartoon representation (yellow) as well as surface
representation (white).

The system (K-Ras BEXPO4%) significantly improved the volume of pockets such as

D*2”-D*5” and D*7 in wild-type and D*1’-D*7’ in mutant K-Ras. The transition of total

and hydrophobic SASA at 175 ns (Figure 3.5) in the case of K-RasBEXP04" (mutant)

corresponded to the opening of one of the pocket near switch Il region which is D*2’
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and other pocket D*7’ as confirmed by trajectory, volume and SASA of individual
pockets (Figure 3.11 and 3.12). In K-RasBEXPO4" eight binding sites have been
discovered out of which seven (D*1'/D*1"-D*7'/D*7”) have been well opened by
probe molecules and captured by MDpocket. Apart from this, one pocket (P8) which
was found between helix4 (residues 126-138) and helix5 (residue 152-163) was
opened only in < 50 % of the simulation time and could not be further recapitulated
By MDpocket. This is confirmed by only 2-3 aggregates of benzene molecules

involving 2-4 benzene molecules each sitting next to each other depending upon the

;r"\

BMD: Wiraframe

Figure 3.8. (A) Pockets shown by Prakash et al (Reference)'*. (B) Pockets captured by K-RasBEXP04*
in wild-type K-Ras (C) Pockets captured by K-RasBE*Po4" in mutant K-Ras (D) Overlayed pockets in
both wild-type (orange mesh) and mutant (grey mesh) on the most probable aligned conformation of
the wild-type (green) and mutant (yellow) Ras protein.

sigma value of dummy atom in K-RasBF*P04 method surrounding that region of
protein (Figure 3.7). The system K-RasBEXP04 with larger sigma value (5.5 A) only
exposed pockets D1’ (350 A3), D2’ (710 A3), D3’ (260 A3) and D4’ (590 A3) in mutant
and D17(320 A3), D3"(720 A3), and D4"(1510 A3) in wild-type K-Ras (Figure 3.6).In
previous studies pockets P1, P3, P3, P5 and P8 have been derived using FTMap*%-53
which only considered the static experimental structure of the K-Ras mutant protein.
In Figure 1.1, MDpocket analysis was performed on the crystal structure of mutant K-
Ras mutant protein (PDB: 4DSO). Only five pockets (namely P1, P2, P3, P4 and P5
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in pink surface) of which four were experimentally tested (namely P1, P2, P3 and P4)
have been located in the crystal structure with significantly smaller volumes when
compared to that exposed by the novel K-RasBEXP04* system which facilitates the
exposure of enlarged pocket volume (Figure 3.8). An extensive pocket volume
comparison across all other methods with crystal structure have also been
performed (Figure 3.6 and 3.10) which further suggested that probe molecules
facilitates pocket opening in both mutant and wild-type K-Ras. Thus it was observed
that various cryptic and weak binding sites become exposed when any protein
dynamics is introduced. Those results are significantly improved by introducing
benzene molecules, particularly by the use of our new method involving dummy
atoms and exclusions. Surprisingly, the more the aggregations around the pocket is,
higher the pocket volume exposure as observed in most promising K-RasBEXD04*
system. The useful aggregations totally can be attributed to optimum selection of the

L-J parameter of the dummy atom involved in benzene molecules.

It was also shown that the experimentally or in silico defined pockets in previous
studies 141822.232526.27 nossess lower number of residues involved in particular cavity
in comparison to our study of K-RasBFXPO4" gs indicated in Table 3.1. This also
indicates that volume of pockets (Figure 3.6 and 3.10) in our study are much greater
than previous studies cited above (discussed in next section). Previously, P1, P2, P3
and P4 pockets have been observed in both the wild-type and mutant and were
defined as high consensus sites in numerous computational and experimental
studies as cited above. The pockets P5-P8 except P7 have mostly been studied by
in silico studies in either of wild or mutant?418.26 (Table 1.1). In this work all the seven
pockets namely D*1"/D*1’-D*7/D*7’ were found in both the wild-type and mutant K-
Ras via K-RasBE*Po4", Those two sets of pockets are located in close proximity with
different volumes in wild and mutant with different volumes and uncommon residues
between both of them. This will open a window to design the ligands/inhibitors that
can selectively target the mutant K-Ras impairing its cancerous activity which has
not been considered before. However, in case of the residues surrounding pocket
D*3’ and D*3” for wild-type and mutant respectively, they were found to be exactly
same making it a challenging task when designing new selective inhibitors against

the mutant. However, this region which allosterically control the switch | region of K-
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Table 3.1. Residues surrounding the pockets explore by K-RasB¥*P%4" in this study for both the wild-
type and the mutant of K-Ras protein. Pockets were extracted after 100 ns time window where SASA
shows plateau region. Results are compared with the previous work performed by Prakash et al**
where pockets were captured by MDpocket .Bold text highlights the common residues across all
studies. Pocket P8 residues has not been shown since it has not been captured by MDpocket by K-
RasBEXPO4 Amino acids corresponding to each residue are shown in black box.

Pocket No.

Mutant (G12D)

Wild-type

Residues reported
by Prakash et al.'*
In G12D mutant

D*1'/D*1”/p1

5, 6, 7, 39, 54, 55, 56,
70,71,75,76,77,78

5, 7, 39, 40, 41, 55, 56,
67,70,7175,76, 77

5, 54, 74, 7, 56, 67,
37, 38

D*2'/D*2"/p2

9, 10, 11, 12, 37, 35,
37, 38, 40, 56, 57, 58,
59, 60, 61, 64, 65, 66,
67, 68, 69, 70, 71. 72,
78, 92, 95, 96, 99, 102,
103

9, 10, 11, 12, 36, 37,
38, 40, 56, 57, 58, 59,
62, 64, 65, 66, 67, 68,
69, 70, 71, 72, 95, 96,
102, 103

7,9, 60, 78, 72, 99,
100

D*3'=D*3" /p3

106, 107, 108, 1009,
110, 111, 162, 165, 166,
169, 170, 171, 172,
173, 174, 175, 176,
177,178, 179, 180

106, 107, 108, 109,
110, 111, 162, 165, 166,
169, 170, 171, 172,
173, 174, 175, 176,
177,178, 179, 180

105, 106, 107, 108,
111, 162, 165, 166

D*4'/D*4” Ip4

8, 11, 13, 14, 15, 16,
17, 18, 19, 20, 21, 22,
23, 24, 28, 29, 32, 33,
34, 35, 36, 38, 39, 40,
56, 57, 59, 60, 116,
117, 119, 145, 146

9, 10, 11, 12, 13, 14,
15, 16, 17, 18, 20, 21,
22, 24, 25, 28, 29, 30,
31, 32, 34, 35, 36, 27,
38, 40, 56, 57, 58, 59,
60, 116, 117, 120, 145,
146

30, 33, 38, 39, 40,
21, 36

D*5'/D*5"/S4

9, 72,78, 80, 90, 91,
93, 94, 95, 96, 98, 99,
101, 106, 107, 108,
109, 110, 111, 113, 130,
133, 134, 137, 139, 140

9, 72,76, 80, 93, 94,
96, 97, 100, 101, 106,
107, 108, 109, 110, 111,
133, 134, 137, 138, 139

44, 53, 54, 55, 153,
156, 157, 160

53, 152, 153, 156, 157,
160

D*6'/D*6” 3, 4, 5, 16, 76, 163,|1, 2, 3, 4, 76, 163, 164, -
166, 167, 168 167
D*7'/D*7” 6, 23, 24, 40, 41, 42, 4,6, 20, 22, 23, 44, 46, -




Ras can be a useful drug target in the cases where wild-type Ras is driving the

oncogenic activity of the mutant Ras?4.

4.1.4 Time Dependent Efficiency of the Novel Method

As the pockets exposure is dependent on the sampling time. The volume of the
pockets opened up by all the methods captured by MDpocket across two time
windows of the MD trajectories: 50-100 ns and after 100 ns (220-300 ns) have been
compared. The results from most promising method K-RasBEXP04" shows that in the
case of mutant all the pockets (D*1-D*7) with significant volumes were reproduced
within 100 ns and have volume greater than that of pockets present in crystal except
the case of pocket D*5’ (Figure 3.10). The volume of D*5 before 100 ns is 105 A3 but
in crystal it is 360 A3, However, on increasing the sampling time, it increase to 525
A3, In particular, within 50-100 ns pockets D*4’ and D*6’ explored a volume of 1575
A3and 985 A3 and then decreased to 10 % and 35 % respectively (their final volume)
at 100-300 ns (Figure 3.10).

Moreover, in case of the wild-type similar results were observed for all the pockets
and also for D*5"when compared with the crystal (Figure 3.10). One exception
corresponded to pocket D*7” which was not exposed in the first 100 ns also
supported by its total SASA (Figure 3.12). This pocket volume started increasing
after ~100 ns. In case of pockets D*1'/D*1"-D*3'/D*3” & D*5’/D*5” generated for the
100-300 ns time window, 14-70 % large volumes were observed as compared to that
generated from 50-100 ns (Figure 3.10).
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Figure 3.9 The volume of each pocket (A3) generated from the most efficient method, namely (A) K-
Ras" for trajectory taken before 100 ns and after 100 ns time windows for mutant (pockets labelled
with single prime) and wild-type (pockets labelled with double prime).
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Figure 3.10. The volume of each pocket (A3 generated from the most efficient method, namely K-
RasBEXPO4" for trajectory taken before 100 ns and after 100 ns time windows for (A) mutant and (B)
wild-type K-Ras. Pockets labelled with single prime are for mutant and pockets labelled with double
prime are for wild-type.

The tremendous change in the averaged volume of D*2’ was observed after 100 ns
(325 A3 before 100 ns and 1160 A3 after 100 ns). The volume of D*4’ shows
fluctuations after 115 ns in case of the mutant (Figure 3.11) which is possibly
attributed to the simultaneous opening of pocket D*1' and D*2; which are present
adjacent to D*4'in the switch region (Figure 3.8). Similar pattern were observed in
case of pockets D*6’ which is present near D*3’and may have been affected by its
increase in volume. The aforementioned trend of these two pockets (D*4” and D*6”)
was also observed in wild-type (Figure 3.10 and 3.11).
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Figure 3.11 Time dependent evolution of each pocket volumes (in A3) explored in the K-RasBEXPO-4*
system for (A) mutant and (B) wild-type. Pocket D*2’ & D*4’/D*2” & D*4” and D*3’ & D*5'/ D*3” & D*5”
were combined due to the consistent 2.9 isovalue used across all the method which resulted in joined
volumes.

The SASA over the simulation time for most of the pockets converged within 60 ns of
the simulation time in case of the wild type using K-RasB®*P%4" method. However, this

was not the case for D*7” (a novel pocket) where SASA started increasing after 99
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ns resulting in opening of the cryptic pocket triggered by penetration of benzene
clusters (confirmed by trajectory analysis). The SASA values and volume for all the
pockets in mutant except D*1' and D*4’ reached higher values well after 50 ns as
compared to the wild-type (Figure 3.11 and 3.12). This is further supported by more
number of residues involved in the formation of pockets D*2’, D*3’ and D*5’-D*7’ in
mutant as compared to wild-type (Table 3.1). The initial values of SASA at 0 ns
highlight the presence or absence of pockets in crystal (starting structure) which are
significantly increasing over the simulation time (Figure 3.12). For example,
D*6’/D*6” and D*7’/D*7” in both mutant and wild-type start from almost negligible
volume and SASA which further increases to the range of 200-500 AZ due to

interactions with benzene clusters which gets stabilized at the end of the simulation.
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Figure. 3.12 Total solvent accessible surface area (SASA) of individual pockets (in A2) explored in K-
RasBEXPO4* system over the simulation time.

The volume data extracted in this study was compared with the results derived from
the FTMap study in literature!®, and found that pocket P1, P2, P3 and P4 showed the
volume of 112, 143.6, 173, 139.9 A3 respectively by FTMap and also with
experimental data where reported volume of P1 245 A3 and reported SASA for P2
was 432 A? 2328 The volumes were much smaller compared to the volume of highly
exposed pockets D*1'/D*1"-D*4’/D*4” derived from our method KrasBEXPO-4* within
100 ns only (Figure 3.10). Apart from this, D*5’/D*5"-D*7’/D*7” were also found within
100 ns to be of comparable volume to be identified as druggable sites and the

volume further increased on increasing the time.
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To better elucidate the efficiency of method K-RasBE*P94* one needs to account for
the efficiency of other pMD methods employed in this study. The average volume of
the pockets generated across each method before and after 100 ns had been
recapitulated. In K-Ras", w1’, w3’, w4’ and w6’ were located in mutant and w2"-w4”
were found out in wild-type in the volume range of 100-800 A3 within 100 ns. Even
after increasing the sampling time, there was not significant improvement in volume
of the pockets observed (Figure 3.9). However, addition of benzene molecules
improved the results. In K-RasB%2 increment of sampling time after 100 ns increased
the volumes of only b2’ (by 33 %) and bl” (40%). Other cryptic pockets such as b7’
and b7” get exposed with volume 250 A3 and 370 A3 on increasing the sampling time
(Figure not shown). Increasing the concentration helped the enlarged exposure of
B2’, B1”, B2” and B4” within 100 ns as compared to the respective pocket generated
by K-RasW and K-RasPB%?, Pocket 4 volume decreased slightly (1%-15%) on
increasing the sampling time though. Further enlargement in pocket volume has
been achieved by K-RasBFX04 system. The pocket exposed E1’-E4’ within 100 ns
with 30 % increment in the volume of E4’ as compared to that of e4’ (Figure not
shown). However, E4” has been decreased to 30 % in wild-type as compared to e4”.
Increasing the sampling time lead to expose E4” and e4” with almost similar volume
of 1250 A3. High concentration (0.4 M) helped in the location of transient cryptic
pocket E6” (absent in K-RasBX02) and E7” (64% increment as compared to e7”
within 100 ns). K-RasBE*P behaved similar to K-RasP system and helped locating
experimentally validated pockets with volume comparable to K-RasB system and
increasing the sampling time only helped in exposure of some of the pockets such as
D2’ and D3” (approximate 60% increment with respect to volume before 100 ns)
(Figure not shown). Optimising sigma value of dummy atom improved the pocket
searching efficiency i.e. in K-Ras BEXPO2" gystem, all the experimentally tested
pockets from d*1'/d*4”-d*4’/d*4” were successfully located with the significantly
exposed pocket volume within 100 ns. However, cryptic pockets d*7’, d*6” and d*7”
have not been explored. Increasing the concentration of benzene molecules
containing dummy atom in this system (K-Ras BEXP94") facilitated the opening of all

the seven pockets within 100 ns (Figure 3.10).

All of the above results stress that the pMD method which involves benzene with
exclusions and a dummy atom of sigma value 4.5 A and epsilon 0.002 kcal mol* as
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a probe molecules is therefore an extremely promising technique as compared to
other pMD methods applied here in exposing most of the cryptic pockets in
biologically relevant protein structures. The method located all the experimentally
tested pockets and novel pocket within 100 ns with significant exposed volumes in
both wild-type and mutant. However, for facilitation of enlarged pocket exposure, one
needs to increase the sampling time (Figure 3.10). Only putting exclusions in
benzene (K-Ras B®X) can also be extremely helpful in exposing cryptic pockets as
well, like E*6’/E*6” and E*7’'/E*7” (Figure 3.6) because they can occupy smaller
space to penetrate those pockets. The method K-Ras BEXP04* showed better results

in exposing all the pockets as compared to K-Ras B, K-Ras BEXP and K-RasV.

3.2. DENV and ZIKV Envelope (E) Protein

3.2.1. Benzene mapping MD simulation

After benchmarking the pockets explored in wild-type and mutant K-Ras protein via
most promising method K-RasBEXP04*  the study had been extended to other
druggable target i.e. dimeric E protein of DENV serotypes and ZIKV. The aim was to
reveal cryptic pockets followed by extensive virtual screening to develop inhibitors
binding to the selected pocket of interest. A 300 ns explicit solvent benzene mapping
simulation with a dummy atom have been performed on all the four serotypes of the
DENV as well as on the ZIKV E protein. E protein was not unfolding even upon
addition of probes (confirmed by structural analysis). Additional simulation of each
protein was also performed in water only. However, the pockets remains closed or
very transient in only water system as observed in K-Ras system as confirmed by
plotting total and hydrophobic SASA of the protein and individual pockets (Figure not
shown). Upon the addition of benzene probes containing dummy atom, pockets at
the interface of two monomers are stabilized over the simulation time. Various
pockets have been located on all E protein studied (Figure 3.13). However, the
interest of this work was limited to the interface of the two monomers with a potential
of blocking the conformational change and dimer-to-trimer transition during the viral
infection (Figure 3.13 red rectangle).

Hence, one pocket was selected in the antibody binding region®® being located in
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between the two monomers by the benzene mapping and binding of drug there could
either potentially stabilize the dimer. The pocket was partially opened in crystal and
was discussed in the work of Yenamalli et al®*. This pocket has been located
symmetrically on both sides of the dimer (Figure 3.15). Interestingly, this site was

located near the fusion peptide loop in the dimeric protein supporting the potential

DENV_1 DENV_2 DENV_3 DENV_4 ZIKV
i i '{\-\

Figure 3.13. E protein of flaviviruses showing various pockets (black mesh) located by benzene
mapping MD simulation with the benzene molecules containing a dummy atom of sigma 4.5 A and
epsilon of 0.002 kcal mol?. The red boxes show the region of interest for virtual screening. The red
rectangular regions denote the monomer-monomer interface with a potential blocking of dimer-to-
trimer transition. Protein in cartoon representation in shown in cyan.

for blocking the viral infection process. The cavity of the pocket had a volume of
~400-600 A3 and SASA of 2,200-2400 A? across all the serotypes. The residues are
covered with more than 35 residues across all the serotypes (Table 3.2).
Interestingly, the pocket was closed in the crystal structure of DENV1, DENV2 and
DENV4 crystal structure but got exposed upon addition of benzene molecules
(Figure 3.15). However, in the case of DENV3 and ZIKV those pockets remained
open in the crystal and top three most probable structure obtained from benzene
mapping MD simulation. However, benzene mapping simulations revealed higher
number of residues in comparison to the data from literature®? suggesting the greater

volume of the pocket than in the crystal structures (Table 3.2).

Residues 242-250 are common in all the regions surrounding the pocket. The

sequence alignment of the residues among all the serotypes shows that the residues

242-248 are conserved for ~70-80 % across all the serotypes suggesting high

potency for blocking all dengue serotypes and Zika. Thus, the flexible docking was

performed on this binding region. Among these are 8-11 charged residues and 12-17
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Table 3.2. Residues surrounding the pocket of interest across all the E protein serotypes. Blue
residues corresponds to chain A while black one are the residues of chain B of a dimer. The literature
study indicates the work of Yenamalli et al.>® where they performed docking studies on crystal
structure of DENV2. However, the pocket selected for docking in this study was not targeted by them.

(literature)

E protein Residues surrounding the pocket

DENV-1 5-8, 27, 28, 44-47, 96-98, 113-116, 152, 242-250, 273-274, 279-281,
317

DENV-2 6, 8, 26-29, 46-47, 95-99,102-103, 110, 240-247, 266, 277-278, 316-
317

DENV-3 6- 9, 27-29, 95-98, 110-113, 240-249, 271, 273-279, 280-282

DENV-4 5-9, 26-30, 44-47, 70-72, 95-99, 113-115, 151-153, 239-251, 264-275

ZIKV 6, 27-28, 65-72, 97-99, 114-116, 246-254, 273-274, 285, 313

DENV-2 1-8, 28, 30, 44, 151-155, 97-109, 244-247, 316

hydrophobic residues across all he serotypes (Table 3.2 and Figure 3.14). Previous

study by Yenamalli et al*® showed that this cavity was present in dimer form but not

in the trimer form of the E protein of DENV2 and DENV3. Also, the cavity was found

to be conserved in pre fusion structure of E proteins from Japanese encephalitis
virus (JEV) and Tick-borne encephalitis (TBE):.
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Figure 3.14. Sequence alignment of the E protein of various flaviviruses®. The yellow boxes show the
residues which are highly conserved across all the serotypes and forming the pocket.
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Crystal_ZIKV Benzene mapped_ZIKV

Figure 3.15. Intra dimeric pocket in crystal structure (left) and in most probable conformation of
protein obtained from benzene mapping MD simulation. The pocket was not visible in DENV1 and
DENV4 homology modelled structure but visible in DENV3. Surface representation of E protein
colored in blue and green for each monomer.

4.2.2. Virtual Screening and Hit Identification

The pocket A (Figure 3.15) across all the serotypes has been targeted by virtual
screening. Docking protocol was performed on top three most dominant clusters with
selected flexible residues extracted from simulation of E protein for DENV and ZIKV
which captured 50-70 % of all sampled conformations. To verify that Autodock Vina
is reliable for our protein system, the compound “R1” was docked on the sitel
(residues 1, 143-149, 156, 178, 295 (domain I) and residues 324, 353-358, and 359-
360 (domain 111)) of DENV2 explored by Yenamalli et al*3. The predicted binding
affinity corresponded to -9.6+0.1 kcal mol* which was comparable to the affinity
reported in their work (-9.43 kcal mol* on DENV2). The interactions of drug with
protein residues were also in agreement with the literature. Similarly the n-octyl- B-D-
glucoside (B-OG) ligand was docked into the experimentally defined hydrophobic [3-
OG pocket of domain Il in DENV2 with observed docking score of -6.3 kcal mol* and
got an agreement with the affinity reported in literature (-5.9 kcal mol?)%’. This
indicates that despite the limitations of scoring functions*®, Autodock Vina is still
sufficiently accurate to be used for our protein system.

Table 3.5. Results from virtual screening using FDA approved drug library performed on the most
dominant clusters of the E protein dimers extracted from benzene mapping protocol. Results were
obtained for all dengue serotypes and Zika virus. Top ten highest affinity drugs were identified. The

error bars on the docking scores fell in the range of +0.5-0.9 kcal mol™. Figures for drug molecules
have been extracted from PubChem?™.
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Popular Names 2D Structure of FDA Average Vina scores considered
and functions approved drug over top three most probable

of selected FDA confirmation (kcal mol?)
approved drug

molecules DEN [ DENV | DENV | DENV | ZIKV
Vil 2 3 4
. 95 |-108| 95 | -8.0 | -9.6
Zafirlukast SUUOR
\ \-.0/ \.“/ S '“*\i’\ —
(Cytochrome :\}/}{ 0\
P450 2C9 T M)
Inhibitor) ~
-84 | -93 -9.6 -8.8 -9.5
Telmisartan N )
(Antihypertensiv- %Y A T oA .
e agent) St
" -8.2 | -9.0 -9.5 -8.9 | -10.0
Silibinin I

cell from toxins-
Anti-cancer n

effect)

(Protects liver i 0[\)0]\[/joﬁ§h

-87| 90 | -88 | -8.7 | -10.9
Itraconazole

(Antifungal
Agent) A

-76 | -90 | 9.0 | -94 | -93
Doxorubicin
(Anticancer

agent)




Nandrolone
Phenpropionate
(Androgen
receptor agonist)

-7.6

9.1

-9.3

Troglitazone
(Antidiabetic and
anti-inflammatory

drug, now
replaced with

rosiglitazone)

-8.5

-10.3

-9.1

Cromolyn
(Anti-allergic and
anti-inflammatory

agent)

-7.6

9.1

9.1

-9.2

Ziprasidone
Hydrochloride
(antipsychotic
agent to treat
schizophrenia)

-8.3

-9.2

-9.3

Carminomycin
(Antibiotic)

-7.6

-9.0

-9.3

-9.6
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Amongst all dengue serotypes and Zika virus approximately hundred consensus
ligand hits were identified. Top ten ligand were sorted based on docking scores as
well as their biological relevance and activity against particular disease and they are
presented in Table 3.5. For some of the ligands, posing was given the preference
which implied that those confirmation of ligand was selected which interacts with
both the chains of E protein no matter whether it did not come to top rank based on
affinity score out of ten generated poses. In addition all top ten ligands were docked
on the crystal structures and homology modelled E protein structures prior any
simulation. It was observed that the ligands were binding with almost similar or
lowered affinities (difference in the range of 0.1 to 5.9 kcal molt). However the
visualization of binding poses showed that those ligands were sitting inside the cavity
(ligand poses) exposed by MD simulation unlike the ones bound to crystal where
they are exposed to the surface since the cavity was partially opened (Figure 3.16).

The difference in affinity scores for a particular drug binding to given dengue
serotype or Zika virus arises due to its variable interaction with different residues of
the pockets as well as their volume and size. Although similar location is observed
for all E proteins studied here the binding modes are different (Figure 3.17 and Table
3.5). For example, in DENV3 presence of nitrogen of lysine 244 residue makes
hydrogen bond with hydrogen of hydroxyl group of drug Carminomycin unlike in
DENV2 where lysine was replaced by histidine. The drug resembled anticancer
agent doxorubicin and have shown a good affinity in the range of -7.6 to -9.6 kcal
mol* across all the E protein of dengue serotype and Zika. Similarly, nature of

binding poses had also been recapitulated for other remaining nine selected drugs.

The predicted interactions of all the ligands with E protein are mostly governed by
hydrophobic forces because of presence of hydrophobic and non-aromatic rings in
drugs. In addition hydrogen bond formation (1-7 bonds) had also been recapitulated
since the pocket contains 8-11 charged residues as well. All the drugs were most
often contacting the 4-5 residues from 242-251 which are more than 80 % conserved
across the Zika and all the serotypes of dengue. 8 out of 10 selected ligands were

forming at least one hydrogen bond with any one of the residues from 242-251.

35



Figure 3.16. Binding of highest affinity drug Itraconazole (yellow) and Zafirlukast (blue) in a
completely opened pocket conformation obtained from Benzene mapping simulation (left) and in a
closed pocket in native crystal structure of DENV2 (PDB ID:3J27) (right). Similar studies have been
also performed for other remaining drugs across all the E protein of Zika and all the serotypes of
dengue.

However, hydrophobic interaction dominated in those regions. Apart from this the
other conserved residues which interacted with the ligands were 44-45, 47-48, 97-99
and 278-279.

All ten highest affinity molecules containing non-polar aromatic or on aromatic cyclic
rings have at least two hydrophobic interactions with at least two of the above
mentioned conserved residues (for example, refer to the case of carminomycin and
itraconazole shown in figure 3.17-3.19). However, one drug (ltrconazole, an
antifungal agent’®) with the highest affinity of ~11.0 kcal mol* toward ZIKV and
comparable affinity toward other serotypes of DENV (-8.7 kcal mol* for DENV1 and
9.0 kcal mol! for DENV2, -8.8 kcal mol* for DENV3 and -8.7 kcal mol! for DENV4)
had a binding mode being positioned in between two monomeric chains (Figure
3.18). The binding pose of itraconazole with the residues interacting is shown in
Figure 3.18. In case of ZIKV its interactions with E proteins was dominated by three
aromatic rings (Figure 3.18) as well as one polar interaction and the drug being
extended and bound to the other nearby exposed pocket. Thus, its interaction with
both the chains could suggest a way to inhibit the possible dimer-to-trimer transition

and virus fusion process.
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Figure 3.17. Binding poses of second highest affinity drug: Carminomycin (resembling with the
anticancer drug doxorubicin) in (A) DENV1 (B) DENV2 (C) DENV3 (D) DENV4 and (E) ZIKV. The
position of drug is shown for DENV1 and DENV2 in surface representation interacting between the
two chains for which their respective residues are labelled as A and B. The number of hydrogen
bonds varied from 4-7 together with hydrophobic interactions of the cyclic rings. Different residues
interacting with drugs leads to different binding modes. The affinities are mentioned in Table 3.5.

Similar observations of interaction of drug with both chains were made in the case of
dengue serotypes (Figure 3.19). The drug was found to interact with several of its
sterioisomers in the top docking hits as well. Apart from this, drug silibinin,
zafirlukast, and telmisartan were also large enough to interact well with both the
chains possessing high affinity scores (data not shown). Interestingly, anticancer

agent doxorubicin’ also exhibited high affinity to all dengue serotypes
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~11 kcal mol?. Most of the interactions are hydrophobic because of presence of various benzene
rings, triazole and cyclohexane ring. The drug also forms a hydrogen bond with Arg 99 of E protein.
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Figure 3.19. Binding poses of highest affinity drug: itraconazole in (A) DENV1 (B) DENV2 (C) DENV3
(D) DENVA4. The position of drug is shown to interact with both the chains for which their respective
residues are labelled as A and B. The number of hydrogen bonds varied from 1-2 together with the
dominant hydrophobic interactions of the cyclic rings. Different residues interacting with drugs leads to
different binding modes.

and Zika and may be a promising antiviral therapeutic. Also, the different binding
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modes of a particular drug in all the serotype could certainly guide a way to modulate
the chemical functionality and binding affinity of the drug considering conserved

residues in the pockets across all the serotypes.

The benzene mapped most dominant confirmation of ZIKV E protein bound to
itraconazole was aligned with the one bound to a broadly neutralizing antibody (PDB
ID: 5JHL®9) solved at 3 A (Figure 3.20). This antibody was found to bind the ZIKV
with high affinity, interacting with both the chains and was able to neutralize the ZIKA
strains in mice and in vitro. It has been observed that the antibody was interacting
with both of the chains near to the fusion loop where the drug itraconazole was found
with its binding mode. This could guide a way in future to simulate the combination of
antibody, itraconazole and other selected drugs bound with the E protein of all the

serotypes and moving a step ahead in antiviral therapeutic development.

Broadly neutralising antibody 2A10G6
bound to ZIKV (PDB: 5JHL)

Figure 3.20. Surface representation of ZIKV envelope protein with open pocket obtained in our
benzene mapping simulations aligned with the protein bound with antibody (yellow cartoon
representation) (PDB ID; 5JHL®°).
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CONCLUSION AND FUTURE DIRECTIONS

In this thesis it has been successfully demonstrated the novel pMD simulation
method which involves probe benzene molecules with additional dummy atom and
optimized L-J parameters (0 = 4.5 A and e = 0.002 kcal mol?) in the geometric
center of the benzene ring. The “saddle” like clusters of benzene molecules around
the pockets helped reproducing the four experimentally known allosteric binding sites
of Ras along with the exposure of novel putative binding sites. This can further guide
the design of novel anti-cancer therapeutics selectively targeting mutant K-Ras. The
sampling of the conformational states of K-Ras leading to the opening of a particular
pocket had also been recapitulated in this study. All the results have been
compiled into a manuscript: Soni AK, Marzinek J, Chang YW, Verma C & Bond
PJ. Improved Benzene Mapping Method for revealing the cryptic pockets: The

case of K-Ras protein, 2017, to be submitted.

This method was also able to expose cryptic pockets on the intradimeric region of E
protein (between two monomers of the dimer) of DENV and ZIKV serotypes with a
capability of blocking the low pH conformational change and dimer-to-trimer
transition. The most dominant conformation of the intradimer pocket was a subject to
docking and scoring tools using FDA approved library. In this work ten small drug
molecules are proposed which can effectively bind all serotypes of dengue and Zika
virus. In particular, an antifungal agent had shown highest affinity towards Zika (-11.0
kcal mol?) and other serotypes of dengue virus with its interaction with both the
chains of the dimer. Also, the other several pockets generated at the interface of two
monomers or at the interface of two dimers conserved across all the serotypes from
our benzene mapping simulation bound with the modified chemical groups of the

selected ligands and antibody.

In future, the selected FDA approved drugs should be experimentally tested along
with the antibody bound which can lead to novel therapeutic pathway against all
flaviviruses studied here. The pockets in K-Ras are of greater relevance in biology
and characterization of these pockets computationally will open a way to perform
experiments where the new drugs can be designed accordingly for the desired
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inhibition against oncogenic mutant Ras. The probe density benzene clusters
generated can be very well correlated to the “druggability” of the binding site which
can be in future applied to other important proteins and biomolecules such as MDM2
and ion channels protein target for anticancer therapies. The general applicability of
the developed benzene mapping method in finding the cryptic pockets will also be a

subject of future research.
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