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ABSTRACT

The KRAS protein belongs to the RAS GTPase protein family which are important in various cell
signalling pathways and cell division. To find the mutational stability of KRAS protein molecular
dynamics simulation is an efficient approach, there are no approved treatments for the KRAS G12D
mutation, which is most prevalent in lung, colon, and pancreatic cancers. Due to their lack of binding
pockets and smooth surface, switch II of the KRAS G12D mutation may be an effective target for
treating a variety of malignancies, according to recent research. Therefore, in the present study, we
targeted the switch II pocket (residues 57-76) of KRAS G12D with natural compounds in
comparison with the reference KRAS Switch II inhibitor MRTX1133, which reported to be showing
less GI tract absorption in animal models. Initially, we screened 17,752 natural compounds using XP
docking in maestro and followed by ADMET analysis of the molecules based on drug-likeness
properties, and ADME profiles best 5 molecules were chosen as leads with docking scores more than
-8.5 kcal/mol for further studies. The molecular dynamics simulation revealed that the compound
with PubChem ID 10207 named as Aloe emodin is more stable than the reference molecule. Further
modification and structural optimization can lead to better binding affinity towards the KRAS G12D

and can be considered as potential lead molecules for further studies.

Keywords: KRAS, Docking, Md simulation, Natural Compounds, Switch II Inhibitors
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CHAPTERI

1. INTRODUCTION

The human body is an incredibly complex biological system, with countless
biochemical, biophysical, and physicochemical changes occurring simultaneously at any
given moment. Enzymes play a pivotal role in catalyzing or being associated with all of this
biotransformation that take place within the body. Several studies have found that the RAS
genes, which are in charge of the pathophysiology of cancer, were first discovered as viral
genes in the early 1980s when Harvey and Kirsten's murine sarcoma retroviruses were
studied. Following the identification of the first human RAS genes and proteins in 1982,

scientists saw that human cancer cell lines mutated to activate these genes.

The RAS protein in humans is a GTPase protein. Currently in humans the RAS
protein family consists of more than 150 proteins Three genes, known as N RAS
(Neuroblastoma RAS viral oncogene homolog), HRAS (Harvey rat sarcoma viral oncogene
homolog), and KRAS (Kirsten Rat sarcoma viral oncogene homolog), encode all the
proteins of the RAS family. As the RAS protein is a GTPase protein it comprises of small
guanosine triphosphate chemicals which acts as a molecular switch for various cell s
pathways. Thirty percent of human malignancies are caused by mutations in the RAS gene;
of these, eighty-six percent are caused by the KRAS oncogene, which also causes ninety
percent of pancreatic cancer cases. With a dismal prognosis and resistance to chemotherapy

provided by normal care, new treatments targeting KRAS are required.

KRAS GENE

KRAS has been recognized as KRAS-1 and KRAS-2 . KRAS-1 is a pseudogene,
while KRAS?2 is located in chromosome 12. KRAS-2's coding region is made up of six
exons that are more than 45 kB long. It comprises the invariant coding regions 2, 3, and 4.
Two mRNA variants, 4A and 4B, are produced by alternative splicing of exon 4.
Additionally, KRAS-2 protein isoforms KRAS4A and KRAS4B are generated. During
alternative splicing, exon 5 can be omitted. The C-terminal portion of KRAS4B is encoded
by Exon 6, which also makes up KRAS-1's 3'UTR (3' untranslated region). The predominant

transcriptional product in human cells is KRAS isoform 4B, which has 189 amino acids,



while isoform 4A has 188 amino acids. Both isoforms are created through alternative

splicing.

KRAS PROTEIN

KRAS belongs to the superfamily of small GTPases and it mainly binds to
GTP(Guanosine triphosphate) . The KRAS protein contains two regions which are the
Nterminal catalytic domain also known as G domain (guanine binding domain) and the
Cterminal hyper variable region known as HVR. The G domain or the catalytic domain is a
highly conserved region with showing greater degree of homology. The G domain consists
of three regions P-loop, switch I and switch II regions. The three regions are involved in
different functions.G domain serves as a GTP-GDP switch and promotes GTP-GDP
exchange. While the switch region forms the binding region for effector proteins, in addition
to stabilizing nucleotide phosphates, the P-loop acts as the phosphate binding region. The
primary factors that regulate the G-domain switch are GTPase activating proteins (GAPSs)
and guanine exchange factors (GEFs), which facilitate the GDP to GTP switch and

activation.

MEMBRANE LOCALIZATION

Since KRAS is found to be linked to the inner membrane of the plasma membrane,
the C-domain, which exhibits a high degree of polymorphism, is responsible for anchoring
RAS to the inner membrane of the plasma membrane. It contains the CAAX box (cysteine,
two aliphatic amino acids, any amino acid) and is responsible for posttranslational
modifications such as prenylation. The terminal cysteine of the CAAX box gains a farnesyl
group or geranylgeranyl moiety through prenylation, which is followed by cleavage and
methylation. For KRAS monomers to be active, they must be localized For KRAS

monomers to be active, they must be localized.

ACTIVATION OF KRAS

Activation of receptor tyrosine kinase (RTK), growth factors like fibroblast growth
factors (FGF), platelet-derived growth factors (PDGF), insulin-like growth factors (IGF),
and epidermal growth factor (EGF), as well as cytokines, can all result in KRAS activation.
With the help of RAS GEFs, GDP-bound KRAS is phosphorylated to a GTPbound KRAS
active state, which is known as KRAS activation (fig 1). In drosophila, the similar son of

sevenless gene was discovered., and CDC25 in S. cerevisiae was the first RAS GEF to be
2



discovered. Later, it is discovered that RAS guanine-nucleotide-releasingfactors
(RASGrfs), son of sevenless proteins, and CDC25 have mammalian counterparts. EGFR is
dimerized and phosphorylated by tyrosine kinase activation when EGF binds to its receptor,
next the sequence homology 2 (SH2) domain of growth factor receptor bound protein 2
(GRB2) is bound by the phosphorylated EGFR-dimer. SOS is bound to the EGFR-GRB2
complex by its SH3 domain, which causes SOS to localize to the membrane. SOS1 and
SOS2 are GEFs that facilitate GTP-RAS interaction and encourage the decoupling of GDP
from RAS.A confirmational change in the switch I and switch II regions is brought about
by GTP-RAS binding, which also encourages downstream signalling. KRAS is also
activated by src homology phosphatase 2 (SHP2), another tyrosine phosphate enzyme,
through processes that are still being worked out. Based on available data, SHP2 may have
a scaffolding protein role, improving GRB2-SOS1 binding and encouraging KRAS
activation. The autosomal dominant RAsopathy known as Noonan Syndrome, which is
characterized by cardiac, endocrine, neurodevelopmental, and hematologic disorders, can

be caused by mutations in the PTPN11 gene, which codes for SHP2.

GDP

INACTIVE STATE ACTIVE
STATE

Figure 1: KRAS activation and inactivation

INACTIVATION OF THE PROTEIN

The inactivation of KRAS is a complex process that involves multiple molecules interacting
with one another. After being activated, the RAS-GTP complex goes through intrinsic GTP
hydrolysis, which leaves it in an inactive state called RAS-GDP. In order to speed up GTP hydrolysis
and cause RAS deactivation, GAPs are crucial. The main process of RAS-GTP hydrolysis is GAP-
mediated hydrolysis, with RAS GAPs such as neurofibromin 1 and pl20GAP playing a significant
role. RAS GAPs promote carcinogenesis by preventing GTP hydrolysis, whereas oncogenic KRAS

mutations reduce GTPase activity and resistance.



KRAS MEDIATED PATHWAYS

Three main signaling pathways are triggered downstream by KRAS activation: the MAP
kinase pathway, the P13K-AKT-mTOR pathway, and the pathways that causes tumor causing
metastatic growth and invasion protein 1 (TIAM1-RAC) and RAS-related protein (RAL).

MAPK PATHWAY

Through phosphorylating RAS, RAF, MEK, and ERK, the MAPK pathway controls the cell
cycle and proliferation. The dimer of mutant RAS increases the activation and binding of RAF,
which initiates a significant downstream signaling pathway. The last enzyme, ERK, promotes

cellular differentiation and proliferation by activating transcription factors.

PI3K PATHWAY

The PI3K Pathway is a multifaceted procedure. It starts with the activation of
Phosphatidylinositol-4,5-phosphorylation ~ of  PIP2  into  PIP3  (phosphatidylinositol
3,4,5triphosphate), which phosphorylates AKT and causes mTOR, FOXO, and NF-kB
phosphorylation downstream. In the end, this procedure results in cell survival and apoptosis
resistance. RAS mutations frequently cause an upregulation of the PI3K pathway. RAS's precise

function in PI3K activation in normal cells is still unknown, though.

RAL PATHWAY

A protein called RAL guanine nucleotide stimulator (RALGDS), which is activated by RAS,
promotes cell migration and RAS-dependent tumor growth. Additionally, RALGDS activates the
INK pathway, which promotes transcription and the advancement of the cell cycle. The
phosphorylation of PAK serine/threonine kinases is caused by GEFs known as TIAM1-RAC. When
KRAS is in its normal state, it functions as a crucial connector between a number of cellcycle
pathways. By activating multiple downstream activation pathways, a KRAS mutation can cause

oncogenesis.

Figure 2: KRAS mediated cell signaling pathways



KRAS MUTATIONS IN HUMAN CANCER

Mutations of RAS genes accounts for about 30% of human cancers and KRAS is found
almost in more than 85% of RAS mutated cancers. Over 85% of cases are pancreatic cancers, with
colorectal cancer (~40%), non-small cell lung cancer (~30%), and cholangiocarcinoma (~20%)
following in order of incidence. In lung and pancreatic cancers, KRAS mutations frequently occur
early in the tumorigenesis process. On the other hand, driver mutations in the wnt signaling pathway

typically precede KRAS mutations, which are a stage in the development of colon cancer

The majority of KRAS mutations are single-base missense mutations, which are located on
exons 2 and 3 at codons 12 (83%), 13 (14%), or 61 (2%). These mutations enhance GTP binding,
initiate KRAS, and convey signals via diverse pathways. A mutation in codon 12 inhibits GAP-
mediated GTP hydrolysis and validates the GAP binding site, preventing KRAS deactivation. Six
types of substitutions are reported for the glycine present at codon 12, which are aspartic
acid(G12D), cysteine (G12C), valine(G12V), alanine (G12A), Arginine (G12R), serine (G12S).
KRAS G12D is a mutant which occurs in higher numbers than other KRAS forms due to a single
nucleotide change from glycine to aspartic acid. It downregulates thymine-DNA glycosylase, which

in turn promotes proliferative signalling, invasions, invasions, metastasis, and apoptosis.

The development of pancreatic ductal adenocarcinoma (PDA) is a multistage process in
which premalignant lesions accumulate mutations and eventually develop into malignant invasive
carcinoma, which is categorized by degree of cellular dysplasia from Panln 1 to Panln 3. The
recruitment of pro-tumorigenic cells and the control of the tumor microenvironment (TME), which
lead to tumor invasion and metastatis, are associated with oncogenic KRAS. Mutant KRAS has
recently been demonstrated to play a role in the initiation and maintenance of pancreatic cancer by
activating paracrine hedgehog signaling, as well as in fostering reciprocal signaling between

pancreatic tumor cells and the stroma.

Using a proteomic and phospho proteomic method, it was discovered that tumor cells with
KRAS G12D mutations release sonic hedgehog, which stimulates pancreatic stellate cells, a subset of

cancer-associated fibroblasts (CAFs) with the ability to control tumor growth and progression.

OBJECTIVES

L Inspecting structural and conformational impact of mutations in KRAS oncoprotein.

II.  Screening of effective natural compounds against potential KRAS mutant



CHAPTER 11

2.REVIEW OF LITERATURE

KRAS, a small GTPase transductor protein, is involved in cell division control and
resistance to chemotherapy and biological treatments. Mutations in KRAS make it difficult
for the protein to transition between active and inactive states, increasing cell resistance.
KRas4B, a member of a group of small GTPases, controls cell proliferation, differentiation,
and survival. KRAS mutations are common in cancer and depend on its connection with the
plasma membrane. The 188 amino acids that the KRAS gene codes for are members of the
are mostly caused by mutations in the KRAS gene. Recently, KRAS G12C mutant allele-
specific inhibitors were created that covalently alter Cys12's thiol, trapping KRAS in an
inactive GDP bound form. Utilizing real-time NMR to concurrently observe GTP hydrolysis
and inhibitor binding in order to investigate the mechanism of action of the covalent
inhibitors in both in vitro and intracellular contexts. The rate-limiting step for ARS-853
modification is GTP hydrolysis, as demonstrated by in vitro NMR investigations, which also
revealed that the rate constant of ARS-853 modification and GTP hydrolysis are the same.
According to in-cell NMR studies, the ARS-853 reaction proceeds much more quickly than
it does in vitro, which is indicative of endogenous GTPase proteins accelerating GTP

hydrolysis.

There still aren't any approved medications to treat these mutations, even forty years
after KRAS was discovered. Because of their smooth surface and lack of RAS family. RAS

protein residues, which have a molecular mass of 21.6 kD.

Within the coding area, nonsynonymous single nucleotide polymorphisms (nsSNPs)
have been found; some of these are linked to various disorders. But structural modifications
aren't yet well defined. Additionally, genetic information was taken from many sources, such
as ENSEMBLE, dbSNPs, and the 1000 Genome Project, and evaluated using in silico
techniques. Depending on the tools being utilized Researchers have discovered that K-Ras4B
can be dispersed in both hard and loosely packed membrane domains, and its membrane

binding domain interacts with phospholipids.

Located at the plasma membrane, the small GTPase KRAS connects intracellular signalling
networks to external growth factor activation by acting as a molecular switch. During this

procedure, effectors like RAF kinase are brought to the plasma membrane by KRAS and
6



activated through a sequence of intricate molecular processes. Understanding the activation
of RAF kinase and assessing new treatment options for the suppression of oncogenic KRAS
mediated signalling depend on defining the membrane-bound state of KRAS. Our approach
involved combining various biophysical measures with computational techniques to produce
a consensus model for membrane-anchored, legitimately processed KRAS. Using a
combination of neutron reflectivity, fast photochemical oxidation of proteins (FPOP), and
other information, identified a third considerably populated state, in contrast to the two
membrane-proximal  conformations previously reported. KRAS mutant lung
adenocarcinomas (LUAD) target downstream with tolerable toxicity. Recent developments
in focusing KRAS mutations in various cancers, such as the KRAS G12C protein, have
opened new avenues for effective treatment. KRAS is the most commonly mutated oncogene
in human cancers. The main oncogene responsible for cellular survival and proliferation,
Kirsten Rat Sarcoma (KRAS) is the most commonly mutated oncogene in all malignancies.
The main oncogene responsible for cellular survival and proliferation, Kirsten Rat Sarcoma

(KRAS) is the most commonly mutated oncogene in majority of human cancers.

Activating KRAS mutations are linked to the initiation and progression of pancreatic
ductal adenocarcinoma (PDAC) and are seen in more than 90% of cases. While KRAS is a
crucial oncogene and hence a valuable target for therapy, it has proven extremely difficult to
suppress therapeutically, and specific mutant inhibitors of KRAS have just recently been
identified. The activation of KRAS signalling and the function of mutant KRAS in the
development of PDAC are covered in this review. It has long been believed that KRAS
cannot be manipulated, and numerous attempts at drug development centered on indirect

targeting have shown negative results

The most commonly mutant oncogene in all cancers is Kirsten Rat Sarcoma (KRAS), the
primary oncogene responsible for cellular survival and proliferation. More than 90% of
patients had activating KRAS mutations, which are associated with the development and
course of pancreatic ductal adenocarcinoma (PDAC). Although KRAS is an important
oncogene and hence a useful target for treatment, it has been very challenging to suppress
therapeutically, and only lately have particular mutant inhibitors of KRAS been found. This
review discusses the activation of KRAS signalling and the role of mutant KRAS in the
development of PDAC. It's been well accepted for a long time that KRAS cannot be altered,
and multiple attempts to produce drugs with indirect targeting have failed. Belonging to the

GTPase Ras family, the human K-Ras protein hydrolyzes GTP to GDP and simultaneously



transitions from its active to its inactive form. It is a crucial oncoprotein because a number
of mutations, especially those at residue position 12, are highly frequent in a variety of
human malignancies. Thus, the K-Ras protein is a crucial target for the development of
medicinal anti-cancer drugs. In the GTP complexed active forms, we describe here the nearly
full sequence-specific resonance assignments of the wild-type and the oncogenic G12C and
G12D mutants, including the functionally significant Switch I and Switch II regions. A
thorough functional dynamics analysis of wild-type K-Ras and its G12 mutant is based on

these assignments.

More than 25% of human cancers contain oncogenic mutations involving the KRAS
GTPases. The lack of a good small-molecule binding site makes KRAS essentially
undruggable. In this instance, we provide the unusual crystal structure of His-tagged
KRASGI12D, which displays an amazing conformational shift. In an adjacent unit cell, the
Switch I loop of KRASGI12D structure extends into the Switch I/I pocket of another
HisKRASGI2D, forming an intricate interface akin to high-affinity protein-protein
complexes. Using alanine-scanning investigations and alchemical free energy perturbation
estimates based on explicit-solvent molecular dynamics simulations, we investigate the
contributions of amino acids at this interface. Given that they increased the protein-protein
interaction by more than 1.5 kcal/mol, a number of interface amino acids were discovered to
be hot spots. Many malignancies an appropriate site for the inhibitor to bind to, the KRAS
mutants have appeared to be unbreakable for the last forty years. Numerous investigations
aimed at targeting KRAS led to the effective development of sotorasib (AMG510), a KRAS
G12C inhibitor that received FDA approval in 2021. The cysteine residue presents in the 12

position, which contains the switch II pocket of KRAS, forms a covalent bond with sotorasib.



Switch Il pocket

GDP binding site

Figure 3: Showing the switch II pocket and GDP binding site of KRAS G12D

Similarly direct KRAS G12D inhibitors have been developed and studied. Few KRAS switch
IT pocket inhibitors are MRTX1133, BI-2852, and compound 3144 which still lacks effective
inhibition. The MRTX1133 is one of the potent inhibitors of KRAS G12D, it targets the switch II
pocket of KRAS G12D. From a recent study it has been reported that MRTX1133 is a potent inhibitor
but still as a oral drug it is impractical. Because of its high molecular weight (600.6 g/mol) and other
physio-chemical and ADME properties. MRTX1133 exhibits a high efflux ratio, or a high B-A rate
in caco-2 permeability, which is detrimental to absorption through the gastrointestinal tract. In mice,
MRTX1133 is only 0.5% at a dose of 30 mg per kilogram. Poor GI absorption is most likely the cause
of mice's low oral bioavailability. Thus, MRTX1133's oral molecule will have limitations in many

treatment aspects, including increased dosage requirements, high excipient loading, and pill burden.

To better understand the molecular mechanisms underlying the effects of mutations
on functions of KRAS, we performed the molecular dynamics simulation of the wild type
and the six KRAS codon 12 mutants. Molecular dynamics simulation is a powerful
computational technique that can provide insights into the structural dynamics and stability.
Through MD simulations we aimed to investigate how the mutations affecting the stability

and dynamics of KRAS protein.

Further to investigate the effects of these mutations on the binding of natural
compounds, we performed virtual screening for the wild type and the KRAS G12D mutant
and also aimed to find some natural compounds as potential switch II inhibitor for KRAS

G12D mutation as it is prevalence in human cancers and lacks standard drugs.

CHAPTER I1I



3.MATERIALS AND METHOD

Identification of Retrieval of KRAS Structure
KRAS protein and target protein modelling and
molecular refinement
analysis “ Mutant model
preparation
Stability and
Molecular normal mode
dynamics analysis of
simulations wild &

mutant

!

—

!

Molecular dynamics
simulation )
.
3.1 Identification of KRAS protein and molecular analysis

The human KRAS protein belongs to the RAS GTPase family of proteins. In human
cancers mutation in RAS protein is found in about 30% which is more than a quarter of total
human cancers. KRAS is present in almost 80% of RAS mutated cancers. This GTPase
protein is a small protein with 188 amino acids with a molecular weight of 21 kda. Three
mutation hotspot regions are there in the protein, codonl2, codonl3 and the codon 61.
Mutation is mostly found in the 12" codon with six different type of amino acids substitution

in place of glycine.

10



3.2 Retrieval of KRAS target protein

The full-length amino acid sequence of human KRAS protein was obtained from the
Uniprot database with Uniprot ID P0O116 in FASTA format, which can be accessed from
here(https://www.uniprot.org/uniprotkb/P01116/). The Human KRAS 4B isoform is

generally corresponds to as the KRAS protein. The full length of KRAS 4B is 188 amino

acids.

3.3 Protein structure modelling, refinement and Validation

To get the modelled structures for KRAS protein, the 188 amino acid length sequence
were submitted to Robetta (Kim et al.,2004)(https://robetta.bakerlab.org/), - TASSER and

Swiss model for predicting the protein structure Robetta uses ab initio method while the
ITASSER uses threading algorithm and Swiss model predicts structures based on homology
modelling.

The final stage used to enhance the quality of a predicted protein model is protein model
refining. TO refine the generated model SPDV tool is used. For minimization of protein
steepest descent and conjugate gradient method, each with 1000 steps were used. The
structure validation has been done using online tools. The SAVES server was used for
Ramachandran plot analysis for structure validation. The ProSA (Protein Structure

Analysis) tool, which can be accessed at (https://prosa.services.came.sbg.ac.at/prosa.php),

is widely utilized for the enhancement and verification of experimental protein structures,

as well as for protein prediction and modelling purposes.

3.4 Mutant model preparation

For the preparation of the mutant models, the SPDV (Swiss Pdb viewer) was used.

Which can be accessed from(https://spdbv.unil.ch/disclaim.html), version 4.1 was used.

There are six mutations reported for the 12" codon in the KRAS protein. Six mutant models
have been generated using the MUTANT panel of the Swiss Pdb viewer, followed by energy

minimization of all six mutant models.

3.5 Stability and normal mode analysis

The stability and NMA analysis of the mutant and the wild type structures have been
performed using the DynaMut (Rodrigues et al. 2018). DynaMut combines graphbased
signatures and normal mode dynamics to generate a consensus prediction regarding the
impact of a mutation in protein stability.

11



3.6 Molecular dynamics simulation

Molecular Dynamics is a computer-based simulation method for analyzing the
physical movements of atoms and molecules. The atoms and molecules are allowed to
interact for a fixed period of time giving a view of the dynamic evolution of the system. It
shows how atomic coordinates evolve under given conditions over a period of time. The
simulation was performed using the GROMACS 2022.4 molecular dynamics package to
analyze the molecular stability of KRAS wild-type and mutants. The OPLS-AA/L allatom
force field was utilized. The periodic boundary condition was implemented in all
dimensions, while the solvated systems were neutralized by adding proper NA and CL ions.
Energy minimization was carried out using the steepest descent algorithm, followed by the
conjugate gradient method. Following the same protocol for all the six mutants and the wild

type a 100nanosecond molecular dynamics simulation run was performed.

3.7 Protein preparation
An x-ray crystal structure of KRAS G12D mutation with GDP and switch two
inhibitor MRTX1133 with a sequence length of 169 amino acids was retrieved from the
RCSB PDB with PDB code 7RPZ with a resolution of 1.95 A and an observed R-value of
which is in a standard range. A few criteria must be met in order to choose a specific protein

from Uniprot

(www.uniprot.org/UniProt/P01116), including an acceptable resolution of the protein
structure, the presence of a co-crystal, and the identification of the protein's most crucial
organism of the protein must be Homo sapiens. A vital phase in the preparation of proteins
is energy minimization, where net interatomic forces are reduced to almost nothing.
Therefore, in the OPLS2005 force field in Maestro, the protein's best structural confirmation
comes from the protein's minimization in molecular modeling.

After bringing the protein into the protein preparation wizard, the strategy for minimizing
the protein's energy usage is initiated. The pH was 7.5 £ 0 and the high module was used to
fill in the gaps in the chains and loops. The protein was optimized in PROPKA pH 7.5, and
the OPLS2005 forcefield was used to minimize the protein and enforce the elimination of

water beyond 3A.
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3.8 Receptor grid generation and validation of docking protocol

In order to generate the grid, the energy minimized structure underwent additional
processing. The receptor grid generation panel, which illustrates the protein’s binding
pocket. The switch II binding ligand of the KRAS protein was chosen in order to carry out
the receptor's grid generation, thereby excluding the ligand from both the receptor-ligand
docking calculation and grid generation itself. Lastly, using the site's default settings, the
receptor grid generation was put into practice, The RMSD of the docked co-crystal ligand
and the energy-minimized co-crystal ligand was computed to validate the docking protocol
using the co-crystal ligand and protein complex following the generation of the receptor
grid.

3.9 Ligand preparation

1. In this study, natural product-based compounds are used as ligand molecules. The
natural product-based library retrieved from the ChemDiV database (accessed on
date August 25, 2023) was downloaded along with 95 anticancer phytochemicals
from the IMPPAT (access date August 25, 2023) database. A total of 17,752
structures are imported into Maestro for energy minimization and 3D structures
were generated using the LigPrep application. The elimination of ligand errors
and the production of optimized structures that can be utilized for Glide screening
and molecular dynamics simulation are the two main functions of LigPrep.
Further the energy minimization of the 17,752 structures were carried out using

OPLS2005 forcefield.

The 3D structure of KRAS G12D inhibitor MRTX1133 was imported and prepared in a
similar manner using the OPLS2005 force field.

3.10 Structure-based virtual screening by molecular docking

A very effective technique for determining ligand hits, Glide which stands for grid-
based ligand docking with energetics in the Schrodinger suite's maestro interface which also
aids in lead optimization for structure based virtual screening through molecular docking.
High throughput virtual screening (HTVS) was used to flexibly dock the compounds to the
receptor for the first screening at a rate of two seconds per compound. The top 1000
molecules from the 17,752 molecules were then chosen for standard precision (SP) docking,

which was done at a rate of ten seconds per compound. And the best 30 molecules were
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docked using Glide XP (extra precision). The top 5 molecules were then chosen for
additional examination.

The same Glide XP docking was also carried out for the KRAS G12D inhibitor MRTX1133.
3.1 MMGBSA

MMGBSA which stands for the mechanics generalized born surface area is used to calculate
the relative free binding energy of the ligand and determines the ligand binding affinity
toward the receptor .The Prime module of Schrodinger suite was used for the MMGBSA
calculation of the 5 best molecules utilizing the OPLS2005 force field and VSGB 2.0

solvation model. In order to determine the binding free energy, the equation is as follows;
AG(binding af finity)
= AG(solvation energy) + AE(minimized energy)

+ AG(surface area energies)

AG (solvation energy)is the difference between the total solvation energies of the unligated

KRAS G12D and the corresponding inhibitors and the solvation energy of the KRAS
G12D-ligand complex. The term "minimized energy," or AE, refers to the difference
between the energy of the ligand-KRAS G12D complex and the total energy of the ligand
and unligated KRAS GI12D. AG (surface area energies) is the difference between the
surface area energy of the KRAS G12D-inhibitor complex and the sum of energies for
unligated KRAS G12D and respective inhibitors. Since the affinity for binding is free, it
incorporates both enthalpy and entropy. The MMGBSA prime module was used to
determine the binding energies and affinities of the protein-ligand complex, optimized free
receptors, and free ligands. The ligand's strain energy was calculated and visualized using
Prime's energy visualizer by immersing it in a solution that the VGSB suite had

automatically generated.

3.12 Drug-likeness and ADMET predictions

The QikProp module in Maestro was used to analyze the ADMET properties. The
drug-likeness properties of the top five molecules were compared to the standard KRAS
G12D inhibitor MRTX1133, allowing drug-likeness to be evaluated using Lipinski's rule of
five. QikProp predicts polar surface area, oral absorption, and the octanol/water partition

coefficient in addition to analyzing drug-likeness and ADMET properties. For the top five
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compounds and MRTX1133, it also forecasts their apparent caco-2 cell permeability, IC50

values, and aqueous solubility.

3.12 Molecular dynamics (MD) simulation

To evaluate the stability of the most successfully identified leads through
comparison with the reference KRAS G12D inhibitor, MRTX1133. GROMACS 2023.2 is
used for performing out the complexes' molecular dynamics simulation. With respect to the
protein-ligand complexes, the MD simulation ran for 100 ns. Before the dynamics were
finished, the system was submerged in a TIP3P solvent model. The system was prepared
using the Charmm force field by placing it inside a cubic box and then adding NA and CL
ions to neutralize it. Other parameters of the system such as temperature and pressure were

maintained constantly at 300K and 1.01325 bar during the whole period of simulation.

CHAPTER - 4

4. Results and discussion

4.1 protein model validation
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Figure 4: Ramachandran plot analysis of modelled structures (a)l-TASSER (b) Robetta (¢) swiss

model
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4.2 mutant models generated using SPDV

Figure 5: all six mutant models G12C, G12D, G128, G12V, G12A, G12V
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Table 1: Comparative summary of Ramachandran plot and PRosA and

PRochecK Statistics
Models
I-TASSER Robetta Swiss model
Residue in the most

favoured region 80% 95% 92.1%

Residue in disallowed . . .
region 0.6% 0.00% 0.00%

ProsA Z score -5.6 -6.2 -5.1

Total residue 188 1888 168

From the Ramachandran plot statistics (Table3), it can be observed that the Robetta model is

best among the three models with 95% residues in the most favorable region.

4.3 Stability and NMA analysis using DynaMut

Table 2: DynaMut results for stability analysis of wild and mutants in Kcal/mol

Mutant type AAG Stability AAENcoM
GI12D 0.402 stabilizing 0.798
G12C 1.024 stabilizing 0.927
G112V 1.425 stabilizing 0.956
G12S 0.227 stabilizing -0.483
GI2R 0.250 stabilizing 0.809
G12A 0.220 stabilizing 0.825

Wild KRAS 0.802 stabilizing 0.925

The six mutant and the wild type models were submitted in DynaMut for stability and NMA
analysis. From the table in can be observed that the mutant G128 is the most unstable one
with AAENcoM score -0.483 kcal/mol, which represents the value of normal mode analysis
of a protein structure. The most stable one is the mutant G12V, which can be depicted from
its AAG score and AAENcoM score. Higher value represents higher stability. The G12V
and G12C mutants were also showing higher score than the wild type making them more
stable than the wild type. Overall, all the structures were in range of stability except the

G12S mutant as it is having a negative AAENcoM value.

4.4 Molecular dynamics simulation
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Figure 6: RMSD from MD simulation of wild and mutant proteins

The RMSD plot shows that in the wild type a sudden increase in RMSD value after
20ns from 2.1nm to 4.6nm with a continuous fluctuation for the next five nanoseconds.
The highest RMSD value for the wild type is recorded at 50ns which is
5.1nm. It is observed that after 72ns the graph is gradually converged within a range of
0.25nm to 0.3nm. Of the six mutants, four (G12D, G12C, G12S, G12A) mutants show less
RMSD value compared to the wild type indicating more stability. The G12A and G12C
show RMSD values 0.2nm to 0.25nm whereas it is observed that the G12D and
G12S show RMSD value in a similar range that is from

0.25nnm to 0.3nm.
On the other hand, two mutants, G12V and G12R initially demonstrated promising

RMSD values. However, it was observed that the G12V mutant experienced a sudden
increase in RMSD value after 40ns, while the G12R mutant displayed a similar trend after
80ns. These mutants exhibit higher RMSD values in contrast to the wild type. The graph
shows that the G12V mutant reaches an RMSD value of 0.6nm at 50ns, which is almost
twice that of the wild type and other mutants, while the G12R mutant reaches its highest
RMSD value of 6.2nm at 50ns, which is the highest RMSD value among all indicating its

significant instability.

II. Root Mean Square Fluctuation (RMSF)
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Based on the RMSF plot, it seems that there is major fluctuation in the terminal
residues after the 170th position across all the models. However, the four mutant models
(G12D, G12C, G12A, G12S) seem to show lesser fluctuation when compared to the wild
type. Additionally, up to the 170th position of all these four mutants, the RMSF value
ranges from 0 to 0.125nm. On the other hand, the G12V mutant exhibits significant
fluctuation throughout its entire structure, while the G12R mutant shows the highest
fluctuation of 1.375nm at the last amino acid residue. It's worth noting that no significant
fluctuation is observed at the 12th position for all of them, with G12A showing the highest

value of 0.168nm

III. Radius of gyration (Rg)
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Based on the Rg plot, it appears that the structure being analyzed is fairly rigid. The
majority of Rg values fall within a range of 1.65 to 1.7 nm, indicating consistency in the
structure's shape. Interestingly, the wild type and G12C mutant show similar graphs,
suggesting little variation between the two. However, the G12D mutant displayed the lowest
Rg value of 1.62nm between 45ns to 50ns, indicating a potential stability in the structure
during that time period. The G12V mutant showed the highest Rg value of 1.9nm and
experienced significant fluctuations in its Rg values, indicating a lack of stability in the
structure compared to the other mutants. After 70ns, it can be observed that both G12V and
G12R mutants showed higher Rg values than the wild type. This suggests that these mutants

may have a less stable structure compared to the wild type at this later time point.

4.4 Protein preparation, receptor grid generation and validation of docking protocol

Utilizing the protein preparation wizard of the maestro interface, the KRAS G12D
protein was prepared at pH 7.5+ 0 by applying the applications of Epik, ProtAssign, and
Impref. For researchers, the protein preparation wizard streamlines multiple tools and the
intricate process of energy minimization into an easy-to-use workflow. Further, the
workflow for receptor grid generation described in the methodology was applied to the
binding pocket of the co-crystal ligand for analysis in Glide based ligand docking. Prior
to the structure-based virtual screening, the docking protocol underwent additional

validation. This involved using the Glide module to dock the co-crystal ligands and check
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if the experimental binding mode of the structure and the lowest energy state of the ligand
predicted by glide were similar. The super imposition between the docked pose of the
molecule is presented in fig 1. The RMSD between the two poses is less than 2A.

Hence the docking protocol was validated.

Figure 9: Validation of docking protocol
4.4 Structure based virtual screening by molecular docking

The screening of a large library of chemical compounds is time taking as well as less
effective considering the false positive and negative rates. So, virtual screening using
molecular docking is a preferred computational technique. The main advantage of this
methodology is that it is rapid and time saving while requiring minimum investment.
Furthermore, ligand preparation of the 18,752 molecules were carried out using Ligprep in

the same pH of 7.5, same like the protein preparation.

The 18,752 molecules underwent structure-based virtual screening with Glide
HTVS. Docking score was used to select the top 1000 molecules and further for SP docking
and the top 30 molecules for XP docking, which allowed for the accurate study of ligand-
receptor binding interactions in the same grid created with PDB ID 7RPZ. A quick
understanding of energy minimization and ligand-protein affinity may be acknowledged by
the ligand docking study.. We have selected XP docking in order to obtain more accurate

results, as HTVS and SP may generate false positive results.
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Compound IDs 5317471, 2851716, 10207, 46074039, and 5315830 are the top five
molecules with docking scores greater than -8.5 kcal/mol; these molecules are designated as
leads and are listed in Table1, representing their compound ID, molecular formulas, docking

scores, and binding free energies. MMGBSA AG score with the protein.

Top five molecules exhibit scores for docking within the range of -8.593 kcal/mol to -
9.553 kcal/mol, although the KRAS switch II inhibitor shows a docking score of -
10.307.

Table 3: docking scores and binding free energy of the top five natural compounds.

Compound Molecular formula Docking score MMGBSA 4G
(PubChem CID) (Kcal/mol) (Kcal/mol)
53174712 C20H27N302 -9.553 -85.26

10207 C15H100s -9.094 -78.94
2851716 C16H20CIN303 -8.961 -76.83
46074039 C25H30N404 -8.649 -81.08
53158305 C15H15FN4O2S -8.593 -87.54
MRTX1133 C33H31F3N6O2 -10.307 -134.37
MMGBSA

From the table the MMGBSA values of the reference and the top five lead
compounds can be observed. The molecular mechanics burn generalised surface area
represents the binding free energy of protein ligand complexes. The binding free energy is
represented in Kcal/mol. The reference molecule MRTX1133 showed the highest binding
free energy as among all the ligand molecules. The MMGBSA for the lead compounds
with PubChem ID 53174712, 10207, 2851716, 46074039, 53158305 are, 85.26, -78.94, -
76.83, -81.08, -87.54 respectively. More negative the MMGBSA value greater the binding
free energy. The MMGBSA scores of the lead compounds are also in standard range

representing their ability for considering as potential lead compounds

2D interactions of the top five leads
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Compound
name

2D interactions

Lead 1

H bond: (03)

Glu62(2)

Tyr96

Hydrophobic:

Val9, Alall, Tyr96, Tyr64,
Phe78, 11e100, Val103

Charged(-ve):Aspl2,
Glu62,

Glu63, Asp69
Charged(+ve):Arg68,Lys88,
Argl02 Pi-cation:

Arg68 Salt-

bridge:

Glu62

Polar: GIn61,

Lead 2

PHE
L

MET llﬁ &
72 N \
(i L\

H bond:(04)
Aspl12, Gly60, Lys16,
Arg68,

Hydrophobic: Val9,
Alall, Ala59, Tyr64,

Tyr96, Met72, Phe78,
Ile100, Val103

Charged(-ve): Asp12, Glu62,
Glu63,

Charged(+ve):Lys16,

Arg68, Argl02

Polar: Thr58, GIn61, Hie95,
GIn99




Lead 4

H bond: (03)
Aspl2, Arg68
Hie95

Hydrophobic:  Val9, Alall,
Ala59,

Tyr64 Met72, Phe78, Tyr96,

1le100, Val103

Charged(-ve): Asp12, Glu62,

Glu64, Asp69

Charged(+ve): Lys16, LysS88,

Arg68, Argl02

Salt bridge: Glu62
Pication: Hie95

Pi-pi stacking: Tyr96

Polar: Thr58, Gln61, Hie95,

GIn99

aly
10

VAL

9

MET
72

Lead 3

H bond: (02)

Glu63, Asp69  Pi-
cation: Arg68,
Hydrophobic: Val9,
Ala59, Tyr64, Met72,
1le100, Val03,
Charged(-ve): Asp69, Glu62,
Glu63,

Charged (+ve):

Arg68, Argl102

Polar: Thr58, GIn99

24



Lead 5 H bond: Asp12, Gly60.
Hie95, Tyr96

/ /CX Hydrophobic: Val7, Val9,
(1589
) ‘

N - Alall, Ala59, Tyr64, Met72,
N, - ’ H w Phe78, Tyr96, lle100, Val103
™ ——'5‘3“ ~ %U-.- = Fl j‘;"
3 p-. Y Charged(+ve): Arg68, Argl102
w/ By

Charged{ve): Asp12, Glu62,
Glu63,

figure 10: Showing protein ligand interactions in 2D for all the five lead molecules
The top five molecules of the natural product based library with PubChem ID 53174712,

2851716,10207, 460740839, 53158305 demonstrated substantial interactions when
compared to every other molecule in the compound library, in the switch II binding pocket
of KRAS G12D (PDB ID:7RPZ) based on the analysis of the top five compounds grid
based extra precision docking, it can be concluded that Asp12 amino acid residue was most
actively found in hydrogen bonding interactions, followed by Glu60, Arg68, Tyr95, and
Hie 96.

Hydrophobic interactions are mostly shown by the Val9, Alall, Ala59, Tyr64,
Met72, Phe78, Tyr96 and the Vall03 amino acid residues. The lead1(ID :53174712)
compound also formed a salt bridge interaction with the Glu62 amino acid residue apart
from the three hydrogen bond interactions. Only one ligand the lead4 (53158305)
compound is showing a pi-pi stacking and pi-cation interaction with Tyr96. The +ve charge
and -ve charge interactions of the lead compounds with Lys16, Arg68 and Asp12, Glu62

also showed various interactions.

The KRAS switch II inhibitor MRTX1133 also showed significance interaction in the
binding. It can be observed that the top five lead compounds were showing a similar level
of interaction in the Switch II pocket of KRAS G12D. Thus, it can be said that the top five

lead molecules have the potential to effectively inhibit the protein.
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Figure 11: showing 3D interaction of the five lead molecules and the standard
MRTX1133 in the switch II pocket region of KRAS G12D. A, B, C, D, E and F are
the five lead molecules and the standard inhibitor respectively.

4.3 Drug likeness prediction and ADMET analysis

Based on analysis from docking scores, ligand receptor interactions, and MMGBSA

calculations binding affinity for drug like proporties and ADMET analysis, the top five
molecules were chosen. The ADMET analysis was carried out with ADMET Lab 2.0 and

the Maestro Qikpro application. The standard molecule and the top five lead compounds

were shown in Table 4 along with other properties such as drug likeness. The

physicochemical and lipophilicity properties were listed in Table 3.

Table 4 Physicochemical properties, Lipophilicity and Water solubility

Compound Leadl Lead2 Lead3 Lead4 Lead5 Standard
Mol weight (g/mol) 341.45 337.8 270.24 | 450.53 33437 | 600.63
H bond acceptor 3 5 5 5 4 10

H bond donor 2 1 3 2 1 2
Heavy atoms 25 23 20 33 23 44
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Molar refractivity 105.46 98.01 69.92 13495 | 91.34 171.82
TPSA 65.2 64.09 94.83 90.98 107.77 | 86.64
Consensus Log Po/w 2.79 1.03 1.50 1.79 1.63 4.76
Log S (ESOL) -3.05 -2.26 -3.04 -3.17 -3.04 -8.96
Aqueous solubility Soluble | soluble | soluble | soluble | soluble | Poorly
soluble

From Table 3 and Table 4 it was observed that the MRTX1133 is having a higher
molecular weight which may make it unfit for used as a oral drug thus violating the
Lipinski’s rule of five for standard drugs. It has also three violations in Ghose rule. All the
compounds along with the standard inhibitor were not permeable in the blood brain barrier
but the lead1 compound is having blood brain permeability. The TPSA for all the molecules

observed to be in optimal range for all the molecules

Table 5: Pharmacokinetics, Drug likeness and toxicity predictions

Properties Leadl Lead2 Lead3 Lead4 Lead5 Standard
GI absorption \High \High \High \High \High \High

BBB Permeant Yes \No INo \No \No \No

P-gp Substrate Yes Yes \No Yes \No \No

Log Kp -6.89 -7.91 -6.06 -8.08 -7.17 -0.31
Lipinski’s violation |[No \No \No \No No 2 violations
LCs)FM 3.084 2.300 4.517 2.525 2.667 4.588
LCsDM 5.082 3.330 6.716 3.691 4.825 6.875

The dissolution of the active ingredient in the drug is the next step in the absorption
process, which starts with the tablet or capsule disintegrating. Compounds with proper

water solubility are good for complete oral absorption where low solubility is detrimental
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for drug absorption. Solubility of all the compounds are listed in Table 3, it can be observed
that the lead compounds are having better solubility as compared to the standard molecule.
The Log Po/w hold a prominent position with significant influence over
hydrophobic binding to macromolecules, such as target receptors, and membrane
permeability., or metabolizing enzymes. Log Po/w in the range 0 to 3 for lead like
molecules are considered as proper. The Log Po/w value of the five lead compounds ranges
from 1 to 2.8, which is in the optimal range whereas the standard molecule is having a
higher Log Po/w value of 4.76 indicating its lower membrane permeability which is one of
the essential properties of drug molecules. Considering the Drug likeness and ADME
parameters the lead compounds could be potent switch II inhibitors for KRAS G12D.

Molecular dynamics simulation:

To predict the stability of the compounds and protein ligand complexes molecular
dynamics simulation is the preferred computational method. It also mimics the stability of

the complexes inside human body.
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Figure 12: RMSD plot of top two lead and standard molecule

The RMSD plot generated from the protein ligand simulation of the stand
compound and the top two lead compounds were represented in figure. From the RMSD
plot for the three ligands it can be observed that the lead1compound is showing RMSD
value in a range of 0.2nm to 0.6nm for the first 30 seconds followed by fluctuations for the
next couple of nano seconds. After 35ns the graph was gradually showed a constant RMSD
value in a range of 0.4nm to 0.55nm till 70nano seconds then again it showed fluctuations

between the time period of 70ns to 80ns and converged in a range of 0.35 to 5ns.

The RMSD value of standard compound MRTX1133 is showing variation in a
range of 0.25nm to 0.35 nm. It can be observed that the highest fluctuation observed was
at 50ns with a RMSD value of 0.45nm. Maximum stability for the system was observed
after 50ns till 80ns with RMSD value in a range of 0.07nm to 0.29nm. After 80ns the graph
showed a slight increase in RMSD till 90ns and gradually showing a decline in RMSD
value.

From the plot it can be clearly noticed that the RMSD for the leadl compound was
not depicting much more variations throughout the 100 ns time period. The RMSD value
is in a constant range for the first 55 nano seconds with a slight fluctuation in RMSD at the
beginning. Highest RMSD for the compound was observed between 52ns to 58ns with a
sudden increase of RMSD to 0.37nm and after 60ns again it showed RMSD in a constant
range, which indicates its stability in the system.

For protein ligand complexes the ideal range for RMSD fluctuations is between
0.2nm to 0.3nm mostly it may also vary in different complexes. The leadl compound
showed RMSD variation in a greater range which depicts that the ligand binding pose has
changed in a greater range throughout the course of simulation. Therefore, this ligand could
be subjected to further studies with lead optimization to acquire potent KRAS G12D
inhibitor. For the standard molecule also, it was observed that it showed less fluctuations
in RMSD as compared to the leadl compound but still for half of the time it showed RMSD
value out of the ideal range, if we notice the RMSD plot for the lead3 compound it showed
a constant RMSD and lower than the standard compound indicating the ligand binding pose
has not changed much during the simulation and making it more efficient than the standard
compound in terms of change in binding pose and stability. The simulation also revealed
that the lead2 compound ( ID 10207) could be potential lead compounds towards KRAS
G12D inhibitors.
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CHAPTER V

Conclusion:

KRAS protein humans plays a crucial role in cell signalling pathways, which
regulates cell growth, differentiation and survival. It is encoded by the KRAS gene and
belongs to the RAS family of proteins. KRAS is encoded by the KRAS gene, Mutation in
KRAS gene is associated with several types of cancers including lungs cancer, pancreatic
cancer, and colorectal cancer which make this protein an important target for cancer
therapy. The major issue of concern towards KRAS mediated cancers is that there are no
standard drugs available to treat this mutation except the KRAS G12C mutation. In 2021
FDA approved two drugs Sotorasib and Adagrasib for the treatment of KRAS cancer in
with G12C mutations. Following decades of research and development of KRAS drugs,
the FDA approved the first mutant selective KRAS G12C inhibitors, but there are no

standard drugs for other KRAS mutated cancers.

In this study we aimed to discover the mutational landscape of KRAS oncogenic
protein and to find how the different mutations of KRAS impacting changes towards its
conformation and stability by a computational approach using molecular dynamics
simulations to get a better understanding about this protein. There are six (G12C, G12D,
G12V, G128, G12R, G12A) different types mutations are reported for 12 codon of human
KRAS protein. To inspect the difference among the mutants and the wild KRAS protein
molecular dynamics simulation was carried out. During the 100ns simulation it is observed
that some mutants are more stable than the wild type throughout the period of simulation.
The G12D, G12C and G12V mutants has shown more stability as compared to the wild
type. Particularly the G12D mutant was more stable compared to all other structures which

indicates its more chances of occurring in human cancers as compared to the others.

So, we have focused to find some potential inhibitors for KRAS G12D mutant from
natural compounds as there are no approved drugs are available for this KRAS G12D
mutated cancers, MRTX1133 is a known inhibitor for KRAS G12D but still it is in

investigational studies and also reported that it shows less GI tract absorption in animal

31



models. Virtual screening was carried out with a library of 17,752 natural compounds and
five compounds were taken as lead. The lead compounds were better in terms of ADME
properties as compared to MRTX1133. Further from MD simulation we got one lead
compound with compound ID 10207 to be more stable than MRTX1133 towards the
binding pocket of KRAS G12D. From the study it can be concluded that further
modification and lead optimization of these natural compounds may result in more binding
affinity towards KRAS G12D mutations and can be used as potential lead compounds for

further studies.
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