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Abstract:Lung cancer, particularly non-small cell lung cancer (NSCLC), remains a leading cause of cancer
mortality worldwide. Among the molecular drivers of NSCLC, mutations in the KRAS gene, specifically
the G12C mutation, have emerged as a critical target for therapeutic intervention. However, developing
inhibitors for this "undruggable™ mutation has been historically challenging. In this study, an integrated
computational approach combining Next-Generation Sequencing (NGS), molecular docking, and network
pharmacology was used to identify novel inhibitors targeting the KRAS G12C protein (PDB ID: 6USZ).
NGS data was utilized to characterize mutations in the KRAS protein associated with NSCLC, highlighting
the G12C mutation as a potential therapeutic target. Using CB-Dock for molecular docking simulations,
several small molecules were screened for their ability to bind to the active site of 6USZ. The docking
results revealed that compounds Remdesivirand Adagrasib exhibited the highest binding affinities and
favorable interactions with key residues in the G12C mutant protein. Structural analyses were performed
using PyMOL and MolProbity to visualize and validate the protein-ligand interactions.

Keywords: KRAS G12C Mutation; Lung Cancer; Molecular Docking; PDB 6USZ; Computational Drug
Discovery

Introduction

Lung cancer accounts for around 18% of all cancer-related deaths globally, making it one of the most
common and deadly malignancies. It is classified into two main types: non-small cell lung cancer (NSCLC)
and small cell lung cancer (SCLC), of which roughly 85% of cases are NSCLC. Adenocarcinoma,
Squamous Cell Carcinoma, and Large Cell Carcinoma are further subtypes of Non-Small Cell Lung Cancer.
Adenocarcinoma is the most common histological subtype among them. Lung cancer patients frequently
have a poor prognosis despite improvements in early diagnosis and treatment, primarily because of late-
stage discovery and the emergence of resistance to conventional medicines like radiation and chemotherapy.
Some individuals have had better results from current targeted therapy, such as ALK kinase inhibitors and
epidermal growth factor receptor (EGFR) inhibitors. ALK kinase inhibitors, have provided improved
outcomes for some patients. However, acquired resistance to these therapies, as well as the high rate of
somatic mutations in lung cancer genomes, complicates treatment strategies [1, 2].
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One of the main cause of lung cancer, especially in KRAS-mutant NSCLC, is the KRAS gene, which
belongs to the RAS family of GTPases. KRAS mutations, particularly the KRAS G12C mutation, are
prevalent in about 30% of NSCLC cases. The mutated KRAS gene leads to uncontrolled cell proliferation,
survival, and differentiation by continuously activating the MAPK and PI3K/AKT signaling pathways. As a
result, KRAS-driven lung cancers exhibit aggressive progression and resistance to standard treatments.
Historically, KRAS mutations have been considered "undruggable™ due to the difficulty in targeting the
protein's active site with small molecules, which has a high affinity for GTP and lacks a well-defined
binding pocket.However, recent breakthroughs in covalent inhibitors have reignited interest in targeting this
mutation, offering hope for new therapeutic approaches. One such breakthrough is the development of
KRAS G12C inhibitors, which specifically target the mutant KRAS protein in its inactive GDP-bound state,
effectively halting the downstream signaling that drives tumor growth. The emergence of KRAS G12C as a
key target has led to the development of inhibitors such as MRT X849, which bind covalently to the cysteine
at position 12 (Cys12). This approach has paved the way for the rational design of small molecules that lock
KRAS G12C in its inactive state, thus inhibiting its oncogenic activity[3, 4].

The protein 6USZ represents the crystal structure of KRAS in complex with MRTX849, a covalent inhibitor
specifically designed to target the G12C mutation. This structure has become a crucial model for
understanding how inhibitors bind to the KRAS G12C mutant protein and offers valuable insights for
developing novel inhibitors. Structural analyses of 6USZ using advanced bioinformatics and molecular
modeling tools such as PyMOL and PDBePISA have revealed critical insights into the active site, binding
pockets, and druggable regions of the protein. This structural knowledge is indispensable for rational drug
design aimed at creating more effective inhibitors for KRAS-mutant lung cancer[4, 5].

The rapid evolution of computational methods has significantly impacted the field of drug discovery,
enabling the identification of new therapeutic compounds with unprecedented speed and accuracy.
Molecular docking, and virtual screening are essential tools used to predict how small molecules (inhibitors)
interact with their target proteins. Molecular Docking simulates the binding of a small molecule (e.g., a drug
or ligand) to the active site of a target protein, predicting the orientation, binding affinity, and interactions
between the molecule and protein residues.

In this study, CB-Dock, a well-established molecular docking tool, was used to screen potential inhibitors
for 6USZ, assessing their binding affinities and identifying key interactions that contribute to the inhibitory
activity.While molecular docking and NGS provide valuable insights into protein-ligand interactions and
mutational landscapes, network pharmacology offers a broader systems-level understanding of drug-target
interactions. Network pharmacology integrates data from various biological networks, such as protein-
protein interactions, gene-drug interactions, and metabolic pathways, to assess the systemic effects of
potential inhibitors. This holistic approach not only identifies promising drug candidates but also predicts
off-target effects and interactions within the broader biological network. This research offers a multi-
disciplinary approach to drug discovery for lung cancer, combining state-of-the-art computational tools with
experimental data to identify novel therapeutic strategies. The identification of potent inhibitors targeting
the 6USZ protein could lead to the development of more effective treatments for patients with KRAS-driven
NSCLC, addressing a critical unmet need in cancer therapy. By integrating structural biology,
computational chemistry, and systems pharmacology, this study aims to provide a comprehensive
framework for understanding the molecular basis of KRAS-driven lung cancer and developing targeted
therapies that overcome the challenges associated with traditional treatment approaches [6, 7, 8].

Material and Methods

The KRAS G12C mutant protein (PDB ID: 6USZ) was selected from the Protein Data Bank (PDB) due to
its critical role in the progression of non-small cell lung cancer (NSCLC). The 6USZ protein is a structure of
KRAS in complex with a covalent inhibitor (MRTX849), which binds selectively to the G12C mutant form
of KRAS, making it a prime target for the development of small-molecule inhibitors [8, 9].

To ensure the structural integrity and to visualize the 3D structure of the protein, PyMOL was used. PyMOL
provides high-quality 3D visualization of the protein, enabling us to examine key features such as the
binding pocket, active sites, and overall folding of the protein. Structural validation of 6USZ was performed
using MolProbity to check for steric clashes, rotamer outliers, and the geometry of the protein [10, 11, 12].
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Multiple sequence alignment of 6USZ was performed using Clustal Omega, a widely used tool for
comparing sequences across homologous proteins. This alignment helped identify conserved regions that
are functionally important for KRAS and its role in cellular signaling pathways. By comparing 6USZ with
its homologous proteins from different species, we gained insights into evolutionary conserved functional
domains. Clustal Omega is a widely used tool for performing multiple sequence alignments (MSA) of DNA,
RNA, or protein sequences. It is the latest iteration of the Clustal series, known for its efficiency and
accuracy in aligning multiple biological sequences. Multiple sequence alignment is crucial in bioinformatics
as it allows researchers to compare homologous sequences, identify conserved regions, and infer
evolutionary relationships between species or within gene families [13, 14].To complement the sequence
alignment, a BLAST (Basic Local Alignment Search Tool) analysis was conducted to compare the 6USZ
sequence against other KRas protein sequences available in the PDB database. BLAST was used to ensure
the similarity between the selected sequence and other KRas variants, providing insights into evolutionary
relationships and structural conservation. The BLAST results indicated a high level of sequence identity
with other KRas homologous proteins (e.g., PDB IDs: 4ALRW_A, 60IM_A, and6T5B_A), confirming that
the 6USZ protein is highly representative of KRas sequences involved in NSCLC. This validation ensures
that the structural features of 6USZ are conserved across homologous proteins, making it an ideal candidate
for drug docking and inhibitor screening [15].

Additionally, PSIPRED, a secondary structure prediction tool, was employed to predict the a-helices, -
sheets, and coil regions of the 6USZ protein. This prediction confirmed the structural elements of the
protein, which were then mapped onto the 3D model to understand its functional regions and assess its
potential druggable sites. PSIPRED is a widely used bioinformatics tool designed to predict the secondary
structure of proteins based on their amino acid sequence. It provides accurate predictions of whether regions
of a protein are likely to form a-helices, B-sheets, or coil regions[16, 17].Next-Generation Sequencing (NGS)
data from lung cancer patients was analyzed to identify mutations in the KRAS gene, particularly those
affecting the G12C mutation. NGS data from public databases such as COSMIC (Catalogue of Somatic
Mutations in Cancer) was utilized to cross-reference the identified mutations and assess their frequency
and clinical relevance in NSCLC. COSMIC provided detailed mutation profiles for KRAS, enabling the
identification of common mutational hotspots [18, 19].

Molecular docking simulations were performed using CB-Dock, an automated docking tool that identifies
the optimal binding sites of small molecules on target proteins. The docking study was conducted to
evaluate the binding affinities of various potential inhibitors against the 6USZ protein. CB-Dock was
selected for its ability to predict the top-ranking binding pockets and generate docking scores based on the
interaction energy between the ligand and protein [20].

Result and Discussion

1. Structural Analysis of protein

Table 1: MolProbity Result

Category Metric Value Goal
Protein Geometry Poor rotamers 3 (2.00%) <0.3%
Favoredrotamers 136 (90.67%) >98%
Ramachandran 1 (0.60%) <0.05%
outliers
Ramachandranfavored | 161 (96.41%) >98%
Rama distribution Z- | -0.51+0.61 abs(Z score) < 2
score
CB deviations>0.25A | 6 (3.77%) 0
Bad bonds 4 /1451 (0.28%) 0
Bad angles 10/ 1966 (0.51%) <0.1%
Peptide Omegas CisProlines 0/4 0
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Additional Chiral volume outliers | 0/215 Expected: <1 per
Validations chain or <5%

Protein Geometry: The 6USZ structure shows a slightly higher number of poor rotamers (2.00%)
compared to the goal (<0.3%). Ramachandran plot analysis indicates a favorable geometry with 96.41% of
residues in favored regions, but with one outlier (0.60% vs. a goal of <0.05%). The CB deviations (3.77%)
and bad bonds (0.28%) show minor deviations from the ideal structure, but overall, the protein maintains a
good structural integrity.

Peptide Omegas: No cisprolines were detected, ensuring proper peptide bond geometry.

Additional Validations: No chiral volume outliers were found, indicating proper stereochemistry for all
chiral centers in the structure.

Structure 1 x Structure 2. interface  AG ~ AG  Nys Nsg Nps CSS

~ Range Ny N Surface A2 Range  Symmetryop-n SymJID N 'N.. Surface A2 area, A’ kcallmol P-value
[QH4]A:203 40 1 832 cf A XYz 1555 83 27 8296 554.4 -1.9  0.448 3 8 e e.ell
A 52 15 8296 x A x+1y-1/2-z-1/2 3_644 54 14 8296 437.5 -6.7  0.621 6 2 © 0.000
[GDPJA:201 27 1 565 f A XYz 1555 50 18 8296 353.3 -7.7 ©.486 13 @ @  0.046
A 17 5 8296 x A x-1yz 1455 20 18 8296 150.6 0.8 0.735 3 @ o 0.000
A 15 4 8296 x A x-112-y-112-z  4.445 19 5 8296 128.2 -1.8  ©.301 1 o © 0.000
A 12 4 829 x A x-112,-y+1/2,-z 4_455 12 4 8296 104.0 0.2 0.646 2 (] (] 0.000
A 13 4 8296 0 [QH4JA:203 -x+1,y-1/2-z-12  3_644 5 il 832 73.4 -6.1  ©0.505 © © o 0.000
[MGJA:202 1 il 98 f A Xyz 1555 14 8 8296 45.5 -6.6  ©0.000 e © o 0.023
A 10 2 8296 ¢ [GDPJA:201 x-1yz 1455 6 al 565 43.2 0.3  0.652 ® © o ©.000
[MGJA:202 1 1 98 f [GDPJA:201 XYz 1555 4 1 565 29.2 -4.4  0.000 e © o 0.015
[QH4]A:203 2 1 832 f [GDPJA:201 XYz 1555 3 1 565 24.5 -1.0 0.494 e © o e.004
A 1 1 829 x A -x,y-1/2,-z-1/2 3_544 1 il 8296 7.6 0.2 0.796 9 0 ) 0,000
[QH4]A:203 1 1 832 f [MGJA:202 XYz 1555 1 1 98 4.2 -6.3  0.000 - .0 .0 . 0.001

Figure 1: PDBePISA result

The PISA analysis reveals that several interfaces within the crystal structure exhibit a variety of interaction
strengths, from moderate to weak. The strongest interaction is seen at the symmetry-related interface
involving chain A:203, with a AG of -7.7 kcal/mol. These interactions suggest a stable complex, particularly
at specific interfaces, which may contribute to the overall biological function of the protein complex under
study.

This analysis contributes to understanding the binding characteristics and interface stability within the
structure of 6USZ, which may have implications for the development of inhibitors or therapeutic molecules
targeting this protein complex.

2. Sequence Analysis
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Figure 2: DISOPRED3 Plot Analysis obtained through PSIPRED
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o Most residues fall well below the 0.5 cutoff, indicating that the majority of the protein structure is
predicted to be ordered.

e Around residues 35 to 40, there is a moderate peak in disorder probability (close to 0.3-0.4),
indicating that this region may exhibit some flexibility or partial disorder.

« Residues after position 60 show a slight increase in disorder probability, though they remain below
the 0.5 threshold.

In summary, no significant disorder is predicted in the 6USZ protein structure based on this DISOPRED3
plot, suggesting the protein is largely ordered, with minor flexibility in some regions.

Description Scientific Name NaxljiiotaljiQuery = b e :
i Score Score Cover value Ident Len Accession
° v - v v
Chain A, GTPase KRas [Homo sapiens] Homo sapiens 351 351 100% 7e-122 100.00% 170 4LRW_A
Chain A,_GTPase KRas [Homo sapiens] apiens 351 351 100% 1e-121 100.00% 183 60IM_A
Chain A,_GTPase KRas [Homo sapiens] Homo sapiens 350 350 100% 2e-121 99.41% 170 6T5B_A

Figure 3: Sequence Similarity analysis of GTPase KRas homosapiens proteomic sample

The BLAST results demonstrate a strong alignment between the query sequence and the KRas protein
variants. Both ALRW_A and 60IM_A are exact matches, while 6T5B_A shows minimal variation with a
slightly lower percentage identity (99.41%).All three entries have very low E-values of 7e-122 for
4LRW_A and 60IM_A, and 2e-121 for 6T5B_A. These values indicate highly significant matches between
the query sequence and the subject sequences, with essentially no chance of the matches being random.All
sequences have 100% query coverage, meaning the entire length of the query sequence aligns with the
subject sequences without any gaps or missing sections.

pdb | 6USZ | A - = -GMTEYKLVVVGACGVGKSALTIQLIQNHFVDEYDPTIEDSYRKQVVI a7
pdb | ALRW| A GMTEYKL \VGKSALTIQLIQNHFVDEYDPTIEDSYRKQVVI a7
pdb|60IM|A MKHHHHHHHDEVDGMTEYKL SKSALTIQLIQNHFVDEYDPTIEDSYRKQVVI 60
pdb | 6T5B|A GMTEYKLVVVGACGVGKSALTIQLTIQNHFVDEYDPTIEDSYRKQVVI a7
........ ek sk ok sk ko ko ek ko
pdb | 6USZ | A DGETSLLDILDTAGQEEYSAMRDQYMRTGEGFLLVFAINNTKSFEDIHHYREQIKRVKDS 107
pdb | ALRW| A DGETSLLDILDTAGQEEYSAMRDQYMRTGEGF LLVFAINNTKSFEDIHHYREQIKRVKDS 107 001
pdb|60IM|A DGETSLLDILDTAGQEEYSAMRDQYMRTGEGFLL SFEDIHHYREQTKRVKDS 1260 1 L
pdb|6T5B|A DGETSLLDILDTAGQEEYSAMRDQYMRTGEGFLLVF/ SFEDIHHYREQTKRVKDS 107
AAAAAAAAAAA e R Ak A Ak Rk
pdb|6USZ|A 0.00000
pdb | 6USZ | A EDVPMVLV( AKTRQGVDDAFYTLVRETRKH 167 6
pdb | ALRW| A EDVPMV SDLPSRTVDTKQ 'SYGIPFTETSAKTRQGVDDAFYTLVRETRKH 167
pdb | 60IM|A EDVPMVLVGNKS 0 5YGIPFIETSAKTRQGVDDAFYTLVREIRKH 180 pdb|4LRW/|A 0.00000
pdb|6T5B| A EDVPMVLVGNKS JAQDLARSYGIPFIETSAKTRQGVDDAFYTLIREIRKH 167
AAAAAAAAAAAAAAAAAAAAAAAAAAAAA SR e ek ek 2
opdb|60IM\A 0.00000
pdb|6USZ|A KEK 170
pdb | ALRW| A KEK 170
pdb|60IM|A KEK 18
pdb|6T5B|A KEK 170 pdb|6T5B|A 0.00588
Kk

Figure 4: Multiple Sequence Alignment Result obtained through Clustal Omega

The provided sequences represent variants of the GTPaseKRas protein from different PDB entries (6USZ,
4LRW, 60IM, and 6T5B). The alignment reveals the evolutionary relationship between these sequences.
The phylogenetic tree (phylogram) clearly shows that pdb|6T5B|A diverges slightly from the other three
sequences, which have identical alignments. This divergence is represented by a longer branch length of
0.00588 in the phylogram, indicating a slight evolutionary distance between pdb|6T5B|A and the rest.

The slight evolutionary divergence observed in the phylogram and the highly conserved sequence among
the different PDB entries indicates that these KRas protein structures are functionally similar, with some
minor variations that might not greatly affect the protein's overall function. These findings suggest that the
proteins retain their functional roles in GTP binding and hydrolysis, but minor structural variations may
have implications for protein-protein interactions, particularly in the context of targeted drug design or
protein engineering.
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Figure 5:Protein-Protein Interaction between two proteomic lung cancer sample showing Rmsd 0.4
Angstrom indicate very close structural similarity are nearly identical with only minor deviations
(6USZ,601M)

This low RMSD value suggests that the overall backbone structure and folding of the two KRas protein
samples are highly conserved. Minor structural differences might be present in side chains or loop regions,
but the core secondary structure (helices and beta sheets) is almost identical. The superimposed protein
structures in cyan and green demonstrate close alignment between the two models, which is particularly
relevant for understanding the consistency of KRas’s role in cancer across different samples or experimental
conditions.

The structural comparison between 6USZand 601Mreveals that both KRas variants share a highly similar
3D conformation, with an RMSD of 0.4 A, indicating strong conservation of the functional regions. This
level of similarity suggests that the KRas proteins from different sources (or under different experimental
conditions) are structurally robust, which is crucial for developing broad-acting inhibitors targeting KRas-
driven lung cancers.
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Figure 6: COSMIC Result

The chart shows a high density of missense mutations across the KRas protein sequence. The peak in the red
line under the "COSMIC Missense Frequency" section suggests that certain positions within the sequence
are hotspots for somatic mutations in cancer. The purple bars represent the positions of missense mutations.

These mutations

alter the amino acid sequence and can disrupt the protein's normal function, potentially

leading to oncogenic activation or loss of regulation.

e Position 12 in the KRas sequence shows the highest mutation frequency with a count of 39,180. The
high frequency of missense mutations at this location underscores its critical role in the KRasGTPase
function and its impact on the oncogenic potential of KRas mutations.

e Position 11: Lower frequency with a count of 8.

e Position 13: Significant mutation hotspot with 6,892 cases.

e Position 14: A lesser but still notable mutation frequency with 52 cases.

These positions are part of the P-loop region (phosphate-binding loop) of the GTPase domain, critical for
binding and hydrolysis of GTP. Mutations in this region typically result in constitutive activation of KRas,
leading to uncontrolled cell proliferation.
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3. Molecular Docking

Two drugs has been selected from the virtual screening showing maximum score of binding affinity. First
one is Remdesivir (pubchem id: 121304016) and second one is Adagrasib(pubchem id: 138611145).

Figure 7: Docked image of protein 6USZ with Remdesivir

Table 2: Docking Result

CurPocket ID | Vina Score Cavity Volume | Center (x,y, z) | Docking Size
GS) (x, Y, 2)

C5 -8.2 34 (31, 5,-13) (25, 25, 25)

C1 -7.6 1146 (24, -1, -16) (25, 25, 25)

C2 -6.2 372 (9, 8,-11) (25, 25, 25)

C3 -6.1 76 (13, -7, -22) (25, 25, 25)

C4 -5.5 72 (4,1,-17) (25, 25, 25)

CurPocket C5 had the best binding affinity with a Vina score of -8.2, indicating a stronger potential
interaction between the compound and the protein. It is located in a smaller cavity volume (34 A3) compared
to other pockets but has a strong binding energy. The key residues involved in pocket C5 of Chain A are:
ALA1l, CYS12, GLY13, VAL14, GLY15, LYS16, SER17, ALA18, LEU19, PHE28, VALZ29, ASP30,
GLU31, TYR32, ASP33, PRO34, ASN85, ASN116, LYS117, SER118, ASP119, LEU120, THR144,
SER145, ALA146, LYS147

CurPocket C1 had a slightly lower binding affinity than C5, with a Vina score of -7.6, but it is located in the
largest cavity volume (1146 A3), suggesting that it may allow for more flexibility in ligand accommodation.
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Figure 8: Docked image of protein 6USZ withAdagrasib

Table 3: Docking Result

CurPocket ID | Vina Score Cavity Volume | Center (x,y, z) | Docking Size
GS) (x,Y,2)

Cl -8.0 1146 (24, -1, -16) (26, 26, 26)

C3 -7.8 76 (13, -7, -22) (26, 26, 26)

C5 -7.7 34 (31, 5,-13) (26, 26, 26)

C2 -6.3 372 (9, 8, -11) (26, 26, 26)

C4 -6.3 72 (4,1,-17) (26, 26, 26)

The key interacting residues within pocket C1 of Chain A include:VAL9, GLY10, ALA1l, CYS12,
GLY13, VAL14, GLY15, LYS16, SER17, ALA18, PHE28, VAL29, ASP30, GLU31, TYR32, PRO34,
THR35, THR58, ALA59, GLY60, GLN61, GLU62, GLU63, TYR64, ARG68, MET72, ASN86, LYS88,
SER89, ASP92, HIS95, TYR96, GLN99, ARG102, ASN116, LYS117, ASP119, LEU120, SER145,
ALA146, LYS147.

Conclusion

This study offers a comprehensive framework for targeting the KRAS G12C mutation in NSCLC using
modern computational methods, highlighting the potential of these identified inhibitors as effective
therapeutic candidates for lung cancer treatment. The integration of NGS, molecular docking, and network
pharmacology opens new avenues for personalized medicine and the development of targeted therapies
against previously "undruggable™ mutations like KRAS G12C. Further experimental validation of these
compounds could lead to breakthroughs in KRAS-driven cancer therapies.
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