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Ensemble docking and molecular
dynamics validation of quinazoline

c9 targeting mutant kras(gl2c)

Stephen Adebayo Osasan'’**, George Oche Ambrose?t,
Olusola Daramola®, Oluwafemi Ayodele Adefolalu?,
Alzahrani A. Hind5, Mohammad Alshehri Jawaher®, Wisdom

Onuche Ibrahim?, Olanrewaju I Ajetunmobi?®

ABSTRACT

The KRAS(G12C) mutations represent a major oncogenic driver in multiple types of
cancer. Covalent inhibitors such as sotorasib have shown clinical efficacy, but
identifying alternative scaffolds that can stabilise the Switch-II pocket remains an
important goal in targeted drug discovery. In this study, combined docking analyses
of two crystal structures, 7070 and 7083, were performed, and it was observed that
C9 has better binding affinity (-7.0 and -8.0 kcal/mol) than sotorasib (-5.4 and -6.6
kcal/mol) and can attain good ligand recognition in different conformations. The
interaction network analysis showed that C9 interacts with key residues in the
Switch-II pocket, such as CYS12, GLU62, ARG68, ASP69, ASP92, MET72, HIS95 and
TYR96, via complementary electrostatic, aromatic and hydrophobic interactions.
Importantly, the mutant residue CYS12 and aromatic stacking with TYR96 could
stabilise the ligand in a stable state by m-sulfur contacts. Molecular dynamics
simulations (100 ns) showed the complexes to be stable. The RMSD trajectories
suggested stable protein backbones and ligand poses, with the C9 complexes
showing lower ligand RMSD values than the control in the 7070 system.
Furthermore, the radius of gyration analysis suggested that KRAS remained globally
compact during the simulations. Energetic decomposition of ligand-protein
interaction energies showed that van der Waals interactions were the main
contributors to the binding stabilisation. Consistently negative interaction energies
were observed for the C9 complexes, especially in the 7070 system. Taken together,
these results indicate that the quinazoline compound C9 makes stable contacts in the
KRAS(G12C) binding pocket, and may be a favourable scaffold for the development
of next-generation KRAS(G12C) inhibitors.

Keywords: KRAS(G12C), Quinazoline C9, Molecular docking, Molecular dynamics

simulation, Switch-II pocket, Targeted cancer therapy

1. INTRODUCTION

Mutations in the Kirsten rat sarcoma viral oncogene homolog (KRAS) are among the

most common oncogenic alterations in human cancers and play a particularly
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important role in non-small cell lung cancer (NSCLC), pancreatic ductal adenocarcinoma, and colorectal cancer. Lung cancer is the
leading cause of cancer-related death worldwide, with about 1.8 million deaths per year. One of the most common molecular drivers of
this malignant tumour type is KRAS mutations (Sung et al., 2021). These mutations promote the constitutive activation of KRAS
signalling pathways that lead to uncontrolled cell proliferation, metabolic reprogramming, and resistance to apoptosis (Pylayeva-Gupta
et al, 2011). KRAS has several variants, but the G12C variant is particularly important because it replaces glycine at codon 12 with
cysteine. This nucleophilic residue can be chemically targeted in the Switch-II pocket of the protein (Westover et al., 2016).

KRAS has long been considered an “undruggable” target due to its high affinity for guanosine triphosphate (GTP) and the absence
of apparent druggable pockets on its surface (Cox et al, 2014). However, recent advances in structural and chemical biology have
identified transient pockets in proximity to the Switch-II region that can be exploited for selective inhibition of KRAS(G12C) (Ostrem et
al., 2013). This breakthrough opened the door to the development of covalent inhibitors such as sotorasib (AMG-510) and adagrasib that
covalently bind to the mutant cysteine residue and lock KRAS in an inactive GDP-bound state (Lanman et al., 2020). These drugs
represent a breakthrough in the field of targeted cancer therapy; however, resistance mechanisms and limited activity in specific
tumour contexts emphasise the need to investigate new scaffolds and alternative inhibitor chemotypes that can stabilise the
KRAS(G12C) pocket through different interaction mechanisms (Canon et al., 2019).

Computational methods are the core tools supporting modern drug research and development, as they can complete the
identification and optimisation of candidate molecules before experimental verification; Quantitative Structure-Activity Relationship
(QSAR) modelling, the core technology of this field, links molecular descriptors to biological activity and guides the design of new
inhibitors (Tropsha, 2010). By combining statistical learning methods with descriptor-based modelling, QSAR frameworks can predict
the potency of untested compounds and accelerate lead discovery (Cherkasov et al., 2014). The performance and interpretability of
QSAR-based drug discovery pipelines have been improved by further development of machine learning algorithms like regression
optimised by a genetic algorithm and ensemble learning (Todeschini & Consonni, 2009).

We have previously reported on the application of an integrated QSAR modelling and de novo design workflow to identify novel
KRAS inhibitor candidates from a set of experimentally characterised compounds. The most promising hit was a quinazoline
derivative, C9, selected by virtual screening of newly generated molecules guided by machine learning, with predicted inhibitory
potency (pICsp = 8.11) and drug-likeness and toxicity profiles comparable with reference inhibitors (Stephen Adebayo et al., 2025).
Structural analysis revealed that C9 contains a conserved quinazoline scaffold similar to existing KRAS inhibitors, but also
modifications that could increase potency and reduce predicted toxicity. The QSAR framework gave strong predictive evidence of the
potential activity of C9, but structure-based validation using molecular docking and molecular dynamics simulations is necessary to
further characterise its binding stability and interaction dynamics inside KRAS(G12C).

The present study is a subsequent structural validation study of a hit compound, C9, targeting KRAS(G12C), identified in the
previous QSAR screening study. In the present study, we will perform two main tasks using molecular docking and molecular
dynamics simulations: Elucidation of the molecular mechanism of C9 binding to the Switch-II pocket and assessment of the drug-

development potential of its chemical scaffold.

2. MATERIALS AND METHODS
2.1 Study design

This work was designed as a structure-based follow-up study to validate the binding behaviour of the previously reported quinazoline
hit C9, which was identified by the same authors as the most promising de novo KRAS inhibitor candidate from a QSAR-guided virtual
screening workflow with a predicted pIC50 of 8.11 and favourable in silico drug-likeness properties (Stephen Adebayo et al., 2025). The
present study employed ensemble molecular docking and molecular dynamics (MD) simulations to investigate the binding stability,
interaction profiles and dynamic behaviour of C9 in mutant KRAS(G12C) in different crystallographic conformations. The approved

KRAS(G12C) inhibitor Sotorasib was used as the reference control ligand in the comparative analysis.

2.2 Protein structure retrieval and preparation
The aim of this study was to capture the conformational variability of the Switch-II pocket of KRAS(G12C). Ensemble docking was
performed with crystal structures 7070 and 7083 from the Protein Data Bank database, and all pre-processing work was performed in

PyMOL and BIOVIA Discovery Studio Visualiser: crystalline water and non-essential heteroatoms were removed, the protein backbone
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and the mutated Cys12 residue were retained, hydrogen atoms were added, bond orders were verified, and atom types were assigned.

Finally, we visually checked all residues were intact and the binding region was correctly orientated.

2.3 Ligand preparation

The test compound C9 was obtained from the authors’ previously published QSAR-guided KRAS inhibitor discovery study in which it
was the top-ranked quinazoline hit in the applicability domain of the predictive model (Stephen Adebayo et al., 2025). The control
ligand sotorasib was synthesised in parallel for comparison. Ligand structures were converted into appropriate three-dimensional
conformations, checked for valence consistency, protonated accordingly and geometry minimised before docking. Final ligand
preparation for docking was done in PyRx, which converts the ligand files to PDBQT format required for AutoDock Vina.

2.4 Molecular docking

Molecular docking was carried out using AutoDock Vina, which is embedded in the PyRx platform. The preprocessed KRAS(G12C)
protein structure was imported, and docking was performed for the Switch-II allosteric pocket that could be exploited by confirmed
KRAS(G12C) inhibitors. A grid box was built around the Cys12 residue and its neighbouring recognition residues. Ligands C9 and
sotorasib were docked individually under the same conditions, and their binding affinities were noted in kcal/mol. The best-ranked

pose for each combination was chosen for further interaction analysis and molecular dynamics simulation.

2.5 Docking pose inspection and interaction analysis

The docked complexes were inspected and visualised using PyMOL and BIOVIA Discovery Studio Visualiser. Two- and three-
dimensional interaction maps were generated to identify hydrogen bonds, electrostatic contacts, aromatic stacking interactions, halogen
contacts, sulfur-mediated interactions and hydrophobic contacts. Residues involved in ligand binding were noted for each docked
complex, and distances of interaction were noted. These docking-based interaction networks were then used to compare the binding

architecture of C9 and sotorasib in the various conformations of KRAS(G12C).

2.6 Molecular dynamics simulation setup
Molecular dynamics simulations were performed on the complexes selected from the molecular docking stage using GROMACS. Each
protein-ligand complex was parameterised and prepared for simulation in an explicit solvent environment. The protein topology was
generated using the relevant protein force field in GROMACS. The ligand parameters were added to the system before the production
simulation. Each complex was solvated in a water box, and counterions were added for neutralisation. First, the starting geometry was
optimised, and steric clashes were removed by energy minimisation. The minimised systems were then equilibrated in both constant
volume and constant pressure conditions before starting the production MD runs.

Production simulations were performed for each complex for 100 ns. The production outputs were considered as segmented
trajectories for downstream trajectory analysis, and concatenated into a single continuous trajectory corresponding to the full
simulation duration. In the analysis pipeline, ten trajectory segments were merged into one trajectory file, leading to a total of 10,000

frames, which represents 100 ns or 0.01 ns/frame.

2.7 Trajectory concatenation and post-processing

We concatenated post-simulation trajectory segments for analysis using MDTraj. Read in topology and individual production trajectory
files, combine into one netCDF trajectory, and saved for consistent downstream processing. Then the concatenated trajectory was
reloaded in PyTraj and MDTraj and the corresponding analysis libraries were used depending on the metric calculated. All the time-

resolved analyses were performed on this single unified 100 ns trajectory.

2.8 Root mean square deviation analysis

Structural stability of each protein-ligand complex was assessed by root mean square deviation (RMSD) analysis. The RMSD of the
protein Ca atoms and ligand heavy atoms were calculated using MDTraj. Prior to RMSD calculation, trajectories were aligned to the
initial frame using the protein Ca atoms as the reference selection. Backbone stability was determined using protein RMSD during the
simulation, and stability of the docked binding pose in the pocket of KRAS(G12C) was determined using ligand RMSD. Plots of time-

resolved RMSD values as a function of simulation time were exported as comma-separated files.
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2.9 Radius of gyration analysis

We evaluated global structural compactness of KRAS(G12C) during simulation by using the radius of gyration (Rg). Rg was computed
from the protein atoms using MDTraj and was given in angstroms. Two types of analyses were generated: a time-resolved Rg trajectory
and a distribution plot from the entire simulation. Kernel density estimation was used to visualise the distribution of Rg values along
the 100 ns trajectory. These analyses were done to see if ligand binding led to expansion or destabilisation of the global fold of
KRAS(G12C).

2.10 Root mean square fluctuation analysis

The residue-level flexibility was described by calculating the root mean square fluctuation (RMSF) for protein Ca atoms. All frames
were first aligned on the first frame using the protein Ca atoms to remove global rotational and translational motion before performing
RMSF analysis. Then RMSF values were calculated per residue and converted from nanometers to angstroms. Dynamic fluctuations
were mapped along the KRAS(G12C) sequence, keeping the residue numbering of the topology file. RMSF profiles were exported as
tables and plotted as a function of residue number.

2.11 Ligand-pocket distance analysis
Ligand residence time in the KRAS(G12C) binding site was monitored by distance-based analysis. Two complementary approaches
were applied.

First, a general ligand-pocket distance metric was obtained by selecting all protein residues within 5.0 A of the ligand in the first
frame of the simulation. The heavy atoms of these automatically defined pocket residues were selected, and the minimum heavy-atom
distance between ligand atoms and pocket atoms was calculated for each frame throughout the simulation.

In addition, we performed targeted distance analyses on some chosen mechanistic residues, specifically residues 78, 84 and 85. For
these residues, the minimum heavy atom distance and centre of mass (COM) distance between the ligand and the residue set were
computed as a function of time. These analyses were used to assess ligand retention, proximity to the pocket, and residue-specific

anchoring behaviour during the simulation.

2.12 Ligand interaction energy analysis
Using the linear interaction energy (LIE)-style decomposition implemented in PyTraj, the time-dependent ligand-protein interaction
energetics were calculated. The ligand was specified explicitly, and the rest of the system, apart from solvent molecules and ions, was
considered the interacting protein environment. Distance cutoffs of 12.0 A were used for both the electrostatic and van der Waals
interaction energy terms, and the dielectric constant was set to 2.0. The total interaction energy was calculated as a sum of the
electrostatic and van der Waals contributions.

To reduce the effect of extreme spikes, an interquartile range (IQR)- based outlier-filtering procedure was applied to the total,
electrostatic, and van der Waals energy profiles separately. The filtered data were subsequently employed to calculate mean and
standard deviation values and to plot the time-resolved plots to visualise the energetic stability of ligand binding during the 100-ns

simulations.

2.13 Protein-ligand interaction fingerprint analysis

We analysed the persistent interaction patterns along the trajectories with MDAnalysis and ProLIF. The ligand was identified by
residue name, and protein atoms were extracted as the receptor selection. Interaction fingerprints were calculated for the sampled
snapshots along the simulation trajectory. Aggregate interaction networks were then generated with ProLIF, with resulting interaction
tables exported for interpretation. Percentage of occupancy of interactions was also calculated to assess how often each type of ligand-
residue interaction occurred throughout the frames sampled. This permitted the identification of the most persistent interaction edges

supporting ligand binding during dynamics.

2.14 Principal component analysis

To explore large-scale conformational motions of KRAS(G12C), principal component analysis (PCA) was performed on the protein Cax
atoms using PyTraj. The trajectory was fitted to the reference frame before PCA, and the first two principal components (PC1 and PC2)
were extracted. Projections along PC1 and PC2 were plotted as time-colored scatter plots to visualise conformational sampling during
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the simulation. In addition, kernel density plots were generated for the PC1 and PC2 distributions, and eigenvalues associated with the

principal components were saved for reference.

2.15 Dynamic cross-correlation analysis

The dynamic cross-correlation matrix (DCCM) was used to evaluate atomic motions correlated within KRAS(G12C) from the Ca atoms
of the protein. The concatenated trajectory was superimposed on the initial structure and the positional fluctuations around the mean
structure were calculated. Pearson-type normalised cross-correlation coefficients were calculated between pairs of residues to generate
residue-residue correlation maps. Positive values indicate correlated movements, and negative values indicate anti-correlated

movements. The resulting cross-correlation matrices were visualised as heat maps and exported as tables in CSV format.

2.16 Data handling and statistical summarisation

All the quantities derived from the trajectory were used to generate time series from the simulation frame index converted to
nanoseconds. Summary statistics (e.g.,, mean + standard deviation) were computed where appropriate using scientific libraries in
Python. Figures were generated using Matplotlib and numerical outputs were saved as CSV files to ensure reproducibility and for

further documentation.

2.17 Software environment
AutoDock Vina in PyRx, PyMOL, and BIOVIA Discovery Studio Visualiser were used for docking and structure visualisation.
Molecular dynamics simulations were performed using the GROMACS package. MDTraj, PyTraj, MDAnalysis, ProLIF, NumPy, Pandas

and Matplotlib were used for trajectory processing and analysis.

3. RESULTS
3.1 Ensemble docking across KRAS(G12C) conformations

A set of KRAS(G12C) crystal structures was used to conduct ensemble docking experiments. The binding affinity of test molecule C9 in
all tested conformations was superior to that of the control molecule sotorasib. Therefore, C9 was selected to carry out subsequent

molecular dynamics verification (Table 1).

Table 1. Ensemble docking scores (kcal/mol) of C9 (test) and sotorasib (control) against KRAS(G12C) conformations (7O70 and 7083).

. Binding affinity o o
Target (PDB ID) Ligand (Role) RMSD/ub (A) RMSD/Ib (A)
(kcal/mol)
7070 Sotorasib (Control) 5.4 0.0 0.0
7070 C9 (Test) -7.0 0.0 0.0
7083 Sotorasib (Control) -6.6 0.0 0.0
7083 C9 (Test) -8.0 0.0 0.0

3.2 Ligand-protein interaction networks across KRAS(G12C) conformations

Ligand-protein interaction architecture of C9 and reference inhibitor sotorasib was assessed across the 7070 and 7083 KRAS(G12C)
crystal structures to define molecular contacts stabilising ligand binding in the Switch-II pocket. Interaction maps revealed diverse
networks of electrostatic, hydrogen-bonding, aromatic and hydrophobic interactions, implying that ligand recognition is achieved by
multiple complementary interaction types within the KRAS(G12C) binding cavity.

For the KRAS(G12C)-C9 complex based on the 7070 structure, the ligand formed an extensive interaction network dominated by
electrostatic and aromatic contacts. The positively polarised nitrogen atom of C9 established attractive charge interactions with GLU62
and ASP92, with distances of 3.71 A and 4.33 A, respectively. The additional electrostatic stabilisation was provided by m-cation
interactions between the positively charged side chains of ARG68 and HIS95 and the aromatic rt-system of the ligand. Complementary
m—anion interactions were also detected between the ligand aromatic ring and negatively charged residues GLU62 and ASP92, which
supports electrostatic complementarity inside the pocket. A unique contact was observed with the mutant residue CYS12, which
formed a m—sulfur interaction with the ligand aromatic at around 4.95 A, indicating the importance of the mutation site in ligand

stabilisation.

Drug Discovery 20, e17dd3099 (2026) 50f19
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Figure 1. Ligand—protein interaction maps for KRAS(G12C) complexes. Two-dimensional interaction diagrams illustrating the nonbonded interaction networks between
KRAS(G12C) and ligands across two structural conformations. (a) KRAS(G12C)-C9 complex based on the 7070 crystal structure, showing electrostatic interactions with GLU62 and ASP92,
m—cation contacts with ARG68 and HIS95, a m—sulfur interaction with CYS12, and hydrophobic contacts involving VALY, MET72, and TYR96, (b) KRAS(G12C)-sotorasib complex based on
the 7070 structure, featuring hydrogen and halogen interactions with THR58, a carbon-hydrogen bond with GLY10, —cation interactions with ARG68, and hydrophobic contacts with
CYS12, ALA59, PRO34, and VALY, (c) KRAS(G12C)-C9 complex based on the 7083 structure, showing hydrogen bonds with HIS95 and ASP69, electrostatic interactions involving ARG68,
GLU62, and ASP92, a m—sulfur interaction with CYS12, and aromatic stacking with TYR96 and (d) KRAS(G12C)-sotorasib complex based on the 7083 structure, displaying hydrogen and
carbon-hydrogen bond interactions with ARG68, GLU62, and ASP92, a halogen interaction with GLN61, rt—cation interactions with ARG68, and aromatic stacking with TYR96.
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The ligand orientation was further stabilised by aromatic packing interactions with HIS95 and TYR96 with m—m T-shaped contacts
and amide-mt stacking with the GLU63-TYR64 backbone. Hydrophobic contacts were also observed, with VAL9 and MET72 having
alkyl interactions and HIS95, TYR96 and ARG68 involved in m-alkyl contacts; all of which support burial of the ligand within the
binding pocket (Figure 1a).

In the KRAS(G12C)-sotorasib complex with 7070, the ligand was stabilised by a combination of hydrogen bonding, electrostatic
contacts, and hydrophobic interactions. One of the most important interactions was a conventional hydrogen bond between THR58 and
a fluorine atom of the ligand at 2.55 A, which also showed properties of halogen bonding. A carbon-hydrogen bond was predicted
between the ligand and GLY10 (3.48 A), which contributed to additional hydrogen-bond-like stabilisation. Electrostatic interactions
included the m—cation interactions between ARG68 and the ligand aromatic ring, which contributed to the orientation of the ligand
within the pocket. Moreover, we found aromatic interactions, where TYR96 made m—mt T-shaped contacts and m—sigma interactions
involving MET72 and HIS95 further stabilised the ligand scaffold. The hydrophobic contacts of CYS12, ALA59, PRO34, VALY and
HIS95 further stabilised the complex by alkyl and mt—alkyl interactions in the hydrophobic region of the pocket (Figure 1b).

For the complex of KRAS(G12C) with C9 extracted from the 7O83 structure, the ligand preserved a dense interaction network of
hydrogen bonding, electrostatic complementarity, aromatic stacking and hydrophobic contacts. Two conventional hydrogen bonds
turned out to be the main anchoring interactions, one between HIS95 and the ligand nitrogen atom (2.96 A) and the other between a
ligand oxygen atom and ASP69 (2.90 A). An electrostatic stabilisation was also evidenced by an attractive charge interaction with
ASP69, mt—cation interactions with ARG68 and mt—anion interactions with GLU62 and ASP92. A mi—sulfur interaction with the mutant
residue CYS12 (4.51 A) was also observed, reinforcing ligand engagement within the Switch-II pocket. Aromatic stacking interactions
between TYR96 and the ligand aromatic scaffold were also observed, which supported ligand orientation, and ALA11 formed alkyl
contacts while ARG68, TYR96 and MET72 were involved in m-alkyl interactions, all of which contributed to the hydrophobic
stabilisation within the binding cavity (Figure 1c).

The KRAS(G12C)-sotorasib complex based on the 7083 structure also exhibited a diverse interaction profile. Among hydrogen-
bonding interactions, a conventional hydrogen bond within the ligand scaffold (2.12 A) and additional carbon-hydrogen bond
interactions with ARG68, GLU62 and ASP92 were observed, which helped to maintain ligand positioning. Electrostatic
complementarity was further contributed by a halogen interaction between the fluorine substituent of sotorasib and GLN61 (3.62 A).
Electrostatic stabilisation also involved m—cation interactions with ARG68, while m—sulfur interactions with MET72 contributed to
aromatic stabilisation of the ligand. Aromatic stacking interactions were again observed with TYR96 forming mt—mt T-shaped contacts,
accompanied by m-alkyl interactions involving TYR9 and ARG6S, indicating hydrophobic stabilisation along the pocket surface
(Figure 1d).

The interaction networks collectively demonstrate that both C9 and sotorasib interact with key residues in the KRAS(G12C) Switch-
II pocket, including CYS12, GLU62, ARG68, ASP69, ASP92, MET72, HIS95, and TYR96. Ligand binding is stabilised by complementary
electrostatic interactions, aromatic stacking and hydrophobic packing at the binding interfaces, which are present in multiple
conformational states of KRAS(G12C).

3.3 Complex stability during molecular dynamics: RMSD analysis (protein and ligand)

The structural stability of KRAS(G12C)-ligand complexes was assessed by analysing the root mean square deviation (RMSD) of the
protein Ca atoms and ligand heavy atoms over the 100-ns molecular dynamics trajectories for the 7070 and 7083 crystal structures.
The conformational changes and the stability of the ligand pose during the simulations were monitored by calculating RMSD profiles
with respect to the first frame of the simulation.

For the 7070 structure, the protein backbone RMSD of the KRAS(G12C)-C9 complex was lower and fluctuated less during the
simulation, with fluctuations mainly between 1.3 and 1.7 A. The ligand RMSD values were relatively small, generally between 0.5 and
1.1 A, suggesting a stable ligand conformation and consistent positioning in the binding pocket during the trajectory (Figure 2a). For
the KRAS(G12C)-sotorasib complex for the 7070 structure, the protein Cae RMSD increased in the initial stage of the trajectory and then
stabilised, fluctuating mainly between approximately 2.3 and 3.1 A for the rest of the simulation. The RMSD of the ligand fluctuated in
the early stages and then stabilised with values generally in the range of 1.6-2.4 A, indicating that the ligand retained a stable binding
pose after the initial equilibration period (Figure 2b).

A similar pattern of stability was seen for the 7083 crystal structure simulations. The protein Ca RMSD of the KRAS(G12C)—-C9
complex fluctuated between 1.3 and 1.6 A after the initial equilibration phase, whereas the ligand RMSD fluctuated between 0.8 and 1.3
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A during the simulation (Figure 2c). For the KRAS(G12C)-sotorasib complex, the protein RMSD remained stable at ~1.3-1.5 A, while
the ligand RMSD values fluctuated in the range of 0.9-1.4 A in general (Figure 2D).
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Figure 2. RMSD profiles of KRAS(G12C)-ligand complexes during 100-ns molecular dynamics simulations. (a) RMSD of KRAS(G12C) protein Ca atoms and
C9 ligand heavy atoms in the 7070 complex, (b) RMSD of KRAS(G12C) protein Ca atoms and sotorasib ligand heavy atoms in the 7070 complex, (c) RMSD of KRAS(G12C)
protein Ca atoms and C9 ligand heavy atoms in the 7083 complex. And (d) RMSD of KRAS(G12C) protein Cax atoms and sotorasib ligand heavy atoms in the 7083 complex.
Root mean square deviation (RMSD) trajectories of protein backbone Ca atoms (blue) and ligand heavy atoms (orange) over 100 ns molecular dynamics simulations for
KRAS(G12C) complexes with C9 (test compound) and sotorasib (control) across two KRAS conformational states (PDB IDs: 7070 and 7083). Protein Ca atoms were aligned
structurally, and RMSD values were calculated with respect to the first frame. Protein RMSD is a measure of global backbone stability, and ligand RMSD is a measure of
binding pose stability within the Switch-II pocket.

The RMSD trajectories of both the structural systems indicated that the protein backbone equilibrated at the early stage of the
simulations and showed structural stability. The ligands displayed a consistent binding orientation in the KRAS(G12C) Switch-II pocket

during the 100-ns simulation period.

3.4 Global compactness: radius of gyration (Rg)
The global structural compactness of KRAS(G12C) in the molecular dynamics simulations was computed using the radius of gyration
(Rg), which is a measure of the mass-weighted distribution of atoms around the centre of mass of the protein. We used Rg analysis to
determine the structural compactness or expansion of the KRAS backbone during the 100-ns simulations.

For the KRAS(G12C)-C9 complex, taken from the 7070 structure, the Rg trajectory showed a short equilibration period in the first
few nanoseconds and then stable fluctuations for the rest of the simulation. The Rg values varied between 14.9 A and 152 A, with a

mean value of 15.08 + 0.08 A and, thus, the global compactness of the protein was stable during the trajectory (Figure 3a).
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Figure 3. Radius of gyration (Rg) analysis of KRAS(G12C) complexes during 100-ns molecular dynamics simulations. Figure 3a-d. Time evolution of the
radius of gyration (Rg) of KRAS(G12C) in complex with C9 (test compound) and sotorasib (control) across two KRAS conformational states. (a) KRAS(G12C)-C9 complex
based on 7070. (b) KRAS(G12C)-sotorasib complex based on 7070. (c) KRAS(G12C)-C9 complex based on 7083. (d) KRAS(G12C)-sotorasib complex based on 7083. Radius
of gyration (Rg) trajectories for KRAS(G12C) complexes calculated over 100 ns molecular dynamics simulations. Rg values were computed from protein backbone atoms to
evaluate global structural compactness of the protein. Across all complexes, the Rg values fluctuate within narrow ranges without systematic drift, indicating that the overall

fold and compactness of the KRAS protein remain stable during the simulations.
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For the KRAS(G12C)-C9 complex, using the 7070 structure, the Rg trajectory shows a short equilibration period in the first
nanoseconds and then stable fluctuations during the rest of the simulation. The Rg values ranged narrowly from around 149-15.2 A
with an average of 15.08 + 0.08 A, which revealed the stable global compactness of the protein during the trajectory (Figure 3a).

For the KRAS(G12C)-sotorasib complex, the Rg profile for the 7070 structure also exhibited stable behaviour after early
equilibration. The Rg values varied from ~15.3 to 15.9 A with an average value of 15.53 + 0.13 A over the simulation. However, no
systematic increase or decrease in trajectory over time was found, although small fluctuations were observed (Figure 3b).

Likewise, the KRAS(G12C)-sotorasib complex in the 7083 structure displayed stable Rg behaviour during the entire simulation.
The values ranged from ~14.9 to 15.4 A with an average of 15.08 + 0.11 A (Figure 3d). The trajectory did not show a progressive drift,

suggesting that the KRAS(G12C) backbone maintained overall structural compactness during the simulation time.

3.5 Interaction energetics: ligand—protein interaction energy (LIE)

Furthermore, we examined the energetic stability of ligand binding to KRAS(G12C) by investigating the nonbonded ligand-protein
interaction energies over 100 ns of molecular dynamics simulations. The interaction energy was decomposed into the electrostatic and
van der Waals (vdW) contributions, and the total interaction energy was the sum of these contributions. These energy profiles shed
light on the dominant forces that stabilise the ligand binding and whether the ligand-protein interactions are persistent during the
trajectory.

In the 7070 structure, the total interaction energy of the KRAS(G12C)-C9 complex was always negative throughout the trajectory
with values ranging from about —-55 to —75 kcal/mol and an average of approximately —65 kcal/mol. The largest contribution to
stabilisation was van der Waals, which varied between -50 and -60 kcal/mol during the simulation. In contrast, the electrostatic part
resulted in a smaller but constant interaction energy from -8 to —18 kcal/mol. In the short term, fluctuations were observed, but the
overall energy profile was stable with no progressive drift to weaker interactions, suggesting persistent ligand-protein contacts between
C9 and the binding pocket of KRAS(G12C) in the structural context of 7070 (Figure 4a).

A similar energetic pattern was found for the KRAS(G12C)-sotorasib complex from the structure 7070. The total interaction energy
was in the range of approximately -58 to -72 kcal/mol with an average of approximately -64 kcal/mol over the trajectory. As observed for
the C9 complex, the van der Waals interactions were the main stabilising component with values generally between — 48 and — 60
kcal/mol, while the electrostatic term was smaller in magnitude with values generally between — 8 and — 16 kcal/mol. The interaction
energies were negative throughout the entire simulation, but they fluctuated transiently, demonstrating the stable energetic interactions
of sotorasib with the KRAS(G12C) binding pocket in the 7070 structural environment (Figure 4b).

The interaction energy profile of the KRAS(G12C)-C9 complex based on the structure 7083 exhibited larger fluctuations compared
to the system 7070 and dynamic rearrangements in the binding pocket were reflected. The total interaction energy varied between
approximately =40 and -10 kcal/mol throughout the simulation. As in the 7070 system, the stabilising contribution was dominated by
van der Waals interactions, with typical fluctuations in the range —30 to —10 kcal/mol, while the electrostatic component was relatively
small, fluctuating between -8 and +2 kcal/mol. For about 75-85 ns a transient period was observed where the interaction strength was
temporarily decreased. Both components of the energy approach zero before they become negative near the end of the trajectory. The
interaction energy was variable with a dominant negative component indicating more dynamic but ongoing ligand-protein interactions
for C9 in the 7083 conformation of KRAS(G12C) (Figure 4c).

In contrast, the KRAS(G12C)-sotorasib complex with the 7083 structure showed intermittent fluctuations in the interaction energy
with total interaction energies in the range of approximately —35 to +5 kcal/mol over the entire trajectory. The van der Waals component
was the main stabilising component, with a typical variation from -30 to -10 kcal/mol, while the electrostatic interactions were weak,
with a typical variation from -5 to +2 kcal/mol. Longer times between ~20 and 80 ns showed interaction energies near 0 kcal/mol,
suggesting a transient weakening of ligand-protein interactions during these times. In the last part of the simulation (~85-100 ns), more
pronounced negative interaction energies re-emerged, indicative of the re-established van der Waals interactions between sotorasib and
the KRAS(G12C) binding pocket (Figure 4d).

In general, the ligand-protein interaction energy profiles suggest that the van der Waals interactions are the main contributor to the
stabilisation of the ligand binding in both structural conformations, whereas the electrostatic contribution is minor. In the 7070 system,
the C9 complex exhibited consistently strong negative interaction energies, and in the 7083 system, sustained interactions, indicative of
stable ligand binding throughout the simulated trajectories.
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Figure 4. Time evolution of ligand—protein interaction energies during molecular dynamics simulations of KRAS(G12C) complexes. Time-resolved
decomposition of ligand—protein interaction energies over the 100-ns molecular dynamics simulations for KRAS(G12C) complexes. The total interaction energy (blue)
represents the sum of electrostatic (orange) and van der Waals (green) contributions. (a) KRAS(G12C)-C9 complex based on the 7070 crystal structure. Strong negative
interaction energies are consistent and dominated by van der Waals interactions. (b) KRAS(G12C)-sotorasib complex based on the 7070 structure. Stable energetic interactions
with similar vdW dominated stabilisation profile, (c) KRAS(G12C)-C9 complex based on the 7083 structure, where larger fluctuations in interaction energy reflect dynamic
rearrangements within the binding pocket while maintaining predominantly negative interaction energies and (d) KRAS(G12C)-sotorasib complex based on the 7083
structure, displaying intermittent weakening of interactions during portions of the trajectory followed by recovery of stabilizing van der Waals contacts toward the later stages
of the simulation.

4. DISCUSSION

4.1 Ligand-protein interaction networks across KRAS(G12C) conformations

KRAS mutations, in particular the G12C mutation, represent some of the most common oncogenic drivers in human cancers and have
long been considered difficult pharmacological targets due to the protein's high affinity for GTP/GDP and the lack of deep druggable
pockets on the protein surface. The discovery of the Switch-II pocket, which is adjacent to the mutated Cys12 residue, overturned the
original research paradigm and established a platform for developing covalent inhibitors that can selectively bind to the inactive GDP-
bound state of KRAS(G12C) (Moore et al.,, 2020; Anastasiou et al., 2024; Cuevas-Navarro et al., 2024). The first clinically approved
inhibitor, sotorasib (AMG 510), showed that selective targets of this pocket can produce meaningful clinical responses in KRAS(G12C)-
driven tumours, particularly non-small cell lung cancer (Anastasiou et al., 2024, Cuevas-Navarro, et al., 2024, Skoulidis et al., 2021).
Nevertheless, the emergence of resistance mechanisms and heterogeneous clinical responses has increased the requirement for
additional chemotypes that can engage the KRAS(G12C) pocket with alternative modes of interaction (Awad et al., 2021, Tanaka et al.,
2021, Hofmann et al., 2022). In this work, we investigated the potential KRAS(G12C) inhibitor quinazoline derivative C9 through a
combined ensemble docking with molecular dynamics (MD) simulation approach.

Through ensemble docking experiments, this study found that ligand C9 exhibited superior binding affinity compared to sotorasib
across all tested conformations of KRAS(G12C). It can adapt to the structural variability of the Switch-II pocket. In the design of KRAS
inhibitors, structural heterogeneity is a core factor that must be prioritised. The Switch-II region has rearrangements in conformation
depending on the nucleotide state and the ligand engagement (Cuevas-Navarro et al., 2024; Hunter et al., 2015). Ensemble docking is
thus an increasingly useful strategy for finding ligands that can maintain favourable interactions across multiple protein conformations
rather than relying on a single static structure (Amaro et al., 2018). The fact that C9 showed higher predicted affinities for both the 7070
and 7083 structures indicates that the quinazoline scaffold can adapt to conformations within the pocket. This adaptability is important
for KRAS inhibitors since the Switch-II region can undergo local structural plasticity that affects ligand orientation and binding stability
(Hunter et al., 2015).

The analysis of the ligand—protein interaction networks shows that both C9 and reference inhibitor sotorasib bind to residues
characteristic of the KRAS(G12C) Switch-II pocket, e.g., Cys12, Glu62, Arg68, Asp69, Asp92, Met72, His95, and Tyr96. These residues
have been identified as determinants of ligand recognition in several structural and biochemical studies of KRAS inhibitors (Cuevas-
Navarro et al., 2024; Fell et al.,, 2020). In particular, the proximity of ligands to Cysl12 is a defining feature of many KRAS(G12C)
inhibitors because the cysteine residue provides a unique opportunity for covalent targeting that is absent in wild-type KRAS

(Anastasiou et al., 2024; Cuevas-Navarro et al., 2024). Although this study only evaluated ligand C9 based on non-covalent interaction
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analyses. After a m-sulfur interaction involving the Cys12 residue was observed, it suggests that C9 is precisely localised within the
Switch-II pocket, a property that can support the subsequent development of covalent and hybrid binding strategies.

Electrostatic interactions also appeared to play a prominent role in stabilising ligand binding. Both C9 and sotorasib exhibited 7—
cation interactions with Arg68 and complementary interactions with acidic residues such as Glu62 and Asp92. These residues line the
interior of the Switch-II pocket and frequently contribute to ligand stabilisation via electrostatic or hydrogen-bonding interactions (Fell
et al, 2020; Hansen et al., 2018). The electrostatic complementarity in this region has been shown to influence the selectivity and
binding affinity of inhibitors, particularly for ligands with heteroaromatic scaffolds capable of forming m-interactions (Lu et al., 2016).
These interactions are present in both complexes and suggest that the binding pocket creates a favourable electrostatic environment for
stable ligand binding.

Furthermore, aromatic stacking interactions between Tyr96 and His95 were observed in several complexes. It has been shown that
aromatic residues in the Switch-II pocket participate in ligand stabilisation through m—m stacking and hydrophobic packing interactions
that help to retain the orientation of the ligand and limit conformational mobility in the binding site (Fell et al., 2020; Gentile et al.,
2017). Such interactions are especially important for heterocyclic scaffolds such as quinazolines that often rely on aromatic contacts to
anchor the ligand within the binding pockets of kinases or signalling proteins (Wang & Cole, 2014). Aromatic interactions with C9
Tyr96 and His95 indicate that the aromatic framework of the ligand is well suited to stabilise interactions within the KRAS binding
cavity.

Hydrophobic contacts also facilitated further ligand stabilisation in the pocket. The residues Val9, Alall, Met72, and Pro34 formed
alkyl or m-alkyl interactions with the ligand scaffolds, indicating that hydrophobic packing is critical for ligand accommodation. The
KRAS Switch-II pocket is lined with several nonpolar residues that favour ligand burial and solvent exclusion; hence, hydrophobic
interactions are known to be critical determinants of binding affinity (Cuevas-Navarro et al., 2024; Baines et al., 2011). We thus find that
the multiple identified hydrophobic contacts for both ligands are consistent with previously reported structural features of KRAS
inhibitor binding.

Together, the docking and interaction analyses suggest that C9 can bind the KRAS(G12C) binding pocket via a combination of
electrostatic, aromatic and hydrophobic interactions similar to those observed for clinically validated inhibitors. Importantly, the fact
that C9 maintains favourable binding scores and interaction patterns in two structurally different KRAS conformations suggests that
the ligand scaffold may have some conformational adaptability, which is a favourable characteristic for inhibitors targeting flexible
protein regions, such as the Switch-II loop.

Nonetheless, several limitations should be noted. Docking and molecular dynamics simulations are powerful tools to get insights
into possible binding mechanisms, but they are unable to fully mimic the complexity of cellular environments or account for
conformational transitions that take place on long timescales. Furthermore, the present work mainly focused on noncovalent
interactions, whereas some clinically successful KRAS(G12C) inhibitors such as sotorasib are based on covalent modification of Cys12
to provide long-lasting inhibition (Anastasiou et al., 2024; Cuevas-Navarro et al., 2024). Future work should therefore tackle the
question of whether the C9 scaffold can be tuned to accommodate electrophilic warheads covalently engaging Cys12 while maintaining
the favourable noncovalent interactions seen in the present simulations.

In general, the results presented here provide in silico support to the quinazoline derivative C9 as a potential scaffold for the
inhibition of KRAS(G12C). By combining ensemble docking and interaction network analysis across different KRAS conformations, this
study identifies crucial molecular determinants that could guide the future optimisation of C9 derivatives. Experimental validation that
the predicted interactions result in functional KRAS inhibition within biological systems necessitates biochemical binding assays,

cellular signalling studies, and structure-guided medicinal chemistry optimisation.

4.2 Stability of KRAS(G12C)-ligand complexes revealed by RMSD trajectories

The dynamic stability of the KRAS(G12C)-ligand complexes was further emphasised by molecular dynamics simulations, extending
beyond the static interaction networks seen from docking. Root mean square deviation (RMSD), which is the deviation of the structure
from the initial conformation during the simulation, was used to assess the structural stability of the protein-ligand complex
(Hollingsworth & Dror, 2018; Hospital et al., 2015). The RMSD profiles of the protein backbone (Ca atoms) and ligand heavy atoms in
the present study showed that all complexes reached equilibrium at the initial stages of the 100-ns simulations and maintained stable

trajectories thereafter.
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The protein backbone RMSD for the KRAS(G12C)-C9 complex in the 7070 structure remained relatively low throughout the
trajectory, fluctuating between ~1.3 and 1.7 A. Such small deviations are generally suggestive of a structurally stable protein fold during
simulation (Hollingsworth & Dror, 2018). Even lower ligand RMSD values were observed from 0.5 to 1.1 A, indicating the ligand
adopted a very stable binding orientation inside the Switch-II pocket. The small ligand displacement during the trajectory suggests a
strong retention of the docked pose and little structural rearrangement in the binding site.

In contrast, the RMSD for the protein backbone in the KRAS(G12C)-sotorasib complex in 7070 had a slightly higher range. In the
early stage of the simulation, this indicator first increased, then stabilised at 2.3-3.1 A, which indicates that the protein completed a
mild structural adjustment. Ligand RMSD values were 1.6-2.4 A, suggesting moderate ligand mobility during the initial equilibration
phase before the ligand adopted a stable binding pose. Such early fluctuations are commonly seen in MD simulations and are often a
sign of local relaxation of the docking pose into the binding pocket (Hospital et al., 2015; Karplus & McCammon, 2002).

Simulations based on the 7083 crystal structure showed a similar pattern of stability, although overall fluctuations were somewhat
smaller. In the KRAS(G12C)-C9 complex, the protein RMSD stabilised around ~1.3-1.6 A after equilibration, while the ligand RMSD
values remained in the range of 0.8-1.3 A. These values suggest that the ligand remained tightly bound and consistently oriented in the
Switch-II pocket throughout the simulation. Likewise, the KRAS(G12C)-sotorasib complex in the 7O83 structure displayed stable
RMSD trajectories with protein RMSD values fluctuating between 1.3 and 1.5 A and ligand RMSD values ranging between 0.9 and 1.4
A. These small deviations indicate that the protein backbone and the ligand pose held up structurally over the entire simulation
window.

Overall, the RMSD trajectories confirm that all KRAS(G12C)-ligand complexes attained a dynamic equilibrium relatively early in
the simulations and remained in stable conformations throughout the 100-ns trajectories. Importantly, the C9 complexes showed low
ligand RMSD values throughout, suggesting that they stayed bound in the Switch-II pocket across both KRAS conformations. These
observations are consistent with the docking results and suggest that the quinazoline scaffold of C9 can adopt a stable binding pose
similar to the clinically validated inhibitor sotorasib. The convergence of the RMSD trajectories thus provides further computational
evidence of the structural compatibility of C9 with the KRAS(G12C) binding cavity.

4.3 Stability of KRAS(G12C) global fold assessed by radius of gyration

The radius of gyration (Rg) is another measure of how atomic mass is distributed around the centre of mass of the protein and gives an
idea of the global structural compactness of the protein during the simulation. In molecular dynamics simulations, Rg is often used to
evaluate whether a protein undergoes a large-scale structural expansion, collapse, or unfolding during a simulation (Dror et al., 2012;
Padhi et al., 2022). In the present study, we used Rg trajectories to assess whether ligand binding affected the global architecture of
KRAS(G12C) between the two structural conformations examined.

For the KRAS(G12C)-C9 complex from structure 7070, the Rg profile indicated a short equilibration period in the beginning of the
simulation and stable fluctuations for the rest of the trajectory. The Rg values were determined to be in the narrow range of about 14.9-
15.2 A, with a mean value of 15.08 + 0.08 A. Such small variations imply that the global fold of KRAS was structurally compact during
the entire simulation and that ligand binding did not induce large-scale conformational expansion.

Similar was the behaviour of the KRAS(G12C)-sotorasib complex (7070 structure), where the Rg trajectory was stabilised after the
initial equilibration phase. The Rg values ranged from 15.3 to 15.9 A with an average value of 15.53 + 0.13 A. The mean Rg was slightly
increased over the C9 complex, but the lack of progressive drift over the trajectory indicates that overall protein architecture was stable
during ligand binding.

Likewise, simulations of KRAS(G12C) with the 7083 structural fold retained global compactness of KRAS(G12C). The Rg values for
the KRAS(G12C)-C9 complex fluctuated between 14.9 and 15.3 A, with an average value of 15.08 + 0.10 A, indicating a stable structural
compactness during the trajectory. Similarly, the KRAS(G12C)-sotorasib complex from 7083 showed stable Rg values between 14.9 and
15.4 A, with an average of 15.08 + 0.11 A. No systematic change of Rg was observed along the simulation time, indicating that the global
fold of KRAS was maintained in the presence of either ligand.

Together, the Rg trajectories demonstrate that neither conformational state of the KRAS(G12C) backbone showed structural
expansion or destabilisation upon ligand binding. The stable Rg values for all the complexes suggested that the overall compactness of
KRAS was not significantly altered during the 100 ns molecular dynamics simulations, which further confirmed the structural stability

of the simulated systems.
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4.4 Interaction energetics: ligand—protein interaction energy (LIE)

Understanding the energetic determinants of ligand binding is important for evaluating the stability and persistence of protein ligand
complexes in molecular dynamics simulations. In particular, decomposing interaction energies into electrostatic and van der Waals
(vdW) contributions provides insight into the dominant forces stabilising ligand binding in protein pockets. Such analyses are widely
used in molecular simulation studies to characterise binding energetics and to identify if ligand-protein contacts are energetically
favourable over time (Padhi et al., 2022; Aqvist et al,, 1994; Genheden & Ryde, 2015). In the present work, we followed the non-bonded
interaction energies between the ligands and KRAS(G12C) during the 100-ns simulations to assess the stability of ligand binding in the
Switch-II pocket.

The average total interaction energy for the KRAS(G12C)-C9 complex with the 7070 structure was negative throughout the
simulation trajectory, ranging from about -55 to -75 kcal/mol, with an average of about -65 kcal/mol. The largest stabilising
contribution came from the van der Waals contribution, which typically fell in the range of -50 to -60 kcal/mol. This indicates a
significant contribution of hydrophobic packing and dispersion interactions to stabilise the ligand within the binding cavity. While
electrostatic interactions make a small contribution, they cannot be ignored, from -8 to —18 kcal/mol. The lack of any progressive
energetic drift suggested that C9 was in stable nonbonded contacts with KRAS(G12C) in the structural context of 7070, albeit with
transient fluctuations.

The KRAS(G12C)-sotorasib complex in the 7070 structure exhibited a similar energetic profile. The total interaction energy
fluctuated in a narrow range from about -58 to -72 kcal/mol with an average value of about —64 kcal/mol. As in the C9 system, the
dominant contribution to the stabilisation was the van der Waals interactions, typically between -48 and -60 kcal/mol, whereas the
electrostatic contribution was modest, typically between -8 and -16 kcal/mol. The negative interaction energies present throughout the
trajectory show that sotorasib also established stable energy interactions with the binding pocket of KRAS(G12C) in this conformation.

The interaction energy profile of the KRAS(G12C)-C9 complex from the 7083 structure showed more pronounced fluctuations,
indicating a higher degree of conformational flexibility of the binding pocket. Total interaction energy fluctuated between around —40
and -10 kcal/mol during the course of the simulation. In the 7070 system, van der Waals forces were the dominant stabilising factor for
ligand-protein binding, with energy values ranging from -30 to -10 kcal/mol; electrostatic forces were smaller, ranging from -8 to +2
kcal/mol. We observe a transient from 75 to 85 ns where the interactions are weakened, and both components tend towards near-
neutral values before returning to negative values near the end of the trajectory. Despite such fluctuations, the overall energy profile
was mostly negative, which proves that their interaction persists continuously and is dynamically regulated by ligand-protein
interactions for C9 in the 7083 conformational state.

By contrast, the 7083 structure-based KRAS(G12C)-sotorasib complex exhibited more fluctuation in the interaction energy. Total
interaction energy was in the range of about —35 to +5 kcal/mol during the trajectory. Again, the main stabilising contribution was from
the van der Waals component, which was usually in the range -30 to —10 kcal/mol, and electrostatic interactions were weak, usually in
the range -5 to +2 kcal/mol. In long periods of time, from about 20 to 80 ns, the interaction energies were close to 0 kcal/mol, meaning
ligand—protein contacts were temporarily weakened. In the late phase of the simulation (~85-100 ns), however, the negative interaction
energies re-appeared more strongly, indicating a renewed stabilisation by van der Waals interactions between sotorasib and the
KRAS(G12C) binding pocket.

5. CONCLUSION

In conclusion, this study demonstrates that the quinazoline derivative C9 is a credible and structurally stable candidate for targeting
mutant KRAS(G12C). In ensemble docking against different conformations of KRAS(G12C), C9 consistently yielded more favourable
predicted binding affinities than the reference inhibitor sotorasib, and interaction mapping displayed sustained engagement with key
residues of the Switch-II pocket including Cys12, Glu62, Arg68, Asp69, Asp92, Met72, His95 and Tyr96. These results were also
supported by molecular dynamics simulations, which showed stability of the protein backbone, persistence of ligand poses,
maintenance of global compactness, and mostly favourable ligand-protein interaction energies, with van der Waals contacts as the main
stabilising force. Collectively, these data suggest that C9 is capable of engaging in productive, long-lived interactions with the
KRAS(G12C) binding pocket in more than one conformational state, consistent with its potential as a scaffold for future lead
optimisation. Experimental validation and structure-guided medicinal chemistry optimisation will be required to confirm its inhibitory

activity and progress its development as a next-generation KRAS(G12C)-targeted therapeutic candidate.
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