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ABSTRACT: This study employs a comprehensive approach combining protein retrieval, sequence alignment, and molecular
dynamics simulations to investigate the structural dynamics and stability of wild-type KRas and its mutated variants (G12C, G12D,
G12V, and G13D). The selected protein structures were retrieved from the Protein Data Bank (PDB) and prepared by using visual
molecular dynamics (VMD) software. Sequence alignment using Clustal Omega provided a detailed comparison of the amino acid
sequences, focusing on key mutation sites. Molecular dynamics simulations, performed with Gromacs, revealed distinct
conformational changes and stability patterns in the wild-type and mutated KRas proteins over 100 ns. Clustering analysis identified
higher conformational changes in the second a-helix of the mutated variants. The root-mean-square deviation (RMSD) distribution
analysis showed variant-specific conformational dynamics, with G12V and G12D exhibiting slightly higher average RMSD values.
Furthermore, clustering and RMSD analyses of specific amino acid residues (12, 13, S1, and 118) highlighted their roles in
maintaining overall stability and influencing structural dynamics. The results indicate that mutations at positions 12 and 13 disrupt
normal cycling between wild and mutated variants, leading to the persistent activation of KRas. Additionally, principal component
analysis (PCA) elucidated unique conformational dynamics in mutated variants. Free energy landscape (FEL) analysis revealed
alterations in the thermodynamic stability of mutated variants compared with the wild type. Overall, this study provides a detailed
understanding of the structural changes associated with oncogenic mutations in KRas, offering insights crucial for targeted
therapeutic strategies in KRas-driven cancers.

B INTRODUCTION

The KRas gene (Ki-ras2 Kirsten rat sarcoma viral oncogene

focus of oncological research.' In normal cells, KRas is tightly
regulated by various signaling cascades. Mutations in the KRas

homologue), a key member of the RAS family, is a critical
player in orchestrating cellular signaling pathways, and its
encoded product, the KRAS protein, serves as a small GTPase
transductor. This protein is central to the regulation of cell
division and acts as a vital intermediary in transmitting external
signals to the cell nucleus. The intricate signaling network in
which KRas participates plays a fundamental role in
determining cellular responses to growth factors and environ-
mental cues. The proper functioning of KRAS is essential for
maintaining normal cell growth and differentiation. However,
the aberrant functioning of the KRas gene is frequently
implicated in various human cancers, making it a prominent
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gene disrupt these regulatory mechanisms, leading to
dysregulated cell signaling. This disruption ultimately results
in uncontrolled cell proliferation—a hallmark of tumorigenesis
and a key contributor to cancer development.” Of particular
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Figure 1. X-ray crystallographic structures of the wild and mutated variants of the KRas protein. The marrow colors represented as sites-I, II, and
III are the prone sites of mutations; also, the cross mark in green color represents no mutations, respectively.

interest in the context of oncogenic transformation are
mutations occurring at codons 12 and 13 of the KRas gene.
The substitutions of glycine at position 12 with cysteine
(G12C), valine (G12V), or aspartate (G12D), as well as the
substitution of glycine at position 13 with aspartate (G13D),
are prevalent mutations associated with a heightened risk of
cancer.” These mutations induce a state of constitutive
activation in the KRas protein, disrupting its normal regulatory
functions. This persistent activation leads to sustained signaling
and uncontrolled cell growth and division, all of which
contribute significantly to the development and progression of
cancer.” To unravel the molecular mechanisms underlying the
oncogenic potential of these mutations, a comprehensive
understanding of the structural dynamics and stability changes
induced by them becomes paramount. In this study, we
employ molecular dynamics simulations—a sophisticated
computational technique—to explore the conformational
landscape of both the wildtype and mutated KRas proteins.
By simulating the motions and interactions of individual atoms
over time, we gain nuanced insights into the dynamic behavior
of these proteins at the atomic level. The primary focus of the
investigation is on the KRas wildtype and four mutated
variants—G12C, G12V, G12D, and G13D.%” The molecular
dynamics simulations generate trajectories that capture the
dynamic behavior of these proteins, allowing for a detailed
analysis of conformational changes and stability profiles. The
GDP- and GTP-bound KRas insights from multiple replica
Gaussian accelerated molecular dynamics and free energy
analysis and mutation probabilities of KRAS G12 missense
mutants and their long-time scale dynamics by atomistic
molecular simulations and Markov state modeling were
explored by Pantsar et al, 2018°° and Mukerjee et al,
2021”7 The more persistent KRas mutations remain unex-
plored. The findings from this research are anticipated to
provide valuable information that can be leveraged in the
development of targeted therapeutic strategies against cancers
driven by KRas mutations. Ultimately, this work contributes to
advancing our understanding of the structural biology of KRas,
paving the way for the design of more effective and targeted
treatments for KRas-driven malignancies.

B MATERIAL AND METHODS

Protein Retrieval. The protein structures utilized in this
study included mutated variants of KRAS at codons 12 and 13,
the wildtype KRas structure (PDB ID: 6mbu)’ namely G12C

(PDB ID: 6USZ),® G12D (PDB ID: 7xkj),’ G12V (PDB ID:
7¢40),” and G13D (PDB ID: 6e6f),'" sourced from the
Protein Data Bank (PDB) (Berman et al, 2000) for
comparative analysis. These structures were chosen based on
their relevance to oncogenic transformation and their
availability in the PDB (Figure 1). The structures were
prepared by using visual molecular dynamics (VMD)
software."!

Sequence Alignment Using Clustal Omega. The EMI
Tools platform'>'® is a web-based environment for bio-
informatics analysis, including sequence alignment. The Clustal
Omega tool was selected for the sequence alignment tool for
aligning the KRAS wild-type and mutated variants. Clustal
Omega'* is a widely used program for multiple sequence
alignment and is suitable for accurately aligning homologous
sequences. The amino acid sequences for the KRAS wildtype
and mutated variants (G12V, G12D, G12C, G13D) were
retrieved from www.rcbs.org/ 5 The KRAS wildtype and
mutated variant sequences were uploaded onto the EMI Tools
platform. The visual representations of the sequence alignment
were generated. The visualization features create figures
illustrating the aligned sequences, highlighting conserved
regions and identifying specific amino acid variations. The
results were obtained from the sequence alignment, paying
specific attention to regions where mutations occur (G12V,
G12D, G12C, G13D).

Molecular Dynamics Simulations. Molecular dynamics
simulations were performed using established protocols'®"” to
investigate the conformational dynamics and stability of the
KRAS proteins. The Gromacs 22.4v software was employed for
the preparation and execution of the simulations.”® Following
preparation of the protein structures, the hydrogen atoms were
added, missing side chains were modeled, and water molecules
and heteroatoms were removed. The protonation states of
histidine residues ensure the correct representation of their
chemical environment. Specifically, we treated the protonation
states of histidine residues as follows: residue His27 was
protonated at the epsilon nitrogen atom (HISE). Residue
His94 was protonated at the delta nitrogen (HISD). Residue
His9S was protonated at the epsilon nitrogen (HISE). Residue
His166 was protonated at the epsilon nitrogen (HISE). The
proteins were then solvated by 9084 sols in a periodic water
box, with counterions of 7 Na* added for electroneutrality. The
ff14SB force field was used for the parametrization of the
proteins, respectively.18 Energy minimization was performed to

https://doi.org/10.1021/acsomega.4c02671
ACS Omega 2024, 9, 30665—-30674


http://www.rcbs.org/
https://pubs.acs.org/doi/10.1021/acsomega.4c02671?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02671?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02671?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02671?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c02671?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

r- r
pdb|6USZ|A GMTEYKLVVVGACGYGXSALTIQLIQNHFVDEYDPTIEDSYRKQVVIDGETSLLDILDTA 60
pdb|7C40|A -MTEYKLVVWGAVGYGKSALTIQLIQNHFVDEYDPTIEDSYRKQVVIDGETCLLDILDTA 59
pdb | 7XKI |A -MTEYKLVVVGADG)/GXSALTIQLIQNHFVDEYDPTIEDSYRKQWIDGETICLLDILDTA 59

pdb | 6MBU| A GMTEYKLVVVGAGGYGXSALTIQLIQNHFVDEYDPTIEDSYRKQVVIDGETICLLDILDTA 60
pdb | 6E6F | A -MTEYKLVVVGAGDYGXSALTIQL IQNHFVDEYDPTIEDSYRKQVWIDGETICL LDILDTA 59
HAl#LMXl111-;}AAxLx#x@xtxxix411AxAxxxxxx*x&miAx+Kﬂ;kxi+£1z1

pdb|6USZ|A GQEEYSAMRDQYMRTGEGF LLVFAINNTKSFEDIHHYREQI -;Rvmseovprvmveu-fs'p 120

pdb|7C40|A GQEEYSAMRDQYMRTGEGFLCVFAINNTKSFEDIHHYREQI -lRVKDSED\’P(-!VL\'GN-;CP 119

pdb | 7XK3 |A GQEEYSAMRDQYMRTGEGFLCVFAINNTKSFEDIHHYREQI -(RVKDSEDVP('WL\'G!‘I-ESP 119

pdb|6MBU|A GQEEYSAMRDQYMRTGEGF LCVFAINNTKSFEDIHHYREQIXRVKDSEDVPMVLVGNACD 120

pdb | 6EGF |A GQEEYSAMRDQYMRTGEGF LCVFAINNTKSFEDIHHYREQIKRVKDSEDVPHVLVGNHCD 119
FEFFFEFEFEFERFEFERERST FXEFXFFEFEF RS R FXTR SRR TR F RS é:xw»:&)’:cﬁ‘xﬁ‘__ll(

pdb|6USZ|A LPSRTVDTKQAQDLARSYGIPFIETSAKTRQGVDDAFYTLVREIRKHKEK- -~~~ 17@

pdb|7C42|A LPSRTVDTKQAQDLARSYGIPFIETSAKTRQGVDDAFYTLVREIRKHKEHHHHHH 174

pdb | 7XK3 |A LPSRTVDTKQAQDLARSYGIPFIETSAXTRQGYDDAFYTLVREIRKHKEK - - - - - 169

pdb | 6MBU | A LPSRTVDTKQAQDLARSYGIPFIETSAKTRQGVDDAFYTLVREIRKHKEK----~ 17e

pdb | 6E6F | A LPSRTVDTKQAQDLARSYGIPFIETSAKTRQGVDDAFYTLVREIRKH----~---~- 166

T T T T e T T Y

Figure 2. Sequence alignment of KRas wildtype and mutated variants using Clustal Omega.
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Figure 3. Cartoon and ribbon-shaped structure of KRas are illustrated in A—F. The clustering analysis of KRas wildtype and mutants was done by
using the gmx cluster analysis tool and higher conformational changes were identified in the 2nd a-helix in mutated variants of KRas.

alleviate steric clashes and correct for any structural
irregularities. Subsequently, the system underwent a series of
equilibration steps, including gradual heating and density
equilibration, to reach a stable starting point for production
simulations.'” The production molecular dynamics simulations

were conducted under constant temperature (300 K) and
pressure (1 atm) conditions.”” The Langevin thermostat and
the Berendsen barostat were employed to regulate temperature
and pressure, respectively.”’ The MDS was performed for 100
ns with a time interval of 2 fs.”” The resulting trajectories from
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the simulations were analyzed by using a combination of
Gromacs tools. The key structural parameters, such as root-
mean-square deviation (RMSD) and root-mean-square fluctu-
ation (RMSF), were monitored over the simulation time to
assess conformational changes and stability.”> The statistical
analyses were performed using appropriate tools to extract
meaningful information from the molecular dynamics
trajectories. The comprehensive investigation into the
structural dynamics of wild-type and mutated KRAS proteins
provides insights into the conformational changes and stability
associated with oncogenic mutations. The detailed analysis of
the molecular dynamics simulations contributes to a deeper
understanding of the molecular mechanisms underlying KRAS-
driven cancers, aiding in the design of targeted therapeutic
strategies.

B RESULTS AND DISCUSSIONS

Sequence Alignment KRas Wildtype and Mutated
Variants. The mutations in the KRas protein are more
comprehensively detailed and are depicted in Figure 2. The
wild-type KRAS protein is the normal, nonmutated form.
Under normal conditions, KRAS acts as a molecular switch,
cycling between inactive (GDP-bound) and active (GTP-
bound) states, regulating downstream signaling pathways
involved in cell growth and division.”* Also, in the G12V
KRas protein, the substitution of glycine with valine leads to
altered conformation and enhanced affinity for GTP, favoring
the active state.”> The substitution at positions 52 and 119
introduces cysteine residues, potentially influencing the
protein’s interactions and stability. In G12D mutation, the
mutation of glycine with aspartic acid at position 12 enhances
the protein’s affinity for GTP, promoting constitutive
activation.* Cysteine substitutions at positions 52 and 119
may affect the protein’s structure and interactions. The G12C
mutation leads to constitutive activation by promoting GTP
binding. The cysteine substitutions at positions 52 and 119
may alter the protein’s structure and interactions. Besides the
G12D mutation, there is an additional substitution at position
13 where glycine is replaced by aspartic acid. These mutations
collectively contribute to the sustained activation of KRas. The
mutations at positions 12 and 13 are strategically placed within
the GTP-binding domain of KRas. This domain is crucial for
the protein’s ability to bind and hydrolyze GTP, serving as a
molecular switch. Mutations at these positions disrupt the
normal cycling between the active and inactive states, leading
to a persistent active state. The substitutions at positions 52
and 119, involving the replacement of serine with cysteine,
may introduce reactive thiol groups, potentially affecting
protein—protein interactions and stability. Understanding
these structural changes is vital for the design of targeted
therapies. Scientists all over the world aim to develop drugs
that specifically inhibit the aberrant, constitutively active forms
of KRas, providing potential treatments for cancers driven by
KRas mutations. The Protein Data Bank entries (PDB IDs)
serve as valuable resources for studying the three-dimensional
structures of these mutated KRas proteins, aiding in the design
and optimization of targeted therapies.

Molecular Dynamics Simulations. Clustering Analysis
of Wildtype and KRas Mutants. The RMS distribution is a
measure used in molecular dynamics simulations to analyze the
stability and fluctuations of protein structures over time. It
calculates the root-mean-square deviation (RMSD) of the
atomic positions from their average positions. The RMSD is

computed by comparing the positions of atoms in each frame
of the trajectory to those in a reference structure. The RMSD
values indicate how much the protein structure deviates from
the reference structure at each time point during the
simulation. A low RMSD value signifies a stable structure,
indicating that the protein maintains its overall conformation.
On the other hand, higher RMSD values suggest structural
fluctuations or significant conformational changes (Figure 3).

Analyzing the RMS distribution involves examining the
frequency or probability distribution of RMSD values over the
simulation time. This distribution provides insights into the
range of structural variability exhibited by the protein. The
peaks in the RMS distribution can represent distinct
conformational states or transitions among different structural
motifs. Identifying and characterizing these peaks aids in
understanding the dynamics and equilibrium states of the
protein (Figure 3). The RMS distribution of wild-type and
mutant KRas proteins was compared to assess the impact of
mutations on structural stability. Differences in the distribution
patterns may highlight the influence of mutations on the
protein’s conformational dynamics. The RMSD values for
wild-type KRas ranged from 0.082 to 0.28 nm, with an average
RMSD of 0.182 nm, indicative of moderate conformational
fluctuations over the simulation period. Specifically, the G12C
mutation exhibited an RMSD range of 0.078 to 0.29 nm, with
an average RMSD of 0.177 nm. For G12D, the RMSD varied
from 0.081 to 0.29 nm, with an average RMSD of 0.187 nm.
G12V demonstrated RMSD values ranging from 0.081 to 0.31
nm and an average RMSD of 0.19 nm. Similarly, G13D
showed an RMSD range of 0.081 to 0.27 nm, with an average
RMSD of 0.172 nm. These findings highlight distinct
conformational dynamics among the mutated KRas variants,
with G12V and G12D exhibiting slightly higher average RMSD
values compared to those of the wild type and other mutations.
The observed differences in RMSD suggest potential
implications for the functional dynamics of these KRas variants
(Figure 4). The observed differences in RMSD among wild-
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Figure 4. Root-mean-square distribution of wild-type KRas and
mutant variants of KRas-G12C, G12V, G12D, and G13D.

type KRas and its mutated variants provide valuable insights
into the impact of specific mutations on the protein’s structural
stability.

Expanding on the biological implications of the clustering
analysis results for KRas wild type and mutated variants, here,
we also chose the mutated amino acids 12, 13, 51, and 118

https://doi.org/10.1021/acsomega.4c02671
ACS Omega 2024, 9, 30665—-30674


https://pubs.acs.org/doi/10.1021/acsomega.4c02671?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02671?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02671?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02671?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c02671?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

amino acids that undergo mutations. In KRas wild-type, the
structural stability of amino acid 12 suggests a crucial role in
maintaining the overall stability of the KRas protein. It might
be involved in key interactions within the protein’s binding
sites or activation regions. The residue 51 showed moderate
flexibility and implied a certain level of adaptability. This
residue may be involved in conformational changes required
for signaling or interaction with downstream effectors. The
residue 118 showed moderate flexibility similar to residue 51,
suggesting a potential role in dynamic structural changes,
possibly linked to functional transitions in KRas. The increased
variability in combinations may indicate cooperative effects
between these residues, potentially influencing the KRas
protein function in a more intricate manner. In the G12C
mutated variant, residue 12 displayed significantly low RMSD
values, indicating stability. This likely plays a critical role in
maintaining the structural integrity of the protein, even with
the G12C mutation. The residues 51 and 118 outline the
flexibility and suggest that the G12C mutation could influence
the dynamic behavior of the protein, possibly impacting its
interactions with other cellular components. The increased
flexibility in combinations may imply synergistic effects of
mutated residues on structural dynamics, which could be
relevant for downstream signaling pathways. Next, in the
G12D mutated variant, residue 12 showed moderate flexibility
suggesting a role in structural dynamics, potentially influencing
the KRas function. The low RMSD values of residue S1
indicate stability, suggesting that despite the G12D mutation
this residue retains its structural integrity. The residue 118
displayed flexibility similar to residue S1 and thus maintained
stability, indicating potential importance in maintaining the
overall structure. The G12V that displayed moderate flexibility
in residue 12 may imply a role in conformational changes
required for the KRas function. The residue 51 showed lower
RMSD values suggesting stability and a potentially crucial role
in maintaining the structural integrity of the protein. The
moderate flexibility was achieved by residue 118 may
contribute to the overall structural dynamics of the protein.
The higher structural flexibility in combinations indicates
potential cooperative effects between mutated residues, which
could influence the protein’s function. Moreover, the G13D
variant, residue 12 showed restrained flexibility, suggesting a
role in dynamic structural changes. Residue 51 with low
RMSD values indicates stability, suggesting this residue’s
importance in maintaining structural integrity. Residue 118
maintains stability, indicating a potential significance in the
overall structure. These combination results may suggest a
cooperative effect of mutated residues, potentially influencing
the KRas function in a concerted manner. The overall
biological implications and functional significance observed
in structural variations in specific residues, especially in
combinations, may impact the KRas protein function (Figures
4—7). Besides the above-detailed fluctuations among wild and
mutants of Kras, we also determine the total counts
(neighboring structures at cutoff mark) and average RMSD
of the group of residues (r) r1-rS1 and r12-r118, and they are
illustrated in Figures 8, 99 and Table 1. From the
understanding these changes is crucial for unraveling the
molecular mechanisms underlying KRas-driven cancers.
Targeting residues that exhibit maintained structural variability
may provide a basis for developing novel therapeutic strategies
to modulate KRas activity. The cooperative effects observed in
combinations of mutated residues highlight the interconnect-
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edness of specific amino acids in influencing the overall
structural dynamics of KRas. The biological implications of the
clustering analysis results underscore the importance of specific
amino acid residues in KRas function and how mutations can
alter the structural landscape, providing potential avenues for
targeted therapeutic interventions in KRas-driven cancers.
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The wild type KRAS displayed a narrow RMSD range, 0.3} e

suggesting that the wild-type structure is relatively stable
during the simulation. The values are within a tight range,
indicating a consistent structural behavior. Whereas, the KRas-
G12C displayed a similar RMSD range to the wild type,
indicating that the G12C mutation does not significantly
disrupt the stability. The slightly lower upper bound may
suggest a subtle increase in the stability or rigidity. Moreover,
the KRas-G12V displayed a wider RMSD range, indicating a
higher degree of structural variability compared to the wild
type. The upper limit of 0.25 nm suggests potential
conformational changes or flexibility introduced by the G12V
mutation. Next, the KRas-G12D showed a similar RMSD
range to the wild type, indicating that the G12D mutation does
not significantly impact stability. The values falling within the
wild-type range suggest structural similarity. Subsequently, the
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Figure 10. RMSD Ca determines the stability of the KRas wild-type
and mutated variant KRas-G12C, G12V, G12D, and G13D.
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KRas-G13D displayed that the RMSD range is within the wild-
type range, indicating that the G13D mutation does not
dramatically affect stability. The upper bound of 0.2 nm
suggests a moderate level of structural variability. The overall
comparison showed that G12C and GI12D variants tend to
have similar stability to that of the wild type. The minor
variations in the upper or lower RMSD bounds may indicate
subtle differences in the local structural dynamics. The G12V
variant displays a wider RMSD range, suggesting a higher
structural variability. That usually indicates potential con-
formational changes or increased flexibility introduced by the
G12V mutation. Furthermore, the GI13D variant exhibits
stability comparable to that of the wild type. The moderate
upper bound suggests a moderate level of structural variability.
This detailed analysis allows for a nuanced understanding of
the stability differences among the KRas variants, providing
valuable insights into their structural behavior during
simulations.

Flexibility of Each Amino Acid in KRAS Wildtype and
Mutated Variants. Root mean square fluctuation (RMSF) is
a measure of the flexibility or mobility of individual atoms or
groups of atoms in a molecular system, often calculated over a
trajectory obtained from molecular dynamics simulations. It
provides insight into the dynamic behavior of specific regions
within a protein. The overall RMSF values indicate relatively
stable behavior during the simulation. Specific residues (28—
42, 57—67) and RMSF values in the range of 0.05—0.4 nm
suggest some level of flexibility or variability in these regions
(Figure 11). While the protein as a whole remains stable,

— KRAS-Wild
0.6 — KRAS-G12C
— KRAS-G12V
— KRAS-G12D
0.5 KRAS-G13D

o

o

RMSF (nm)

M/'WW Nt
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Figure 11. Root-mean-square fluctuation (RMSF) of KRAS wild-type
and mutated variant KRAS-G12C, G12V, G12D, and G13D.

certain regions (28—42, 57—67) display fluctuations, which
might be functionally relevant or reflect local flexibility; the rest
of the amino acids showed flexibility of 0.05—0.2 nm. The
KRAS-G12C showed that the overall RMSF profile is similar
to that of the wild type. The G12C mutation does not seem to
introduce significant changes in the flexibility pattern
compared with the wild type. The residues 28—42 and 57—
67 maintain similar fluctuation levels. Next, the KRas-G12V
showed that the RMSF profile is comparable to that of the wild
type. The G12V mutation does not induce drastic changes in
the flexibility. The residues 28—42 and 57—67 continue to
show similar fluctuation levels to the wild type. Moreover, the
RMSF profile showed by the KRAS-G12D aligns with the wild
type. The G12D mutation maintains flexibility patterns similar

to those of the wild type. Residues 28—42 and 57—67 exhibit
comparable fluctuation levels. The KRas-G13D RMSF profile
closely resembles that of the wild type. The G13D mutation
does not lead to significant alterations in the flexibility.
Residues 28—42 and 57—67 show similar fluctuation patterns.
The mutants (G12C, G12V, G12D, and G13D) do not exhibit
substantial changes in overall flexibility compared to the wild
type. Residues 28—42 and 57—67 in all variants display similar
RMSEF patterns to the wild type, suggesting that the mutations
do not induce major alterations in the flexibility of these
specific regions. While RMSF provides information about
flexibility, functional implications depend on the specific role
of the residues in these regions. RMSF results are combined
with RMSF analysis for a comprehensive understanding of
both overall stability and local flexibility. This detailed analysis
of RMSF values indicates that, while there are fluctuations in
specific regions (28—42, 57—67), these fluctuations are
consistent across the wild type and mutated variants. The
mutations (G12C, G12V, G12D, and G13D) do not seem to
introduce significant changes in the flexibility patterns of these
specific regions compared to the wild type. The fluctuations
that occurred in were found approximately similar to the data
reported by Maitra et al.”’

Radius of Gyration (RoG) of KRas Wildtype and
Mutated Variants. The RoG values indicate a relatively
compact structure for the wild type. The narrow range suggests
stable behavior during the simulation. The wild-type KRas
maintains a consistent and compact overall structure. The
KRas-G12C showed RoG values lesser than wild type,
suggesting that the GI2C mutation showed significant
alteration in the overall size or compactness. The GI12C
mutation appears to have a minimal effect on the overall
structure in terms of size and compactness. The KRas-G12V
displayed RoG values comparable to the wild type suggesting
that the G12V mutation does not induce major changes in
compactness. Moreover, the G12V mutation appears to have a
minimal impact on the overall structure in terms of size and
compactness. The KRas-G12D showed RoG values lesser than
wild type indicating that the G12D mutation does not lead to
significant alterations in overall size or compactness. The
G12D mutation appears to have a minimal impact on the
overall structure in terms of size and compactness. The G13 V
mutation appears to have a minimal impact on the overall
structure in terms of size and compactness. All mutants
(G12C, G12V, G12D, G13D) exhibit RoG values lower than
that of the wild type (Figure 12). The mutations may
significantly alter the overall size or compactness of the KRas
protein. The dynamic changes in a system were calculated in
the form of the RoG, which provides information on overall
size; it does not capture dynamic changes in specific regions.
The combined RoG results from RMSD and RMSF analyses
provide a comprehensive understanding of both overall
stability and local flexibility.

Solvent Accessible Surface Area (SASA) of KRas
Wildtype and Mutated Variants. The SASA is a measure
of the surface area of a protein or macromolecules that is
accessible to solvent molecules. It provides information about
the degree of exposure of a molecule to its environment, which
can be indicative of its solvation and interaction properties. In
the context of proteins, SASA is often used to assess the
accessibility of amino acid residues to solvent molecules. The
wild-type KRas showed higher SASA values, suggesting that
the wild-type KRas has a relatively less solvent-exposed surface.
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Figure 12. Compactness of the KRas wild-type and mutant variants
KRAS-G12C, G12V, G12D, and G13D.

The wild-type KRAS tends to have a surface that is less
accessible to solvent molecules, possibly indicating a more
open conformation. The KRas-G12C showed SASA values
approximately similar to the wild type, suggesting that the
G12C mutation leads to a compactness. The G12C mutation
appears to decrease the accessibility of the protein surface to
solvent molecules, potentially indicating dynamic conforma-
tion. The SASA of KRas-G12V displayed similarity to G12C,
and the GI2V mutation results in higher SASA values
compared to the wild type. The G12V mutation decreases
the accessibility of the protein surface, suggesting a potential
increase in compactness. The KRas-G12D almost showed
similarity to G12C and G12V, and the G12D mutation leads to
lower SASA values compared to the wild type. The G12D
mutation decreases the solvent accessibility, indicating a
potential shift toward a more open or dynamic conformation.
The KRas-G13D showed similarity to other mutants; G13D
exhibits lower SASA values compared to the wild type. The
G13D mutation decreases the accessibility of the protein
surface, suggesting a potential increase in lesser flexibility than
other variants and wildtype (Figure 13). The SASA analysis
suggests that the mutations (G12C, G12V, G12D, and G13D)
in KRas lead to decreased solvent accessibility compared to the
wild type, indicating dynamic structure for the mutant variants.

Principal Components of KRas Wildtype and Mu-
tated Variants. This principal component analysis (PCA)
was employed to unravel the conformational dynamics of wild-
type KRas and its G12C, G12D, G12V, and G13D mutated
variants. Molecular dynamics simulations conducted using
GROMACS software provide detailed insights into the
principal components, offering a nuanced understanding of
the protein’s structural variability. The wild-type KRas, PC1
spans from —1.75 to 1.4, indicating significant structural
variance along this principal component. PC2 ranges from —1
to 1, showing diverse conformations captured during the
simulation. Next, the G12C mutated variant, PC1 exhibits a
broader range from —2 to 1.75, reflecting increased conforma-
tional variability compared with the wild type. PC2 ranges
from —1.4 to 1.2, suggesting distinct structural arrangements.
Moreover, the G12D mutated variant PC1 varies between
—1.6 and 1.1, indicating unique conformational transitions.
PC2 ranges from —1 to 1, capturing additional structural
nuances. Furthermore, the G12V mutated variant, PC1 extends
from —1.5 to 0.6, showing altered dynamics compared to the
wild type. PC2 ranges from —12 to 1.3, revealing diverse
conformations. Finally, the G13D mutated variant PC1 spans
from —04 to 1.1, suggesting a distinctive conformational
landscape. PC2 ranges from —0.8 to 1.1, indicating specific
structural variations (Figure 14). These PCA results highlight

4

- KRAS-Wild
- KRAS-G12C
3r - KRAS-G12V| ]
- KRAS-G12D
KRAS-G13D
2l 4
1 - -
~N
U 0ofF -
~
-1} 4
2t 4
-3} 4
-2
-4 -3 -2 -1 ) 1 2 3 4

PCl

Figure 14. PCA KRas wildtype and mutated variants.
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Figure 13. Solvent accessible surface area (SASA) for each complex
was determined by wild-type KRas and the mutated variants of KRas-
G12C, G12V, G12D, and G13D.

pronounced differences in the conformational dynamics among
wild-type KRas and its mutated variants. The broader ranges
and unique patterns observed in the mutated variants suggest
that specific mutations influence the protein’s structural
flexibility and may have functional implications. The PCA
results shed light on the conformational dynamics of KRas and
its mutated variants. The observed variations along PC1 and
PC2 provide a basis for understanding the impact of mutations
on the protein’s structural plasticity, offering insights that could
inform targeted drug design strategies.

Free Energy Surfaces of KRas Wildtype and Mutated
Variants. This Gibbs energy landscape analysis was employed
to explore the conformational stability of wild-type KRas and
its G12C, G12D, G12V, and G13D mutated variants. The free
energy landscape (FEL) calculations provide a comprehensive
view of the thermodynamic stability of these proteins. The
Gibbs energy landscape analysis for wild-type KRas yields FEL
values ranging from 0 to 18.7 kJ/mol, portraying the energetic
stability of various conformations sampled during the
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Figure 15. Gibbs energy landscape of KRas wild-type and mutated variants.

simulation. The FEL values for the G12C mutated variant span
from 0 to 19.4 kJ/mol, suggesting alterations in the
conformational stability compared with that of the wild type.
Similarly, for the G12D mutated variant, the FEL values range
from 0 to 19.4 kJ/mol, indicating shifts in the thermodynamic
landscape in relation to the wild type. The Gibbs energy
landscape analysis for the G12V mutated variant shows FEL
values from 0 to 19.4 kJ/mol, highlighting potential changes in
the conformational stability. For the G13D mutated variant,
the FEL values range from 0 to 18.7 kJ/mol, providing insights
into the energetic landscape of this mutated form similar to
wildtype (Figure 15). These results suggest distinct variations
in the conformational stability of the KRas protein and its
mutated variants, indicating the influence of specific mutations
on the thermodynamic characteristics. The observed differ-
ences in FEL values among wild-type KRas and its mutated
variants reveal variations in conformational stability. The
alterations in the Gibbs energy landscape may correlate with
functional changes in the protein structure, providing valuable
insights into understanding the impact of mutations on KRas
behavior. These findings contribute to a deeper understanding
of the thermodynamic aspects of KRas conformational
dynamics and may have implications for drug design and
targeted therapies.

B CONCLUSION

In conclusion, this study employed a comprehensive approach
to investigate the structural dynamics of wild-type KRas and its
mutated variants (G12C, G12D, G12V, and G13D) through
sequence alignment, molecular dynamics simulations, cluster-
ing analysis, and various structural analyses. The selected
mutated variants were of particular interest due to their
relevance to oncogenic transformation. The research utilized
X-ray crystallographic structures obtained from the Protein
Data Bank (PDB) and performed sequence alignment using
Clustal Omega, followed by molecular dynamics simulations.
The sequence alignment revealed distinct mutations at key
positions, such as G12 and G13, within the GTP-binding
domain of KRas. Molecular dynamics simulations provided
insights into the conformational dynamics and stability of the
proteins, revealing variations in the root-mean-square deviation
(RMSD) among wild-type and mutated variants. Clustering
analysis identified higher conformational changes in the second
a-helix of mutated variants. The study further analyzed the
root-mean-square fluctuation (RMSF), radius of gyration
(RoG), solvent accessible surface area (SASA), principal
components, and free energy surfaces, providing a compre-
hensive understanding of the structural variations and stability
of KRas and its mutants. The results highlighted that G12V
and G12D mutants exhibited slightly higher average RMSD
values, suggesting potential implications for their functional
dynamics compared to those of other mutants and the wild
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type. Clustering analysis pinpointed residues crucial for
stability and flexibility, emphasizing the interconnectedness
of specific amino acids in influencing the overall structural
dynamics of KRas. The mutants displayed distinct RMSF
profiles, indicating conserved flexibility in specific regions
across all variants. Furthermore, RoG analysis suggested that
mutations led to alterations in the overall size of KRas, with
mutants generally exhibiting RoG values lower than those of
the wild type. SASA analysis indicated decreased solvent
accessibility in mutants compared with the wild type,
suggesting a potential shift toward a more dynamic
conformation. Principal component analysis (PCA) and free
energy landscape (FEL) analysis revealed pronounced differ-
ences in conformational dynamics and thermodynamic stability
among the wild-type and mutated variants. Overall, the
detailed analyses provided valuable insights into the structural
dynamics and stability of KRas and its mutated variants,
shedding light on the molecular mechanisms underlying KRas-
driven cancers. These findings contribute to ongoing efforts in
designing targeted therapeutic strategies for KRas-mutated
cancers, offering a basis for the development of novel
treatments aimed at modulating KRas activity.
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