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ARTICLE INFO ABSTRACT
Keywords: KRAS protein is known to be frequently mutated in various cancers. The most common mutations
KRAS being at position 12, 13 and 61. The positions 12 and 13 form part of the phosphate binding
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Markov state model

DCCM

Cancer

region (P-loop) of KRAS. Owing to mutation, the protein remains in continuous active state and
affects the normal cellular process. Understanding the structural changes owing to mutations in
GDP-bound (inactive state) and GTP-bound (active state) may help in the design of better ther-
apeutics. To understand the structural flexibility due to the mutations specifically located at P-
loop regions (G12D, G12V and G13D), extensive molecular dynamics simulations (24 ps) have
been carried for both inactive (GDP-bound) and active (GTP-bound) structures for the wild type
and these mutants. The study revealed that the local structural changes at the site of mutations
allosterically guide changes in distant regions of the protein through hydrogen bond and hy-
drophobic signalling network. The dynamic cross correlation analysis and the comparison of the
correlated motions among different systems manifested that changes in SW-I, SW-II, a3 and the
loop preceding o3 affects the interactions of GDP/GTP with different regions of the protein
thereby affecting its hydrolysis. Further, the Markov state modelling analysis confirmed that the
mutations, especially G13D imparts rigidity to structure compared to wild type and thus limiting
its conformational state in either intermediate state or active state. The study suggests that along
with SW-I and SW-II regions, the loop region preceding the a3 helix and o3 helix are also involved
in affecting the hydrolysis of nucleotides and may be considered while designing therapeutics
against KRAS.

1. Introduction

The RAt Sarcoma (RAS), a GTPase is known to regulate various cellular processes like cell proliferation, cell development and
differentiation, migration and apoptosis [1,2]. It has an intrinsic function as a molecular switch and transits between GTP-bound active
state and GDP-bound inactive state [3-5]. The activation process involves transformation of GDP-bound form with GTP-bound form
and this process is accelerated with the help of guanine-nucleotide exchange factor (GEF) [6,7]. The inactivation process is guided by
the GTPase activating protein (GAP) which leads to transformation from GTP-bound form with GDP-bound form [6,7]. HRAS, KRAS,
and NRAS are three RAS isoforms with overall high sequence similarity [8-10]. Within the three RAS isoforms, KRAS is the known to
be most frequently mutated in different types of cancers [9-13]. The patients with the pancreatic cancer, colorectal tumours and lung
cancer mostly harbours mutations in the KRAS protein as compared to HRAS and NRAS [12].
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The KRAS protein comprises a G-domain and hyper variable C-terminus domain. The initial 1-166 residues form the G-domain and
comprises six beta-strands and five alpha-helices [14]. The residue 167-188 forms the hyper variable region (HVR) which helps KRAS
to anchor to the membrane [15-17]. The details of different regions of the KRAS protein is given in Fig. 1. The important functional
regions of the KRAS includes switch-I (residue 30-38, SW-I), switch-II (residue 59-76, SW-II), phosphate binding loop (residues 10-17,
P-loop), and nucleobase binding loops (residues 116-120 and 145-147). These regions play an important role in the activation
mechanism. In most cancers the mutation maps to either the residues of P-loop or SW-II [18]. Across the GTPase superfamily the
nucleotide-binding pocket is conserved and for RAS it comprises of P-loop, NKxD motif (residue 116 to 119), and ExSAK motif (residue
143 to 147) [19,20].

Out of the 44 different point mutations that are known to occur in the KRAS protein, around 99 % of them are located at the codons
12, 13 and 61 [21]. These mutations affect intrinsic as well as GAP associated GTP hydrolysis leading to the continuous active state of
KRAS leading to unregulated cell growth [22-29]. It has been also observed by researchers that different mutations in the KRAS protein
distinctly alter its GPTase activity or its affinity for downstream effector proteins [30-33]. Several experimental and theoretical studies
have been carried out to study the kinetics of GTP hydrolysis for the RAS protein. Most of the theoretical studies have been carried out
on mutants of the RAS. As these mutations are known to impair the affinity of RAS for the GTP, researchers are trying to understand the
structural changes owing to these mutations [32-35]. Majority of studies have reported that SW-I and SW-II regions show major
conformational changes during GTP hydrolysis [32-35]. The study by Diaz et al. showed that the SW-II domain shows transition during
GTP hydrolysis [36]. The study states that the removal of y phosphate creates more space which allows the movement of residue Gly12
and Gly13, thereby allowing SW-II to adopt alternate conformations [36,37]. The studies on various mutants has helped in exploring
various intermediates in the activation process [38-40].

In the NMR study, researchers have identified that SW-I tends to occur in two distinct conformations i.e in the open conformation
(state 1) and in the closed conformation (state 2) [41]. The closed conformation is similar to that found in the RAS effector complex
[42-44]. Initially the above finding was observed for HRAS, but later it was found in KRAS as well [45]. The open conformation (state
1) is characterized by the residues Tyr32 and Thr35 positioning away from the nucleotide and the Thr35 residue does not form contact
with y phosphate or Mg2+. The closed conformation (state II) is characterized by the Tyr32 residue going close towards the nucleotide
and Thr35 sidechain forming contact with y phosphate and Mg2+ [46,47]. Further, state II is known to exist in the two substates i.e R
state and T state. The R state has a fully ordered active site and T state has disordered SW-II region [48]. Also, the water is known to
play an important role in the hydrolysis of GTP and has been demonstrated by various researchers using classical molecular dynamics
simulations [49-51].

Most of the studies in this regard to understand the effect of mutations have been done on HRAS isoform. Molecular dynamics study
by Gorfe et al. has shown that the KRAS is more flexible as compared to HRAS and NRAS isoforms [26]. Also, Johnson et al. has shown
that the three isoforms KRAS, HRAS and NRAS are biochemically distinct [52]. Since, the KRAS is mostly mutated in different cancer
types, it becomes important to understand the structural changes in the KRAS owing to mutation in its GDP and GTP-bound states. The
study by Lu et al. [53] on the full length KRAS oncogenic mutations showed that the mutants G12C, G12V and Q61H lead to weakened
association between hypervariable region and G domain. The dynamics of only G domains of various oncogenic mutants viz. G12D,
G12V and G13D for H-RAS and KRAS and heir comparative study revealed that the G12V and G13D mutants of H-Ras protein are
significantly more flexible than their corresponding KRAS counterpart [54]. There have been studies on the conformational flexibility
of the structure owing to various mutations [33,54-56], still there is scope to understand the local changes and how these changes
allosterically regulate different regions of the protein. Vatansever et al. [56] carried out simulation studies to explore local events that
affect the function of KRAS protein owing to G12D mutations. The study by Grudzien et al. showed that different mutants at residue
position 12, namely G12D and G12V showed variation in conformational dynamics suggesting divergent activation mechanism by
distinct mutants [57].

Various studies have suggested that the different mutants affect different downstream signaling pathways [58-61]. The study by
Ihle et al. [59] showed that in the non-small cell lung cancer (NSCLC) cell lines, owing to the G12C and G12D mutations the Ral
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Fig. 1. Structure of wild-type (WT) KRAS depicting different secondary structure elements and their sequence.
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signaling and growth factor-dependent Akt activation is affected. They also observed that the G12D mutation activates phosphati-
dylinositol 3-kinase (PI-3-K) and mitogen-activated protein/extracellular signal-regulated kinase (MEK) signalling. Hammond et al.
[60] in their study showed that each of these mutations G12V, G12D and G13D have distinct effects on downstream signaling
pathways. The review by Abdelkarim et al. suggest that the mutation at position 12 of KRAS may affect its interaction with calmodulin
[61]. These studies clearly show that the mutation not only affects the region responsible for controlling the activation/deactivation of
KRAS but also affects the regions responsible for interactions with downstream proteins.

Hence in the current work, molecular dynamics simulations have been performed for KRAS wild type, and three of its mutants i.e
G12D, G12V and G13D in GDP and GTP-bound form. The study has been performed to explore the various conformational states of
KRAS in GDP and GTP bound forms in order to get structural insight into the wild type and mutant protein due to mutations in the P-
loop region.

2. Methodology
2.1. System preparation

The starting structures for the system preparation were downloaded from RCSB Protein Data Bank (PDB) with PDB id: 4DSU (GDP-
bound) and PDB id: 4DSO (GSP bound) [62]. As most of the structures for KRAS have a truncated C-terminal end, hence above
mentioned pdbs were considered as it had the coordinates for residues 1-180. The pdb structures had mutation at the position 12 i.e
G12D, hence for obtaining wild type system (WT) residue Asp at position 12 was replaced by Gly using Chimera tool [63]. To obtain the
G12V system, the residue position 12 was replaced by Val. Further the system G13D was obtained by replacing Asp at position 12 by
Gly and Gly at position 13 with Asp. Also, to obtain GTP-bound systems, GSP was replaced by GTP.

2.2. Molecular dynamics simulations

The Gromacs v5x version was used to carry out for the simulations of all GDP and GTP bound KRAS systems [64]. The protein was
parameterized using Amber99SB force field [65]. The parameters for the GTP and GDP were generated using prodrg2 server [66]. For
each of the system of GDP-bound (WT, G12D, G12V and G13D) and of GTP-bound (WT, G12D, G12V and G13D), four sets of simu-
lations (two 1 ps and two 500ns) were carried out. Details of the simulation lengths for each system has been given in Table 1. The
systems were solvated in a cubic water box with TIP3P water model with distance of 10 A between the closest protein fragment and
edges of the box. The systems were neutralized by adding Na+ and Cl-ions. Each of the systems were energy minimized for around
5000 steps followed by two steps of equilibration. Initially using V-rescale thermostat [67], position restrained NVT equilibration was
carried out for around 500 ps. This was followed by NPT equilibration for around 1 ns using Berendsen barostat [68]. The
Particle-Mesh Ewald (PME) method was employed for calculation of long-range electrostatic calculations [69]. For the van der Waals’s
interactions and Coulombic interactions, a cut-off of 12 A was set. The hydrogen bonds were constrained using the LINC algorithm
[70]. The integration step of 2 fs was set for solving newton equations of motion. All the production runs were carried out using
Parrinello-Rahman barostat [71].

2.3. Analysis

The gromacs analysis utilities and amber cpptraj were used for the analysis of the all simulation trajectories. The interaction
analysis was carried out using GetContacts tools [72]. The visualization and rendering of molecules were done using VMD [73] and
Chimera.

2.4. Dynamic cross-correlation analysis

The dynamic cross correlation (DCC) analysis was carried out using the cpptraj module of AmberTools. It gives an idea about
correlation of motions between different atoms of the system. equation (1) is used for calculation of the DCC between the ith and jth
atoms of the protein.

Table 1

Detail of molecular simulations of WT and Mutant systems.
S.No System Number of simulations Time
1 WT(GDP) 4 sets Two sets of 500ns and two sets of 1ps
2 G12D(GDP) 4 sets Two sets of 500ns and two sets of 1ps
3 G12V(GDP) 4 sets Two sets of 500ns and two sets of 1ps
4 G13D(GDP) 4 sets Two sets of 500ns and two sets of 1ps
5 WT(GTP) 4 sets Two sets of 500ns and two sets of 1ps
6 G12D(GTP) 4 sets Two sets of 500ns and two sets of 1ps
7 G12V(GTP) 4 sets Two sets of 500ns and two sets of 1ps
8 G13D(GTP) 4 sets Two sets of 500ns and two sets of 1ps
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Fig. 2. Population distribution plot for root mean square deviation for GDP/GTP-bound systems for wild type (black color) and G12D (red color),
G12V (green color) and G13D (blue color). Figure A to D are for GDP-bound system A) Complete protein. B) SW-I region. C) SW-II region. D) P-loop
region. Figures E to H are for GTP-bound system E) Complete protein. F) SW-I region. G) SW-II region. H) P-loop region.
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The Cij represents the cross correlation between the atom i and j where the r; and r; represent the coordinates at a given time point
and the <r;> and <rj> represents average over the trajectory [74]. In-order to calculate the DCC, all the conformations are overlaid
over the starting structure and atom-wise cross-correlation is calculated. The values for the Cij may vary between —1 and 1. The —ve
values indicate the negative correlation i.e asynchronous motion between atoms and +ve values indicate the positive correlation i.e
synchronous motion. Calculation of difference between correlated motions between the different systems and plotting them was done
by using python.

2.5. Markov state models analysis (MSM)

Pyemma software package was used for carrying out MSM analysis [75]. MSM analysis helps in identifying important confor-
mational states [76]. It also helps in determining stable intermediates states and the kinetics between these intermediates [76-78]. The
first step in the MSM analysis is the choice of the collective variable (CV) i.e the features which can help to differentiate conformational
states of the system [78,79]. In the current study, residue min_dist was used as featurizer. Following set of residues viz. 12, 29, 32, 34,
35, 36, 40, 48, 59, 60, 61, 62, 67, 105, 122, 126, 138 and GDP/GTP were considered for residue min_dist calculation. The K-means
clustering algorithm with the number of initial clusters equal to 100 was chosen. From these clusters (i.e. microstates), macrostates are
created using PCCA + algorithm. Finally, the transition matrix between these macrostates is computed in such a way that it follows the
Markovian behaviour. The Chapman Kolmogorov test given by equation (2) is used for validation of the MSM [79].

T(nt)=T(z)" Eq. 2
where n is an integer number of steps, T(t) is transition matrix at lag time .
3. Results and discussion

In current work, 24ps-long molecular dynamics simulations of KRAS GDP-bound wild type and three mutant variants and KRAS
GTP-bound wild type and three mutant variants were carried out to study structural and dynamic features, which may be responsible
for continuous activation state of mutants. Structural changes and dynamics of the systems are studied by dynamic cross correlation,
interaction analysis and other structural analysis like MSM.

3.1. Root mean square deviation (RMSD)

The structural comparison with respect to start structure was carried out for each of the systems. Fig. 2(A-D) shows the RMSD
distribution for GDP-bound systems. Fig. 2A shows RMSD distribution for the overall structure for GDP-bound systems, and it can be
clearly seen that the mutation adds rigidity to the structure. The RMSD for WT ranges from 3 to 6 A, while for the mutants it ranges
from 3 to 4.5 A. Further to observe the impact of mutations on important regions of KRAS viz. switch I (SW-I), switch II (SW-II) and P-
loop regions, the RMSD distribution was plotted for all these regions (Fig. 2B-D). From the figure, it can be seen that the WT type shows
major deviation in the SW-I region as compared to the mutants. The P-loop regions show deviation in the mutants system. The SW-II
region showed fluctuation in all the systems with RMSD ranging from 2 to 5.5 A.

Fig. 2E shows the RMSD distribution for the overall structure for GTP-bound systems. In GTP-bound systems, it was observed that
mutant systems tend to show slightly higher fluctuations as compared to the WT. The average RMSD of mutant systems showed rise by
0.3,0.18 and 0.4 A as compared to WT for G12D, G12V and G13D systems respectively (Fig. 2E). Further it was observed that the G12D
and G12V systems showed comparatively enhanced deviations in SW-I and P-loop regions (Fig. 2F & H). However, it was seen SW-II
region showed comparatively higher deviation in WT (Fig. 2G). Thus introduction of mutations tends to make structure more rigid as
compared to wild type in GDP-bound systems. However, in case of GTP-bound systems, the mutant systems G12D and G12V tend to
become more flexible as compared to wild type. The switch regions are known to play an important role in the activation of the protein.
The changes in the flexibility of the protein and these switch regions are known to have impact on binding of the effector proteins
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thereby affecting the activation process [80,81].
3.2. Root mean square fluctuation (RMSF)

The structural flexibility or rigidity owing to the mutations was assessed by computing the root mean square fluctuation (RMSF).
Fig. 3A shows RMSF for GDP-bound systems. The SW-I region, loop between SW-I and SW-II (residue range 45-52), 34 (residue range
82-92) region, a4, $5 and loop region between o4 and p5 (residue range 125-150) majorly fluctuating in WT type system. The G12D
and G12V systems showed higher fluctuations in the SW-I region, loop between SW-I and SW-II (residue range 45-52). In the case of
the G13D system, major fluctuations were observed in SW-I region, loop between SW-I and SW-II (residue range 45-52) region, a4, p5
and loop region between a4 and @5 (residue range 125-150). In case of GTP-bound systems (Fig. 3B), the major fluctuation in WT
systems were observed in the SW-I region, loop between SW-I and SW-II (residue range 45-52). Similar observations were seen for the
G12D and G13D systems. The G12V system tends to show higher fluctuations as compared to other systems, indicating that the
introduction of hydrophobic residue has a major impact. In the G12V systems, the SW-I region, loop between SW-I and SW-II (residue
range 45-52), p4 (residue range 82-92), region a4, p5 and loop region between a4 and p5 (residue range 125-150) showed majorly
fluctuation.

3.3. Distance based population landscape

In the KRAS, the active state of the protein is defined based on distance between the SW-I residue Thr35 and GDP/GTP and distance
between the SW-II residue Gly60 and GDP/GTP. Hence the two dimensional population landscape is plotted between Thr35-GDP/GTP
and Gly60-GDP/GTP. Fig. 4(A-D) shows that population landscape for GDP-bound systems. For the WT system, two major clusters
were seen, cluster 1 has conformations with Thr35 and GDP distance around 11 A and Gly60 and GDP distance around 7 A. While
cluster 2 has the population with Thr35 and GDP distance ranging from 5.5 to 11 A and Gly60 and GDP distance around 14 A. In the
G12D system, one single cluster was observed with Thr35 and GDP distance around 6.5 A and Gly60 and GDP distance around 5 A. For
the G12V system two clusters were observed, one with Thr35 and GDP distance around 6.5 A and Gly60 and GDP distance around 4.5
A. The other clusters have the Thr35 and GDP distance spread from 6 to 13 A and Gly60 and GDP distance around 6 A.In the case of the
G13D system, two clusters were observed, one with Thr35 and GDP distance around 4 A and Gly60 and GDP distance around 5 A.

Similar to GDP for GTP-bound systems, the two dimensional population landscape plot is plotted between Thr35-GTP and Gly60-
GTP. Fig. 4(E-H) shows the population landscape for GTP-bound systems. Unlike GDP-bound systems, in the GTP-bound systems a
single major cluster was observed. For the WT the cluster has conformation with Thr35 and GTP distance around 7 A and Gly60 and
GTP distance around 7 A. In the G12D system, the cluster was observed with Thr35 and GTP distance around 7 A and Gly60 and GTP
distance around 6.5 A. For the G12V system, the cluster was observed with Thr35 and GTP distance around 6.5 A and Gly60 and GTP
distance showed spread from 6 to 8 A. In the case of the G13D system, the cluster was observed as one with Thr35 and GTP distance
spread from 5 to 8 A and Gly60 and GTP distance around 6 A.

It can be observed that the WT and mutant proteins had different distribution patterns, it may suggest that they explored different
conformational states. On comparing the GDP-bound system with the GTP-bound system, it was observed that for WT the overall
population distribution was similar. However in WT GDP-bound system the conformations in the major cluster were mostly open
inactive state structures with higher Thr35 to GDP distance and in GTP-bound system the conformations in the major cluster were in
intermediate state or closed active state with structure having smaller values of Thr35 to GTP distance. In the case of the G12D system,
it was observed that population distribution was more dispersed along both axes in GTP-bound states as compared to GDP-bound.
Unlike WT, in the G12D system major clusters in both GDP and GTP systems had conformations representing intermediate state or
closed active state. For the G12V system, in GTP-bound state the population was more dispersed along both axes, however the
conformation in major clusters in GTP-bound were representing mostly intermediate state or closed active state structure as compared
to that of GDP-bound system.

It was observed that in all the GTP-bound systems, the population was more dispersed. The observations were similar to NMR
studies which suggested that GTP-bound systems are more flexible and tend to explore different conformations [44,82]. In spite of the
population being dispersed, the majority of the population was observed with a lower value of Thr35 and GTP distance as indicated by
a single major cluster. This may suggest that in GTP-bound systems the structures try to converge towards an active closed state.
However in the case of all the GDP-bound systems the population was not much dispersed but multiple clusters were observed. In the
WT system the dominant clusters have conformations with larger values of Thr35 and GTP distance, while in mutant systems major
clusters have mixed population, a fraction with lower values of Thr35 and GTP distance and a fraction with higher values of Thr35 and
GTP distance. It may suggest that in GDP-bound systems the structure try to explore different intermediates in mutant systems and
mostly remains in inactive open state structures in the WT system. For GTP-bound G12D and G12V systems, the population was more
dispersed along SW-I. Also, it was observed that in the G13D system (GDP and GTP-bound), the population was concentrated. This
shows that G13D mutations tend to be rigid system with respect to SW-I and SW-2.

3.4. Dynamic cross correlation (DCC)
The relative motion between different regions of the protein may help in deducing the effect of change in one region of protein on a

distant region of the protein. The dynamic cross correlation calculation helps to identify the synchronous and asynchronous motion in
different regions of the protein. Fig. 5(A-D) shows the DCC motion for GDP-bound systems. For the WT system, (Fig. 5A), the c-
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terminal tail (residues 170-180) showed strong negative correlation with SW-2, 4 to p6 and a3 to o5 regions. The strong positive
correlation was observed within the 4 to 6 and a3 to o5 region. This indicate synchronous motion in these regions. The SW-I region
showed negative correlation with p4- a3- 5- a4 region. For the G12D system (Fig. 5B), very weak positive correlation was observed for
different regions of the protein. The G12V system (Fig. 5C), showed similarly pattern as that of WT. For the G13D system (Fig. 5D), it
was seen that the c-terminal tail (residues 170-180) showed strong negative correlation with a3 and o4 region.

Fig. 5(E-H) shows the DCC motion for the GTP-bound system. For the WT system (Fig. 8A), it can be seen that the c-terminal tail
(residues 170-180) showed strong negative correlation with the entire protein except the SW-I region. The weak positive correlation
was observed between p4 to 6 and a3 to o5 regions. In the G12D system (Fig. 5F), very strong negative correlation was observed
between c-terminal tail and f1, p3, a3, a4, and o5 regions. The SW-2 region shows negative correlation with the SW-1 region and 6.
The loop region between p5 and a4 shows strong negative correlation with p1, SW-2, p4 and «3. The a3 shows strong positive cor-
relation with the SW-2 region. The G12V system (Fig. 5G), shows a similar pattern for c-terminal region. The strong positive correlation
was seen within the a3- f5- a4- p6 region. In the case of the G13D system (Fig. 5H), the c-terminal region showed strong negative
correlation with a2, a3, a4, and o5. The strong positive correlation was seen within the a3- $5- a4- 6 region. In all the systems, it was
observed that the HVR region tend to strong correlation with rest of the protein. The full length KRAS studies have suggested the
folding of the HVR on top of the switch regions [83,84]. The study by Lu et al. suggests that the mutants are known to affect the
interactions between HVR and G domain [53].

3.4.1. Difference in correlated motion between GTP and GDP-bound system

Further to see how these motions differ between the different systems, the root mean square change in cross-correlation was
calculated. Fig. 6 shows the root mean square (RMS) cross correlation difference between GTP and GDP-bound systems. For the WT
system (Fig. 6A), it was observed that on an average the RMS difference was around three units. Maximum deviation of around 4.7 was
observed for a3 and loop between a3 and (5. Besides these regions, other regions which showed higher deviation were SW-I region and
a5 region. For the G12D system (Fig. 6B), the average RMS cross correlation difference was around four and half units. The a3 and loop
between a3 and p5 showed maximum difference and was around six units. Both the SW-I and SW-2 regions showed higher RMS cross
correlation differences of around five units. The G12V (Fig. 6C) showed least RMS cross correlation difference values with an average
of around one and half units. The G13D system (Fig. 6D) showed an average difference of around three units. Maximum RMS cross
correlation difference was observed in the SW-2 region and was around four units. The 36 also showed a higher difference of around
four units. Thus it was observed that not only SW1 and SW2 showed major deviation on transition from GDP to GTP, but the a3 and
loop between a3 and 5 showed deviation. This suggests that these regions may be playing an important role in the transition from
GDP-bound state to GTP-bound state.

3.4.2. Difference in correlated motion between WT and mutants for GDP-bound system

The Supplementary Fig. S1A shows the root mean square (RMS) cross correlation difference in correlation between WT and G12D
for GDP-bound systems. It can be seen that a maximum difference of around six units was observed in a3 and loop between a3 and 5.
Besides this the P-loop, SW-I region and region spanning p5 to a4 showed RMS cross correlation difference of about around four units.
The average RMS cross correlation difference between WT and G12V for the GDP-bound system was on the lower side with a maximum
value of four units was observed for SW-2 region (Supplementary Fig. S1B). Besides SW-2, P-loop and SW-I showed an RMS difference
of around three units. The RMS cross correlation difference between WT and G13D for GDP-bound systems is shown in Supplementary
Fig. S1C. It can be seen that a difference of around three and half units was observed for a region spanning from residue range 105-150
consisting of a3- p5-a4-p6. The a5 showed the RMS cross correlation difference of around four units. The difference of three units was
observed for P-loop, SW-I and SW-2. Thus the comparison between WT and mutant systems gives an idea about the region which shows
more deviation owing to mutations and these regions are a3 and loop between a3 and p5 and (6.

6 T T T T T T T T
41‘“ T T T T T T T T j —
IW\MWNWV\W/\WWVVK
= - .
- N R N N EI R S B B
=
?6(81‘ T T T N T T T " — G6b
S4
Fal ]
s | ]
S0 PR I RV NS A S T NS AT S R
S S
2 o Jl— ciav
ZW\AM
ol 1 v T 1 P I it S M
f—— T T
41D) Jl— Gi3p
ZWWWMM
ol 1 v 1 e 1y g

20 40 60 80 100 120 140 160 180

Resiue Number

Fig. 6. Delta Root mean Square Cross- Correlation difference between GDP and GTP-bound system. (A) Between GDP-bound WT and GTP-bound
WT. (B) Between GDP-bound G12D and GTP-bound G12D. (C) Between GDP-bound G12V and GTP-bound G12V. (D) Between GDP-bound G13D and
GTP-bound G13D.



V. Jani et al. Heliyon 10 (2024) e36161

3.4.3. Difference in correlated motion between WT and mutants for GTP-bound system

The root mean square (RMS) cross correlation difference in correlation between WT and G12D for GTP-bound systems is shown in
Supplementary Fig. S2A. From the figure it can be seen that the maximum difference of around five units was observed for the a3 and
a5 region. Besides these regions the difference of around four units was observed for the P-loop region, around three and half units for
the SW-I and SW-2 region. The RMS cross correlation difference between WT and G12V for GTP-bound systems is shown in Sup-
plementary Fig. S2B. The RMS cross correlation difference of around 3.8 units was observed for SW-1 region, three and half units for
the SW-2 region and around four units for loop region between o3 and p5. The a5 region showed an RMS difference of around four
units. The RMS difference between WT and G13D for GTP-bound systems is shown in Supplementary Fig. S2C. The maximum dif-
ference of around five units was seen for a5. The P-loop, SW-I and SW-2 region showed differences of around three units.

From the comparison of differences in dynamics correlation, it was observed that along with SW-I, SW-2 region the a3 region also
plays an important role in the activation process and hence may be considered for drug designing study. The maximum deviation was
observed in the G12D system and minimum for the G12V system. The study by Chenn et al. [85] has also shown that G12D mutants
tend to show maximum fluctuation in molecular simulation study. Also, the dynamic correlation motion suggests not only the motions
of individual domains plays an important role in the activation but the correlation in the motion between different regions viz. SW-I,
SW-2 and a3 may play significant roles during the transition of KRAS from one conformational state to another. The importance of
communication between SW-2 and a3 has also been shown by Khaled et al. [86]. Grant et al. has also suggested the importance of
correlated motion between a2 (SW-2 region) and a3 in GTP-bound states [87].

3.5. Local conformational changes

As the backbone angle plays important role in maintaining the structure of the protein, any deviation in the backbone angle may
give idea about flipping/motion of that residue/s with respect to rest of the protein. Hence, the backbone dihedral angle PHI/PSI have
been calculated and the angles which are showing deviation among WT and mutant systems have been given in the Supplementary
Fig. 3. From the figure it can be clearly seen that in GDP-bound state, the residues 28-32, 35-40, 57-68, 71, 72, 104, 105, 106, 108,149
show deviation in PHI/PSI angles (Supplementary Figs. SSA and S5B). Among the residues, the residue 29, 30, 32, 36, 37, 40, 59-64,
106 and 107 showed major difference among WT and mutant systems for PHI angle ((Supplementary Fig. S3A) and the residues 30, 31,
35-38, 60-62, 64, 67, 104, 108 and 149 showed major differences for PSI angle (Supplementary Fig. S3B). In the GTP-bound systems
the number of residues with variation in torsion angle increased (Supplementary Figs. S3C and S3D). The residues 12-14, 28-40, 46,
47,57-68,101,103-109, 115, 122,123, 145,150, 154 showed deviation in PHI/PSI angles. Among these residues maximum deviation
in PHI angle between WT and mutant system was observed 12, 14, 28, 29, 35, 38, 39, 40, 61-64, 105, 106,108,123, 154 (Supple-
mentary Fig. S3C). In case of PSI angle maximum deviation was observed in 12, 13, 34, 37, 38, 60-64, 101,104,105,108, 121 and 154
(Supplementary Fig. S3D). It can be clearly seen that in both GDP and GTP-bound system the maximum deviation is observed in SW-I,
SW-II and a3 regions, however the number of residues showing deviation in SW-I, SW-II and o3 regions increased in GTP-bound
systems. Also it was observed that in the GTP-bound system the P-loop region and loop between p6 and a5 also showed changes.
Thus, these changes in backbone dihedral of different residues may suggest that the GDP-bound mutant system tends to explore
different intermediates conformations by fluctuation in the SW-I, SW-II and a3 regions. However the presence of GTP expands these
conformation exploration in different regions thereby reaching the active state. These regions showing fluctuations in the mutant GTP-
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bound state may be of interest to target mutant KRAS systems.

3.6. Interactions of GTP/GDP with rest of protein

3.6.1. Hydrogen and van Der waals interactions

As various residues tend to form interactions with GDP/GTP thereby assisting in the hydrolysis or exchange, hence hydrogen bond
and VDW interactions are calculated for GDP and GTP with the rest of the protein. All the interactions having occupancy more than 20
% have been shown. Fig. 7A and B shows the hydrogen bond and van der Waals interaction for GDP with the rest of the protein
residues. The mutation in P-loop region affected the hydrogen bond interaction of P-loop region with GDP, the decrease in the
hydrogen bond occupancy was observed for Glyl5 and Lys16 residues for all the mutant systems and complete loss of hydrogen bond
for Vall4 residue was observed. However, the mutated Aspl3 in G13D tends to form a hydrogen bond with GDP. Further it was
observed that G13D mutation helps the GDP to form hydrogen bonds with Thr35 and thereby converge the SW-I region towards closed
active state. Also the mutation G12D and G13D tend to affect the p5 (Asn116) and p6 (Ser145, Alal46 and Lys147) regions where the
hydrogen bonding occupancy was reduced for both these mutants. The effect of mutation on van der Waals interaction was not
prominent in the P-loop region, except the Val14 where the occupancy for the mutants decreased as compared to WT. The SW-I showed
variations in the van der Waals interactions. The interaction with Asp30 was lost for G12V and G13D systems and Glu31 showed
decrease in occupancy for the all mutant systems. However the Tyr32 showed increased in occupancy and for Pro34 and Thr35 no
interactions were seen for WT type. The mutation G12D and G13D also tend to affect the f5 (Asn116, Lys117 and Leul20) and p6
(Ser145, Alal46 and Lys147) region where the van der Waals interaction occupancy was reduce for both this mutants.

For the GTP-bound systems, the hydrogen bond interactions are shown in Fig. 8. Mutations at 12 and 13 affects the hydrogen at
position 13 (Fig. 8A). The occupancy of hydrogen bond showed decrease for residue 13. The Gly15 and Lys17 residues also showed
decrease in the occupancy for the mutant systems. The decrease in occupancy was also seen for SW-I region residues Tyr32 and Thr35
for the mutant systems. The effect of mutation on van der Waals interaction (Fig. 8B) was seen in the G13D system in the P-loop region
where small decrease in occupancy was seen for Asp13, Vall4, Glyl5, Lys16, Serl7 and Alal8. The increase in occupancy for Asp33
residue was seen for the G12D and G13D systems.

3.6.2. Water-based interactions

In the KRAS, it is known that water plays an important role in hydrolysis of GTP. Also water based bridge interactions may help the
KRAS to adopt different conformational states. The water based interactions were calculated for both GDP and GTP. Fig. 9A represents
the water based bridge interactions for GDP-bound systems. From the figure it can be seen that the G12D and G13D mutations tend to
increase the occupancy of water based interaction in the P-loop region. In the G12D system Alall, Asp12 and Vall4 form water based
interaction with GDP which are not present in any other GDP-bound systems. Similarly, in the G13D system the Alal8 interaction with
GDP is not found in any system and also the occupancy of Ser17 interaction with GDP is increased. In the SW-I region the occupancy of
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Tyr32, Asp33 and Thr35 water mediated interaction with GDP is increased in mutant systems. Also in the G13D system Asp38 forms
water mediated interaction with GDP. In the SW-2 region, Asp58 forms interaction with GDP only in the G13D system. In the G12D
system the occupancy of Gly60 interaction is increased and GIn61 was found to form interaction. In the case of the GTP-bound system
(Fig. 9B), the effect of mutations on water mediated interaction of protein residues with GTP is predominant in the P-loop region. The
Aspl2 and Val14 form interaction only in the G12D system and the occupancy of Aspl3 interaction with GTP shows increase with
respect to other residues at position 13 in other systems. In the SW-I region the occupancy of Asp33 interaction is increased for G12D
and G13D systems.

The pocket of KRAS where GDP/GTP binds is overall positively charged and it helps to counter balance the negative charge of GDP/
GTP phosphate groups. Along with Tyr32, Thr35, Gly60 and Gln61, the P-loop residues play an important role in stabilizing the
position of GDP/GTP in the cavity thereby stabilizing the GDP/GTP interaction with various residues. The mutation of Gly to Asp at 12
and 13th position leads to charge reversal on the binding cavity and may be responsible for the breaking/formation of the important
hydrogen bonds and water mediated interaction important for GTP hydrolysis and thereby promoting the KRAS in continuous acti-
vation state. Tyr32 is known to play an important role in GTP hydrolysis, as it known to show major reorientation during nucleotide
exchange [88,89]. The increase in hydrogen bond occupancy for 32, 35 and 60 residues for GTP-bound systems can be seen and this
may help in stabilizing the active state of KRAS. However, residues from P-loop have formed less stable water mediated H-bonds in GTP
bound systems as compared to GDP bound systems. The SW-I and SW-II residues were preferred for water mediated H-bonds in all the
WT and mutants in GTP bound systems.

3.7. Markov state model analysis

Markov state models help to explore the dynamics of the protein at a larger timescale which is not accessible by traditional mo-
lecular dynamics simulations. It helps to identify the highly stable or intermediate protein conformational states and kinetics between
them by integrating the data from multiple simulations. The most important aspect while building the Markov state model is the choice
of the reaction coordinates or feature which can help in discretizing the different conformational states of the protein with reduced
dimensionality. In the current study, Markov state model is build using the residue_min_dist as the featurizer considering following
residues 12, 29, 32, 34, 35, 36, 40, 48, 59, 60, 61, 62, 67, 105, 122, 126, 138 and GDP for GDP-bound system and GTP for GTP-bound
systems. The following residues were chosen as these residues play an important role in the GTP hydrolysis and also were found to
show maximum deviation in the current study. The two MSMs were constructed, one for GDP-bound systems and another for GTP-
bound systems. All the GDP-bound systems viz. WT, G12D, G12V and G13D system trajectories were considered for building the
first MSM. Similarly all the GTP-bound systems were considered for the second MSM. In case of both the MSMs, four metastable states
were observed, however the distribution of the conformational states differs.

For the GDP-bound MSM construct, the four metastable states along with the representative structures generated in MSM are shown
in Fig. 10A. The cluster 1 (C1) consists of the conformation belonging to WT system trajectories. The cluster 2 (C2) consists of the
conformation mainly from G12V system trajectories. A small population of the C2 also consists of the population from G13D. The
cluster 3 (C3) consists of the conformation from all the four systems, however it is mainly dominated by the population of the G12D and
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G13D systems. The cluster 4 (C4) consists of the conformation belonging to WT system trajectories. From the cluster distribution it can
be seen that the WT system showed a more dispersed population spread across different clusters. Further to check the properties of
these clusters, in terms of which state they belong i.e closed active or open inactive, distribution of the important distance and angle
was seen for these clusters and has been represented in Fig. 10B. The cluster 1 mainly consists of the conformation belonging to inactive
state and some of the intermediate I population, where the distance between Thr35 and GDP fluctuate in the range of the 5 to 14 A,
with maximum conformation having distance around 10 A. In cluster 1 the Gly60 and GDP distance was quite stable with maximum
conformation having distance around 9 A. The PHI 61 angle showed variation of around 120° ranging from —50 to —170 with
maximum population around —100°, while PSI 61 angle had values concentrated around 150°. The cluster 2 which consists of pop-
ulation from G12V and G13D showed conformation belonging to the intermediate state, where the distance between Thr35 and GDP
fluctuated in the range of 4-12 A, with maximum conformation having distance around 7 A. The Gly60 and GDP distance fluctuated in
the range of 4-12 A, with maximum conformation having a distance around 9 A. The PHI 61 angle showed maximum variation among
all the clusters with range from 0 to —180 with maximum population around —50°, while PSI 61 angle had values concentrated around
130°. The cluster 3 consists of conformation belonging to intermediate as well as closed active state. The distance between Thr35 and
GDP was concentrated around 5 A, Gly60 and GDP distance fluctuated in the range of 4-12 A, with maximum conformation having a
distance around 10 A. The majority of conformation have PHI 61 value around —60° and PSI 61 value around 140°. The cluster 4
consists of the population belonging to inactive open conformations. The distance between Thr35 and GDP was concentrated around
15 A, Gly60 and GDP distance fluctuated in the range of 3-16 A, with maximum conformation having a distance around 9 A. The
majority of conformation have PHI 61 value around —150° and PSI 61 value around 30°. Further to these distances and angles, RMSF
was plotted for all the four clusters, the most fluctuating region was c-terminal hyper variable region with RMSF value of around 10 A.
The SW-I region showed fluctuations of around 4 A, 3 A, 2 A and 1.5 A in cluster C1, C2, C3 and C4 respectively. The SW-II region
showed fluctuation of around 4.5 A in cluster C1 to C3 and around 1.5 A in C4. The region connecting SW-1 and SW-2 showed
fluctuation of around 3 A in C1 and C3 and around 1.7 A in cluster C2 and C4.The a3 helix also showed higher fluctuation of around 3
A. In case of GDP most of the WT conformation were in inactive open state, while all the mutants were in either intermediate state
where the Thr35 tends to move close to GDP and Gly60 was away from GDP.

For the GTP-bound MSM construct, the four metastable states along the representative structure generated in MSM is shown in
Fig. 11A. The cluster 1 (C1) consists of the conformation belonging to G12V system trajectories. The cluster 2 (C2) is one of the
dominant clusters consisting of the conformation mainly from the G13D system, beside this it also consists of considerable confor-
mation of other three systems. The cluster 3 (C3) consists of the conformation from only WT system trajectories. The cluster 4 (C4)
consists of the conformation belonging from all four systems. From the cluster distribution it can be seen that owing to G13D mutation

free energy / kT

Fig. 10 A. Free energy distribution map along time-lagged independent components (ICs) 1 and 2 for GDP-bound systems. Metastable states
(clusters C1 to C4) of KRAS are shown in the figures. The metastable states are illustrated with ten representative structures.
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the system becomes more rigid. Further to check the properties of these clusters, in terms of which state they belong i.e closed active or
open inactive, distribution of the important distance and angle was seen for these clusters and has been represented in Fig. 11B. The
conformation in cluster 1 belongs mainly to the intermediate state or active closed state. In cluster 1, the conformations had a distance
between Thr35 and GTP around 6 A, while the distance between Gly60 and GTP was around 8 A. For the majority of conformation the

4 z

Reweighted free energy surface

ree energy / kT

Fig. 11A. Free energy distribution map along time-lagged independent components (ICs) 1 and 2 for GTP-bound systems. Metastable states (clusters
C1 to C4) of KRAS are shown in the figures. The metastable states are illustrated with ten representative structures.
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PHI 61 angle value was around —125° and PSI 61 angle value was around 150°. The cluster 2 which consist of population from all the
systems consist of conformation mainly from intermediate state or active closed state. The distance between Thr35 and GTP was
around 6 A, and distance between Gly60 and GTP was around 8 A. PHI 61 values were concentrated around —100° and PSI 61 values
around 150. The difference between cluster 1 and cluster 2 was population with more distributed PHI and PSI angle values. The cluster
3 consists of conformation from open inactive and intermediate state populations. The distance between Thr35 and GTP ranges from 4
to 14 A, with maximum around 8 A and the distance between Gly60 and GTP have population mainly around 8 A. The PHI 61 angle
ranges from —175 to —50 with most of the population concentrated around —125° and PSI 61 value mainly concentrated around 140°.
The cluster 4 mainly consists of intermediate state populations with Thr35 and GTP distance around 6 A, Gly60 and GTP distance
around 8 A. The PHI 61 value mainly concentrated around —150° and PSI value around 130°. The RMSF was plotted for all the four
clusters, similar to the GDP-bound system; the most fluctuating region was c-terminal hyper variable region with RMSF value more
than 10 A. The SW-I region showed fluctuation of around 3 fk, 2 A, 5 A and 2 A in cluster C1, C2, C3 and C4 respectively. The SW-II
region showed fluctuation of around 4.5 to 5 A in all four clusters. The region connecting SW-1 and SW-2 showed fluctuation of around
3.5 A in all four clusters. The a3 helix also showed higher fluctuation of around 3 A.

It can be clearly seen that in the GDP-bound population, the distance distribution for Thr35 and Gly60 with GDP was more
dispersed and in the case of GTP-bound systems the distance between Thr35 and Gly60 with GTP was more concentrated towards
lower values. Further it was observed that in GDP-bound systems, the SW-I region showed more flexibility and in GTP-bound systems
the SW-II along with the region connecting the SW-I to SW-II showed higher fluctuations. Also a3 helix showed higher fluctuation in
both the GDP and GTP-bound system. Such observations where multiple conformational states are explored by KRAS has been reported
in the earlier experimental studies. Our observation of multiple conformational states for active KRAS is consistent with previous
experimental studies, where two states viz. catalytic competent state (R state) and catalytic incompetent state (T state) has been re-
ported[45, 48 89].

3.8. Conformational dynamics in KRAS mutants and its inhibitors

The cryptic nature of KRAS makes it difficult to understand the different conformations that it may adopt in the presence of varied
cancerous mutations, thereby posing a challenge for inhibitor designing against them. It is already known through literature that
different KRAS mutants show distinct activation mechanisms [45,48,57,90]. The study by Grudzien et al. [57] also has indicated
divergent activation mechanism by distinct mutants. Thus, understanding of varied structural changes in distinct KRAS mutants may
provide some insights in the designing of inhibitors. The KRAS was once considered as un-targetable, but the study by Shokat and his
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Fig. 11B. Violin plots showing the distribution of various properties of metastable state obtained from Markov state model for GTP-bound systems.

a) Distance distribution between Thr35 and GTP.

b) Distance distribution between Gly60 and GTP.

c) PHI 61 angle distribution.

d) PSI 61 angle distribution.

e) RMSF plot showing fluctuations in various regions of KRAS.
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team in year 2013 helped to identify new allosteric pocket in G12C-mutant of KRAS [90].They identify new allosteric pocket beneath
SW-II region and used covalent binding approach for targeting G12C-mutant KRAS [90]. Consequently, this study guided several
studies and which led to development of different G12C-mutant KRAS inhibitors and some of them have are in the different phases of
clinical study for example ARS-1620 [91,92]. Some of the drugs which are studied for selectively targeting the KRAS mutant are
Adagrasib (MRTX849), Lumakras (Sotorasib; AMG 510), ARS-3248: ARS-3248, MRTX1133 and many more [93]. All the above
mentioned drugs targets G12C, except the MRTX1133 which targets selectively to KRAS G12D mutant [94]. The MRTX1133 is the
non-covalent inhibitor and provides an alternative strategy for targeting KRAS, as most of drug targeting G12C mutants are covalent
inhibitors. Few of recent reviews give details about various inhibitors in different stages of drug development and the role of molecular
simulations for their development [95-97]. The molecular dynamics simulations have played important role in identifying novel
cryptic pockets [98,99]. Recent advances in molecular simulation techniques have enabled the exploration of the structural and
dynamic properties of KRAS, providing new insights into its function and mechanisms of action. Thus, the knowledge of the regions
playing important role in activation mechanism of KRAS in different mutants may guide in designing better and alternative strategy for
targeting KRAS.

4. Conclusion

Detailed structural analysis of GDP and GTP bound systems helped to understand dynamics of multiple KRAS regions like SW-I, SW-
11, a3, loops etc. Most clusters in WT GDP-bound system had conformations belonging to inactive state. However, the introduction of
mutation shifted the population towards the intermediate state (showing smaller distance for Thr35 or Gly60 with GDP). In GTP-bound
mutant systems, the major cluster had a population belonging to the active state. However, in the GTP-bound WT system along with
active state conformations, clusters with intermediate state were also observed. The reason for such a shift in conformation in mutant
systems may be attributed to interaction network formed by P-loop, SW-I, SW-II regions along with various water based interactions.
The other regions like a3 and loops have indirect role in these activation/hydrolysis processes via allosteric effects. The P-loop residue
12, SW-I residues 29, 32, 34, 35, 36, 40, 48, SW-II residues 59, 60, 61, 62, 67, a3 residue 105, and loop region residues 122, 126 and
138 may be playing important role in transmitting the allosteric signals. The HVR region also tend to influence the activation process
by having strong negative correlation with these regions. The analysis of clusters obtained by Markov state model analysis suggested
that in case of GDP bound systems, the difference in motion of the SW-I region in WT and mutant systems observed. The presence of
bulky Valine and Aspartic acid affect the motion of SW-Iregion leading to locking the conformations in mostly intermediate state with
SW-I in closed conformation. In the case of GTP bound systems, the presence of bulky mutant residues and bulky GTP together affect
the motion of SW-I and SW-II regions. Thus the introduction of bulky residue (Val) and the charged residue (Asp) may be playing a role
in activation/hydrolysis by changing the local charge distribution and altering the dynamic interaction network of mentioned residues
bringing SW-I and SW-II in closed active conformation. In the current study, it was also observed that along with SW-I and SW-II
region, the region connecting SW-I and SW-II, the a3 region and the loop preceding a3 affects the interactions of GDP/GTP with
different regions of the protein plays important in activation mechanism. These structural insights of WT and mutants in the GDP or
GTP form may help for designing better therapeutics.
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