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A B S T R A C T   

KRAS protein is known to be frequently mutated in various cancers. The most common mutations 
being at position 12, 13 and 61. The positions 12 and 13 form part of the phosphate binding 
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 μs) 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, α3 and the 
loop preceding α3 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 α3 helix and α3 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 γ 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 γ 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 γ 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 

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 μs 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 Å 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 Å 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 1μs 
2 G12D(GDP) 4 sets Two sets of 500ns and two sets of 1μs 
3 G12V(GDP) 4 sets Two sets of 500ns and two sets of 1μs 
4 G13D(GDP) 4 sets Two sets of 500ns and two sets of 1μs 
5 WT(GTP) 4 sets Two sets of 500ns and two sets of 1μs 
6 G12D(GTP) 4 sets Two sets of 500ns and two sets of 1μs 
7 G12V(GTP) 4 sets Two sets of 500ns and two sets of 1μs 
8 G13D(GTP) 4 sets Two sets of 500ns and two sets of 1μs  
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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 ri and rj represent the coordinates at a given time point 
and the <ri> 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(nτ)=T(τ)n Eq. 2  

where n is an integer number of steps, T(τ) is transition matrix at lag time τ. 

3. Results and discussion 

In current work, 24μs-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 Å, while for the mutants it ranges 
from 3 to 4.5 Å. 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 Å. 

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 Å 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 

Fig. 3. Root mean square fluctuations for all the four systems, WT (black), G12D (red), G12V (green) and G13D (blue). (A) GDP-bound systems. (B) 
GTP-bound systems. 
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Fig. 4. Population landscape based on distance between Thr35-GDP and Gly60-GDP. (A) Wild type system (B) G12D system. (C) G12V system. (B) 
G13D system. Population landscape based on distance between Thr35-GTP and Gly60-GTP. (E) Wild type system (F) G12D system. (G) G12V system. 
(H) G13D system. 
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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), β4 (residue range 
82–92) region, α4, β5 and loop region between α4 and β5 (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, α4, β5 
and loop region between α4 and β5 (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), β4 (residue range 82–92), region α4, β5 and loop region between α4 and β5 (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 Å and Gly60 and GDP distance around 7 Å. While 
cluster 2 has the population with Thr35 and GDP distance ranging from 5.5 to 11 Å and Gly60 and GDP distance around 14 Å. In the 
G12D system, one single cluster was observed with Thr35 and GDP distance around 6.5 Å and Gly60 and GDP distance around 5 Å. For 
the G12V system two clusters were observed, one with Thr35 and GDP distance around 6.5 Å and Gly60 and GDP distance around 4.5 
Å. The other clusters have the Thr35 and GDP distance spread from 6 to 13 Å and Gly60 and GDP distance around 6 Å. In the case of the 
G13D system, two clusters were observed, one with Thr35 and GDP distance around 4 Å and Gly60 and GDP distance around 5 Å. 

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 Å and Gly60 and 
GTP distance around 7 Å. In the G12D system, the cluster was observed with Thr35 and GTP distance around 7 Å and Gly60 and GTP 
distance around 6.5 Å. For the G12V system, the cluster was observed with Thr35 and GTP distance around 6.5 Å and Gly60 and GTP 
distance showed spread from 6 to 8 Å. In the case of the G13D system, the cluster was observed as one with Thr35 and GTP distance 
spread from 5 to 8 Å and Gly60 and GTP distance around 6 Å. 

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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Fig. 5. Dynamic Cross Correlation Motion (DCCM) for GDP-bound systems. (A) Wild type system (B) G12D system. (C) G12V system. (B) G13D 
system. Dynamic Cross Correlation Motion (DCCM) for GTP-bound systems. (E) Wild type system (F) G12D system. (G) G12V system. (H) 
G13D system. 
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terminal tail (residues 170–180) showed strong negative correlation with SW-2, β4 to β6 and α3 to α5 regions. The strong positive 
correlation was observed within the β4 to β6 and α3 to α5 region. This indicate synchronous motion in these regions. The SW-I region 
showed negative correlation with β4- α3- β5- α4 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 α3 and α4 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 β4 to β6 and α3 to α5 regions. In the G12D system (Fig. 5F), very strong negative correlation was observed 
between c-terminal tail and β1, β3, α3, α4, and α5 regions. The SW-2 region shows negative correlation with the SW-1 region and β6. 
The loop region between β5 and α4 shows strong negative correlation with β1, SW-2, β4 and α3. The α3 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 α3- β5- α4- β6 region. In the case of the G13D system (Fig. 5H), the c-terminal region showed strong negative 
correlation with α2, α3, α4, and α5. The strong positive correlation was seen within the α3- β5- α4- β6 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 α3 and loop between α3 and β5. Besides these regions, other regions which showed higher deviation were SW-I region and 
α5 region. For the G12D system (Fig. 6B), the average RMS cross correlation difference was around four and half units. The α3 and loop 
between α3 and β5 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 β6 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 α3 and 
loop between α3 and β5 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 α3 and loop between α3 and β5. 
Besides this the P-loop, SW-I region and region spanning β5 to α4 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 α3- β5-α4-β6. The α5 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 α3 and loop between α3 and β5 and β6. 

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. 
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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 α3 and 
α5 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 α3 and β5. The α5 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 α5. 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 α3 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 α3 may play significant roles during the transition of KRAS from one conformational state to another. The importance of 
communication between SW-2 and α3 has also been shown by Khaled et al. [86]. Grant et al. has also suggested the importance of 
correlated motion between α2 (SW-2 region) and α3 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. S5A 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 α3 regions, however the number of residues showing deviation in SW-I, SW-II and α3 regions increased in GTP-bound 
systems. Also it was observed that in the GTP-bound system the P-loop region and loop between β6 and α5 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 α3 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- 

Fig. 7. (A) Hydrogen bonding and (B) hydrophobic interactions between GDP and residues of the KRAS for wild type and mutant systems. The X- 
axis represents the protein residues and Y-axis frequency of occurrence of the interaction during course of interactions. 
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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 Gly15 and Lys16 residues for all the mutant systems and complete loss of hydrogen bond 
for Val14 residue was observed. However, the mutated Asp13 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 β5 (Asn116) and β6 (Ser145, Ala146 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 β5 (Asn116, Lys117 and Leu120) and β6 
(Ser145, Ala146 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, Val14, Gly15, Lys16, Ser17 and Ala18. 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 Ala11, Asp12 and Val14 form water based 
interaction with GDP which are not present in any other GDP-bound systems. Similarly, in the G13D system the Ala18 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 

Fig. 8. (A) Hydrogen bonding and (B) hydrophobic interaction between GTP and the residues of KRAS for wild type and mutant systems. The X-axis 
represents the protein residues and Y-axis represent frequency of occurrence of the interaction during the course of interactions. 
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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 Gln61 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 
Asp12 and Val14 form interaction only in the G12D system and the occupancy of Asp13 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 

Fig. 9. Water mediated interaction between GDP/GTP and residues of KRAS for wild type and mutant systems. The X-axis represents the protein 
residues and Y-axis frequency of occurrence of the interaction during the course of interactions. A) Water mediated interaction between GDP and 
residues of KRAS. B) Water mediated interaction between GTP and residues of KRAS. 
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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 Å, 
with maximum conformation having distance around 10 Å. In cluster 1 the Gly60 and GDP distance was quite stable with maximum 
conformation having distance around 9 Å. 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 Å, with maximum conformation having distance around 7 Å. The Gly60 and GDP distance fluctuated in 
the range of 4–12 Å, with maximum conformation having a distance around 9 Å. 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 Å, Gly60 and GDP distance fluctuated in the range of 4–12 Å, with maximum conformation having a 
distance around 10 Å. 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 Å, Gly60 and GDP distance fluctuated in the range of 3–16 Å, with maximum conformation having a distance around 9 Å. 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 Å. 
The SW-I region showed fluctuations of around 4 Å, 3 Å, 2 Å and 1.5 Å in cluster C1, C2, C3 and C4 respectively. The SW-II region 
showed fluctuation of around 4.5 Å in cluster C1 to C3 and around 1.5 Å in C4. The region connecting SW-1 and SW-2 showed 
fluctuation of around 3 Å in C1 and C3 and around 1.7 Å in cluster C2 and C4.The α3 helix also showed higher fluctuation of around 3 
Å. 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 

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 Å, while the distance between Gly60 and GTP was around 8 Å. For the majority of conformation the 

Fig. 10 B. Violin plots showing the distribution of various properties of metastable state obtained from Markov state model for GDP-bound systems. 
a) Distance distribution between Thr35 and GDP. 
b) Distance distribution between Gly60 and GDP. 
c) PHI 61 angle distribution. 
d) PSI 61 angle distribution. 
e) RMSF plot showing fluctuations in various regions of KRAS. 

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 Å, and distance between Gly60 and GTP was around 8 Å. 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 Å, with maximum around 8 Å and the distance between Gly60 and GTP have population mainly around 8 Å. 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 Å, Gly60 and GTP distance 
around 8 Å. 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 Å. The SW-I region showed fluctuation of around 3 Å, 2 Å, 5 Å and 2 Å in cluster C1, C2, C3 and C4 respectively. The SW-II 
region showed fluctuation of around 4.5 to 5 Å in all four clusters. The region connecting SW-1 and SW-2 showed fluctuation of around 
3.5 Å in all four clusters. The α3 helix also showed higher fluctuation of around 3 Å. 

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 α3 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 

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- 
II, α3, 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 α3 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, α3 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-I region 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 α3 region and the loop preceding α3 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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[21] C. Muñoz-Maldonado, Y. Zimmer, M. Medová, A comparative analysis of individual RAS mutations in cancer biology, Front. Oncol. 9 (2019 Oct 18) 1088, 
https://doi.org/10.3389/fonc.2019.01088. PMID: 31681616; PMCID: PMC6813200, https://pubmed.ncbi.nlm.nih.gov/31681616/. 

[22] J.L. Bos, H. Rehmann, A. Wittinghofer, GEFs and GAPs: critical elements in the control of small G proteins, Cell 129 (5) (2007 Jun 1) 865–877, https://doi.org/ 
10.1016/j.cell.2007.05.018. Erratum in: Cell. 2007 Jul 27;130(2):385. PMID: 17540168, https://pubmed.ncbi.nlm.nih.gov/17540168/. 
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[31] B. Stolze, S. Reinhart, L. Bulllinger, S. Fröhling, C. Scholl, Comparative analysis of KRAS codon 12, 13, 18, 61, and 117 mutations using human MCF10A isogenic 
cell lines, Sci. Rep. 5 (2015 Feb 23) 8535, https://doi.org/10.1038/srep08535. PMID: 25705018; PMCID: PMC4336936, https://pubmed.ncbi.nlm.nih.gov/ 
25705018/. 

[32] J.C. Hunter, A. Manandhar, M.A. Carrasco, D. Gurbani, S. Gondi, K.D. Westover, Biochemical and structural analysis of common cancer-associated KRAS 
mutations, Mol. Cancer Res. 13 (9) (2015 Sep) 1325–1335, https://doi.org/10.1158/1541-7786.MCR-15-0203. Epub 2015 Jun 2. PMID: 26037647, https:// 
pubmed.ncbi.nlm.nih.gov/26037647/. 

[33] S. Lu, H. Jang, R. Nussinov, J. Zhang, The structural basis of oncogenic mutations G12, G13 and Q61 in small GTPase K-Ras4B, Sci. Rep. 6 (2016 Feb 23) 21949, 
https://doi.org/10.1038/srep21949. PMID: 26902995; PMCID: PMC4763299, https://pubmed.ncbi.nlm.nih.gov/26902995/. 

[34] T. Pantsar, The current understanding of KRAS protein structure and dynamics, Comput. Struct. Biotechnol. J. 18 (2019 Dec 26) 189–198, https://doi.org/ 
10.1016/j.csbj.2019.12.004. PMID: 31988705; PMCID: PMC6965201, https://pubmed.ncbi.nlm.nih.gov/31988705/. 

[35] N. Sharma, U. Sonavane, R. Joshi, Comparative MD simulations and advanced analytics based studies on wild-type and hot-spot mutant A59G HRas, PLoS One 
15 (10) (2020 Oct 16) e0234836, https://doi.org/10.1371/journal.pone.0234836. PMID: 33064725; PMCID: PMC7567374, https://pubmed.ncbi.nlm.nih.gov/ 
33064725/. 

[36] J.F. Diaz, B. Wroblowski, J. Schlitter, Y. Engelborghs, Calculation of pathways for the conformational transition between the GTP- and GDP-bound states of the 
Ha-ras-p21 protein: calculations with explicit solvent simulations and comparison with calculations in vacuum, Proteins 28 (3) (1997 Jul) 434–451. PMID: 
9223188, https://pubmed.ncbi.nlm.nih.gov/9223188/. 

[37] J.F. Díaz, M.M. Escalona, S. Kuppens, Y. Engelborghs, Role of the switch II region in the conformational transition of activation of Ha-ras-p21, Protein Sci. 9 (2) 
(2000 Feb) 361–368, https://doi.org/10.1110/ps.9.2.361. PMID: 10716188; PMCID: PMC2144537, https://pubmed.ncbi.nlm.nih.gov/10716188/. 

[38] M. Spoerner, C. Hozsa, J.A. Poetzl, K. Reiss, P. Ganser, M. Geyer, H.R. Kalbitzer, Conformational states of human rat sarcoma (Ras) protein complexed with its 
natural ligand GTP and their role for effector interaction and GTP hydrolysis, J. Biol. Chem. 285 (51) (2010 Dec 17) 39768–39778, https://doi.org/10.1074/jbc. 
M110.145235. Epub 2010 Oct 11. PMID: 20937837; PMCID: PMC3000958, https://pubmed.ncbi.nlm.nih.gov/20937837/. 

[39] S. Lu, H. Jang, S. Muratcioglu, A. Gursoy, O. Keskin, R. Nussinov, J. Zhang, Ras conformational ensembles, allostery, and signaling, Chem. Rev. 116 (11) (2016 
Jun 8) 6607–6665, https://doi.org/10.1021/acs.chemrev.5b00542. Epub 2016 Jan 27. PMID: 26815308, https://pubmed.ncbi.nlm.nih.gov/26815308/. 

[40] K. Marcus, C. Mattos, Direct attack on RAS: intramolecular communication and mutation-specific effects, Clin. Cancer Res. 21 (8) (2015 Apr 15) 1810–1818, 
https://doi.org/10.1158/1078-0432.CCR-14-2148. PMID: 25878362, https://pubmed.ncbi.nlm.nih.gov/25878362/. 

[41] M. Spoerner, C. Hozsa, J.A. Poetzl, K. Reiss, P. Ganser, M. Geyer, H.R. Kalbitzer, Conformational states of human rat sarcoma (Ras) protein complexed with its 
natural ligand GTP and their role for effector interaction and GTP hydrolysis, J. Biol. Chem. 285 (51) (2010 Dec 17) 39768–39778, https://doi.org/10.1074/jbc. 
M110.145235. Epub 2010 Oct 11. PMID: 20937837; PMCID: PMC3000958, https://pubmed.ncbi.nlm.nih.gov/20937837/. 

[42] S.K. Fetics, H. Guterres, B.M. Kearney, G. Buhrman, B. Ma, R. Nussinov, C. Mattos, Allosteric effects of the oncogenic RasQ61L mutant on Raf-RBD, Structure 23 
(3) (2015 Mar 3) 505–516, https://doi.org/10.1016/j.str.2014.12.017. Epub 2015 Feb 12. PMID: 25684575; PMCID: PMC7755167, https://pubmed.ncbi.nlm. 
nih.gov/25684575/. 

[43] C.W. Johnson, C. Mattos, The allosteric switch and conformational states in Ras GTPase affected by small molecules, Enzymes 33 (Pt A) (2013) 41–67, https:// 
doi.org/10.1016/B978-0-12-416749-0.00003-8. Epub 2013 Aug 8. PMID: 25033800, https://pubmed.ncbi.nlm.nih.gov/25033800/. 

[44] B.M. Kearney, C.W. Johnson, D.M. Roberts, P. Swartz, C. Mattos, DRoP: a water analysis program identifies Ras-GTP-specific pathway of communication 
between membrane-interacting regions and the active site, J. Mol. Biol. 426 (3) (2014 Feb 6) 611–629, https://doi.org/10.1016/j.jmb.2013.10.036. Epub 2013 
Nov 2. PMID: 24189050, https://pubmed.ncbi.nlm.nih.gov/24189050/. 

[45] J.A. Parker, A.Y. Volmar, S. Pavlopoulos, C. Mattos, K-ras populates conformational states differently from its isoform H-ras and oncogenic mutant K-RasG12D, 
Structure 26 (6) (2018 Jun 5) 810–820.e4, https://doi.org/10.1016/j.str.2018.03.018. Epub 2018 Apr 26. PMID: 29706533, https://pubmed.ncbi.nlm.nih.gov/ 
29706533/. 

[46] C.W. Johnson, C. Mattos, The allosteric switch and conformational states in Ras GTPase affected by small molecules, Enzymes 33 (Pt A) (2013) 41–67, https:// 
doi.org/10.1016/B978-0-12-416749-0.00003-8. Epub 2013 Aug 8. PMID: 25033800, https://pubmed.ncbi.nlm.nih.gov/25033800/. 

[47] S.K. Fetics, H. Guterres, B.M. Kearney, G. Buhrman, B. Ma, R. Nussinov, C. Mattos, Allosteric effects of the oncogenic RasQ61L mutant on Raf-RBD, Structure 23 
(3) (2015 Mar 3) 505–516, https://doi.org/10.1016/j.str.2014.12.017. Epub 2015 Feb 12. PMID: 25684575; PMCID: PMC7755167, https://pubmed.ncbi.nlm. 
nih.gov/25684575/. 

[48] G. Buhrman, G. Holzapfel, S. Fetics, C. Mattos, Allosteric modulation of Ras positions Q61 for a direct role in catalysis, Proc Natl Acad Sci U S A 107 (11) (2010 
Mar 16) 4931–4936, https://doi.org/10.1073/pnas.0912226107. Epub 2010 Mar 1. PMID: 20194776; PMCID: PMC2841912, https://pubmed.ncbi.nlm.nih. 
gov/20194776/. 

[49] N. Sharma, U. Sonavane, R. Joshi, Probing the wild-type HRas activation mechanism using steered molecular dynamics, understanding the energy barrier and 
role of water in the activation, Eur. Biophys. J. 43 (2–3) (2014 Mar) 81–95, https://doi.org/10.1007/s00249-014-0942-4. Epub 2014 Jan 20. PMID: 24442446, 
https://pubmed.ncbi.nlm.nih.gov/24442446/. 

[50] P. Prakash, A. Sayyed-Ahmad, A.A. Gorfe, The role of conserved waters in conformational transitions of Q61H K-ras, PLoS Comput. Biol. 8 (2) (2012) e1002394, 
https://doi.org/10.1371/journal.pcbi.1002394. Epub 2012 Feb 16. PMID: 22359497; PMCID: PMC3280954, https://pubmed.ncbi.nlm.nih.gov/22359497/. 

[51] E.F. Pai, U. Krengel, G.A. Petsko, R.S. Goody, W. Kabsch, A. Wittinghofer, Refined crystal structure of the triphosphate conformation of H-ras p21 at 1.35 A 
resolution: implications for the mechanism of GTP hydrolysis, EMBO J. 9 (8) (1990 Aug) 2351–2359, https://doi.org/10.1002/j.1460-2075.1990.tb07409.x. 
PMID: 2196171; PMCID: PMC552258, https://pubmed.ncbi.nlm.nih.gov/2196171/. 

[52] C.W. Johnson, D. Reid, J.A. Parker, S. Salter, R. Knihtila, P. Kuzmic, C. Mattos, The small GTPases K-Ras, N-Ras, and H-Ras have distinct biochemical properties 
determined by allosteric effects, J. Biol. Chem. 292 (31) (2017 Aug 4) 12981–12993, https://doi.org/10.1074/jbc.M117.778886. Epub 2017 Jun 19. PMID: 
28630043; PMCID: PMC5546037, https://pubmed.ncbi.nlm.nih.gov/28630043/. 

[53] S. Lu, A. Banerjee, H. Jang, J. Zhang, V. Gaponenko, R. Nussinov, GTP binding and oncogenic mutations may attenuate hypervariable region (HVR)-Catalytic 
domain interactions in small GTPase K-Ras4B, exposing the effector binding site, J. Biol. Chem. 290 (48) (2015 Nov 27) 28887–28900, https://doi.org/ 
10.1074/jbc.M115.664755. Epub 2015 Oct 9. PMID: 26453300; PMCID: PMC4661403, https://pubmed.ncbi.nlm.nih.gov/26453300/. 

[54] P. Prakash, J.F. Hancock, A.A. Gorfe, Binding hotspots on K-ras: consensus ligand binding sites and other reactive regions from probe-based molecular dynamics 
analysis, Proteins 83 (5) (2015 May) 898–909, https://doi.org/10.1002/prot.24786. Epub 2015 Mar 25. PMID: 25740554; PMCID: PMC4400267, https:// 
pubmed.ncbi.nlm.nih.gov/25740554/. 

[55] C.C. Chen, T.K. Er, Y.Y. Liu, J.K. Hwang, M.J. Barrio, M. Rodrigo, E. Garcia-Toro, M. Herreros-Villanueva, Computational analysis of KRAS mutations: 
implications for different effects on the KRAS p.G12D and p.G13D mutations, PLoS One 8 (2) (2013) e55793, https://doi.org/10.1371/journal.pone.0055793. 
Epub 2013 Feb 20. PMID: 23437064; PMCID: PMC3577811, https://pubmed.ncbi.nlm.nih.gov/23437064/. 
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