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The KRASG12C mutant is often associated with human cancers, and AMG 510 as a promising covalent inhi-
bitor of KRASG12C has achieved surprising efficacy in clinical trials. However, the interaction mechanism
between KRASG12C and AMG 510 is not completely understood. Here, we performed all-atom molecular
dynamics simulations on the complex of KRASG12C-AMG 510 to explore the influence of this covalent
inhibitor on the conformational change of KRASG12C. A PCA (Principal Component Analysis) model was
constructed based on known KRAS crystal structures to distinguish different conformations (active, inac-
tive, and other). By mapping simulation trajectories onto the PCA model, we observed that the conforma-
tions of KRASG12C bound with AMG 510 were mainly concentrated in the inactive conformation. Further
analysis demonstrated that AMG 510 reduced the flexibility of two switch regions to make the complex
of KRASG12C-AMG 510 restricted in the inactive conformation. In the meantime, we also identified key
interacting residues between KRASG12C and AMG 510 through the calculation of binding energy.
Finally, we built a series of KRAS second-site mutation systems (i.e. KRASG12C/mutations) to conduct
large-scale screening of potential resistance mutations. By further combining MD simulations and the
PCA model, we not only recapitulated the currently known resistance mutations of AMG 510 successfully
but also proposed some novel potential resistant mutations. Taken together, these results broaden our
insight into the influence of AMG 510 on the conformational change of the KRASG12C mutant at the atomic
level, thereby providing crucial hints for the improvement and optimization of drug candidates.

� 2022 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

As an important type of small GTPase, RAS proteins (KRAS,
HRAS, and NRAS) function as molecular switches and play indis-
pensable roles in a series of cellular signal transduction processes,
including cell proliferation, differentiation, and survival [1,2]. In
normal cells, RAS proteins primarily contain two states: the GTP-
bound active state and the GDP-bound inactive state. Although
RAS proteins have the ability of intrinsic GTP hydrolysis and
nucleotide exchange, the state transition of RAS proteins in the sig-
nal transduction process is mainly accelerated by two types of pro-
teins: GTPase-activating proteins (GAPs) that increase the
hydrolysis rate of GTP and guanine nucleotide exchange factors
(GEFs) that catalyze the GDP release. Activated RAS proteins inter-
act with downstream effectors, such as Raf, PI3K, and RalGDS, to
regulate diverse cell signaling pathways [3].

KRAS, NRAS, and HRAS are mutated in approximately 20% of all
human malignancies [4]. Among them, KRAS is the most frequently
mutated oncogene, participating in 85% of RAS-driven cancers
[5,6]. The KRASmutants can cause continuous cellular proliferation
and cancer cell development, particularly in pancreatic, colorectal,
and lung cancers [7]. In general, the residues G12, G13, and Q61 are
three mutation hotspots [5,8]. These oncogenic mutations consid-
erably affect the nucleotide exchange process of KRAS. On the
one hand, the mutations impair the intrinsic or GAP-mediated
GTP hydrolysis process [7,9]. On the other hand, the intrinsic
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exchange is unchanged or accelerated during the exchange of GDP
for GTP but the sensitivity to GEF activity can be reduced [10,11].
Thus, the resulting net effect is the accumulation of GTP-bound
form of KRAS. Among KRAS mutants in tumors, oncogenic muta-
tions predominantly occur in G12 [12,13]. Indeed, the most preva-
lent mutation is G12D (41%), followed by G12V (28%) and G12C
(14%) [5,14]. Consequently, inhibiting the activity of these mutants
and then hindering the transduction of abnormal signals has long
been regarded as an ideal strategy to treat KRAS-driven cancers.

Sharing high sequence identity with HRAS and NRAS, KRAS
contains two components: a conserved catalytic domain (residues
1–166) and a membrane-targeting hypervariable region (HVR,
residues 167–188 and note that the residues 186–188 are removed
when targeting membrane) (Fig. 1A). The catalytic domain, consist-
ing of six b-strands surrounded by five a-helices, participates in
the interactions with effectors and regulators, which is influenced
by the conformational changes of its two flexible regions: Switch-I
Fig. 1. Sequence and structure of KRASG12C–AMG 510 complex. (A). Multiple sequenc
domains and HVRs. (B) Cartoon and surface representations of the KRASG12C–AMG 510
magenta, orange, purple, yellow, and red, respectively. (C) The chemical structure of AMG
referred to the web version of this article.)

1057
(SI, residues 30–38) and Switch-II (SII, residues 59–76) (Fig. 1B).
The two switch regions also adopt different conformations in the
GTP- and GDP-bound forms. In the active state, both the SI and
SII residues are involved in the interaction of GTP. In particular,
the two hydrogen bonds formed by T35 and G60 with c-
phosphate in GTP make KRAS in a relatively compact conforma-
tion. However, the release of c-phosphate after the GTP hydrolysis
renders KRAS return to the flexible conformation in the inactive
state [8,15]. Thanks to the efforts of structural biologists, a plethora
of structures related to KRAS have been experimentally resolved
and deposited in Protein Data Bank (PDB), which has provided an
essential foundation for deciphering the molecular mechanisms
of KRAS as well as conducting structure-based drug discovery [6].

Although KRAS mutants have been regarded as drug targets in
the past several decades and considerable drug development
efforts have been carried out, the strategy of directly targeting
the KRASG12C mutant was unsuccessful until the discovery of cova-
e alignment of three RAS proteins (KRAS, HRAS, and NRAS), including the catalytic
complex (PDB entry: 6OIM). The SI, SII, HVR, SII-P, and residue C12 are colored as
510. (For interpretation of the references to color in this figure legend, the reader is
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lent inhibitors in 2013 [8,16,17]. KRAS has been widely considered
as an ‘undruggable’ target for a long time due to two reasons
[1,18,19]. First, the binding affinity of KRAS and GDP/GTP reaches
to a picomolar level, seriously affecting the goal to explore the
nucleotide-competitive inhibitors [14,20]. Second, the KRASG12C

mutant lacks other reasonable deep hydrophobic pockets, and thus
it is challenging to develop high-affinity allosteric inhibitors
[14,17,20]. Therefore, numerous alternative strategies have been
proposed to design the inhibitors of KRAS-driven tumors [9,13].
For example, the SOS1 and SHP2 inhibitors that block the nucleo-
tide exchange cycle to reduce the number of active KRAS in the cell
[9,21], and the RAF, MEK, and ERK inhibitors that impair the acti-
vation of MEPK pathway regulated by KRAS [9,22] have entered
clinical trials. However, these inhibitors developed by targeting
KRAS mutants indirectly have not shown satisfactory performance
because of lacking the selectivity between mutated and wild-type
KRAS [1,13].

Recently, the strategy of developing covalent inhibitors [23,24]
has received wide attention. The mechanism is to covalently target
active site cysteine of KRASG12C because of the inherent reactive
nature of cysteine. Shokat and colleagues have focused on the dis-
covery of covalent inhibitors for KRASG12C, and they first identified
a novel allosteric pocket behind SII, named the SII pocket (SII-P),
and then developed a series of compounds that bind with this
novel pocket as well as forming the covalent bond with C12 of
KRASG12C. Similar to the SOS inhibitors, these compounds are able
to block the processes of SOS-mediated nucleotide exchange and
then influence KRASG12C association with RAF [17]. Because the
wild-type KRAS lacks active cysteine residue in position 12, these
compounds specifically bind to the KRASG12C mutant with low side
effects [16]. Therefore, directly targeting receptor protein itself is
again a desirable approach for treating KRASG12C-driven tumors.
By now, with the continuous optimization, the covalent inhibitors
of targeting KRASG12C have entered clinical trials and revealed good
antitumor activity, such as AMG 510 (sotorasib), MRTX849 (ada-
grasib), LY3499446, and ARS-3248 [9,25–28]. The detailed infor-
mation of these four compounds is available in Table S1.

As a promising antitumor compound, AMG 510 (Fig. 1C) is the
first KRASG12C covalent inhibitor in clinical development and was
approved by FDA in 2021 [26]. The clinical data reported that it
was able to make the regression of KRASG12C tumors and enhance
the antitumor efficacy of targeted agents [27]. In advanced non-
small cell lung cancer (NSCLC) patients with KRASG12C, AMG 510
showed significant efficacy with an objective response rate of
37% and a disease control rate of 81% [29]. However, resistance
to small molecular drugs remains a major challenge to realize dur-
able efficacy in patients. Recently, some acquired KRAS mutations
have been reported in AMG 510 or MRTX849 treated patients,
including R68S, Y96C/D/S, H95D/Q/R and so on [30–32].

The high-resolution complex structure (PDB entry: 6OIM, X-ray
resolution: 1.65 Å) of KRASG12C-AMG 510 reveals that the com-
pound locates at SII-P, which is adjacent to the mutant cysteine
residue in the inactive GDP-bound form (Fig. 1B). Meanwhile, a
sub-pocket formed by H95/Y96/Q99 offers an additional site to sta-
bilize the binding mode of AMG 510 [14,27] (Fig. 1B). In general,
the complex structure of KRASG12C-AMG 510 has provided a good
starting point for employing structural bioinformatics to decipher
why AMG 510 could specifically lock KRASG12C in the inactive state
and block oncogenic signaling transmission. Although the interac-
tion mechanism of KRASG12C-AMG 510 has been explored through
3D structure determination and other experimental methods as
described above [27,33], there are only a few structural bioinfor-
matics studies on how AMG 510 influences the conformation of
KRASG12C at the atomic level. Although Pantsar has utilized molec-
ular dynamics (MD) simulations to characterize the interaction
dynamics of the KRASG12C-AMG 510 complex [34], several issues
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remain to be further addressed through computational methods.
For instance, the molecular mechanism of the covalent inhibitor
locking the KRASG12C mutant in the GDP-bound state, and the
influence of the inhibitor binding on the conformational dynamics
change of two switch regions should be further deciphered. In
addition, the drug resistance sites raised by AMG 510 have
received wide attention, which also deserves further computa-
tional investigation. Therefore, further MD studies on the
KRASG12C-AMG 510 system are still highly demanded to accelerate
KRAS-related drug discovery.

In this study, we performed MD simulations and related com-
putational analyses to investigate the influence of AMG 510 on
the KRASG12C structure and to decipher the reason why the mutant
is locked in the GDP-bound state. In particular, we constructed a
PCA (Principal Component Analysis) model based on known KRAS
crystal structures to predict the conformational type of KRAS. By
combining MD simulations and the PCA model, the dynamic con-
formations of KRASG12C bound with and without AMG 510 were
characterized. To provide in-depth understanding of the interac-
tion mode of AMG 510 and KRASG12C, a series of key residues
involved in the interaction of KRASG12C and AMG 510 were also
identified. Moreover, a large-scale in silicomutagenesis experiment
was implemented, and potential drug resistance variations were
proposed through further combining MD simulations and the
PCA model. In addition to recapitulating the known resistance sites
of KRASG12C and AMG 510 (K16T, Q61L, Q61R, R68M, R68S, Y96C,
Y96D, Y96S, and Q99K), we also predicted some new potential drug
resistance variations, which are worthy of further clinical
attention.
2. Methods

2.1. Preparation of simulation systems

The crystal structures of KRASG12C-AMG510 (PDB entry: 6OIM)
and KRASG12C-apo (PDB entry: 4LDJ) were first downloaded from
PDB [27,35], and then only the catalytic domain (residues 1–166)
in each structure was retained for simulation. Note that some resi-
dues with missing structural information in the original crystal
structure were further modeled using Modeller 9.17 [36], and
three engineered mutations (C51S, C80L, C118S) of 6OIM were
muated back to native cysteines. The tleap module in the AMBER18
package was employed to add the missing hydrogen atoms of these
two crystal structures [37]. Molecular mechanics parameters of
proteins were assigned according to the ff14SB force field, while
the general AMBER force field (GAFF) was used for AMG 510 and
the corresponding RESP charges were assigned using Antechamber
[38,39]. Additionally, the parameters of GDP were downloaded
from the AMBER parameter database (www.pharmacy.manches-
ter.ac.uk/bryce/amber). Both systems were solvated in a cubic
box of TIP3P water molecules and neutralized with sodium ions.
The minimum distance between the protein surface and the
boundary of the water box was set to 12 Å.
2.2. MD simulations

Two energy minimization procedures were conducted for each
system. To remove wrong contacts in the water box, the first min-
imization procedure was carried out, which contained 2000 steps
of the steepest descent and 3000 steps of the conjugate gradient
with a positional restraint of 500 kcal mol�1 Å�2 imposing on all
of the protein atoms. Second, the system was further minimized
by 5000 steps of steepest descent and 3000 steps of conjugate gra-
dient without any restraint. Subsequently, each system was grad-
ually heated from 0 K to 290 K through 0.9 ns simulation and
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from 290 K to 300 K through 0.1 ns simulation, in which the pro-
tein was restricted in the NVT ensemble with a positional restraint
of 2 kcal mol�1 Å�2 for heavy atoms. Moreover, the system was
equilibrated without restraint in the NPT ensemble with 300 K
and 1 atm for 1 ns. Finally, 800 ns simulation was performed for
each system with periodic boundary condition using the NPT
ensemble.

During the MD simulation process, the time step was set to 2 fs,
and a coordinate trajectory was saved in each 40 ps. The SHAKE
algorithm was applied to constrain covalent bonds involving
hydrogen atoms [40]. The Langevin thermostat with a collision fre-
quency of 2 ps�1 and Berendsen barostat were used for tempera-
ture and pressure regulation, respectively. The particle mesh
Ewald method (grid spacing of 1 Å) was used to deal with the
long-range electrostatic interactions [41], and the short-range
electrostatic and van der Waals interactions cutoff was set to 10 Å.

2.3. Structural analysis of MD simulations

The CPPTRAJ software in AMBER 18 was used to calculate the
root mean squared deviation/fluctuation (RMSD/RMSF) of MD sim-
ulation trajectories [42], in which the initial structure was used as
the reference. The protein–ligand interaction profiler (PLIP) was
utilized to detect the interactions between KRAS protein and its
ligands (GDP and AMG 510) [43]. Structural visualization was
implemented with PyMOL (https://pymol.org/2/).

2.4. Cross-Correlation analysis

To identify the dynamical coupling of the motions between pro-
tein segments, the cross-correlation coefficient (Cij) was proposed
for measuring the motion correlation between the Ca atom pair
in residues i and j, which is defined as:

Cij ¼ hDri � Drji= hDr2i ihDr2j i
� �1=2

ð1Þ

where Dri and Drj are the displacement from the mean position of
the Ca atom pair in residues i and j, considered over the sampled
period. Positive Cij denotes lockstep motion in the residue pair
under investigation, whereas negative Cij stands for negatively cor-
related motion. The cross-correlation analysis in this work was
implemented through the Bio3D package (http://thegrantlab.org/
bio3d).

2.5. Principal component analysis

PCA was often applied to examine the relationship and differ-
ence among various structures (e.g., the frames from the MD tra-
jectories). In this study, the Ca atom distance between residues
in the SI and SII regions was used as features to represent the con-
formation of a protein. In more detail, the residue distances from
the residues in the SI (residues 30–38) and SII (residues 59–76)
regions to the conserved residue K16, and the pairwise residue dis-
tances within the SI region were taken into account. Thus, a protein
structure can be represented as a 63-dimensional feature vector.

We downloaded 150 KRAS structures, previously compiled by
[6], from the PDB database. To precisely extract the structural fea-
tures of KRAS, the structures whose catalytic domains contain
missing residues were deleted. After filtering, 96 structures were
reserved and used to conduct PCA in this work (Table S2). Accord-
ing to the type of nucleotide-binding or the literature description
[44–46], these structures can be divided into three groups: the
active conformation (GTP-bound, N = 35), the inactive conforma-
tion (GDP-bound, N = 48), and other conformation (the SI region
presenting open conformation, N = 13). Then, PCA was performed
on these structures, and the first three principal components
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(PCs) were used to build a 3D space for the visualization of these
structures. To quantitatively cluster these structures, a simple
classifier was established. First, we defined two minimum spheres,
Sactive and Sinactive, to represent the clusters of active and inactive
conformations. The radius of Sactive (Ractive) represents the maxi-
mum distance of the active conformation structures to their geo-
metric center. Likewise, the radius of Sinactive (Rinactive) can be
defined. When a KRAS structure or a frame from KRAS MD simula-
tion trajectories is projected onto this 3D space, we can use the dis-
tance of the query structure to these two spheres to estimate its
conformational type. For example, if the distance of the query
structure to the geometric center of Sactive is less than the corre-
sponding distance to Sinactive, and the distance is not greater than
Ractive, the query structure can be grouped as the active conforma-
tion. Similarly, the determination of an inactive conformational
structure can be made. However, when the query structure is
grouped neither in the active conformation nor in the inactive
conformation, we regard it as in the other conformation. Leave-
one-out test was employed to estimate the reliability of the confor-
mational state classifier.

2.6. Binding free energy calculations and energy decomposition

The molecular mechanics energies combined with the Poisson-
Boltzmann and surface area continuum solvation (MM/PBSA)
approach was used to calculate the binding free energy in this
study [47]. The function of the MM/PBSA method is defined as:

DGbind ¼ DGcomplex � DGprotein � DGligand ð2Þ

¼ DEMM þ DGsolvation � TDS

¼ DEMM þ DGPB þ DGSA � TDS

where DEMM is the change of the gas phase molecular mechanics
energy, which includes the van der Waals (DEvdw), electrostatic
(DEele), and internal (DEinternal) terms. DGPB represents the electro-
static solvation energy calculated using the Poisson-Boltzmann
method [48], and DGSA means the non-polar contribution of desol-
vation, which was approximated by the LCPO method [49]. The
entropy term (�TDS) was ignored in this study because of the
computational time and the low accuracy. We further used the
MM/PBSA free energy decomposition method in AMBER 18 to iden-
tify and quantify the critical residues interacting with the ligand.
The last 300 frames of all the simulation trajectories were extracted
to conduct the binding free energy calculation and binding energy
decomposition.

To calculate the binding affinity between AMG 510 and KRAS
mutants, the following modelling steps were adopted: (1) extract-
ing the last frame of the 800 ns MD simulation in each system; (2)
breaking up the covalent bond between the C25 atom of AMG 510
and the sulfur atom of C12 in KRASG12C; (3) running another 1 ns
production MD simulation; (4) selecting the last 10 frames to cal-
culate the binding free energy between AMG 510 and KRAS
mutants.
3. Results and discussion

3.1. PCA model can capture the conformational change of KRASG12C

structure

In the PCA result of the 96 experimental structures, the first
three components capture more than 85% variance of residue dis-
tances related to two switch regions, suggesting that they can pro-
vide a clear description of the conformational space of KRAS
(Fig. S1A). By projecting the original 96 structures onto the 3D
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coordinate built by the first three PCs, we observed that these
structures were divided into three main groups: two dense clusters
that represent the GTP-bound active conformation and GDP-bound
inactive conformation, respectively, and a sparse cluster corre-
sponding to the other conformation (Fig. 2A). To supplement the
visualization of the structure clustering, the structure distributions
measured by (PC1 and PC2) and (PC1 and PC3) are also shown in
Fig. S1B and C. Based on the first three PCs, the pairwise Euclidean
distances of these 96 structures are also measured and clustered.
As shown in Fig. 2B, inactive structures could be clearly distin-
guished from the other two conformations. However, we also
observed that some structures in other conformation type are
mixed with active structures (Fig. 2B), implying that the other con-
formation type tends to be active-like. Meanwhile, we designed a
simple rule to classify different conformations of KRAS structures.
The result shows that the conformations for 89 out of 96 structures
(accuracy = 92.7%) are correctly classified through the Leave-One-
Out test, suggesting that the performance of this conformational
state classifier is satisfactory.

To further explore the effect of AMG 510 on the conformational
state of KRASG12C, we projected the MD simulation trajectories of
KRASG12C, which are bound with and without the covalent inhibi-
tor, on the established PCA model to quantitatively characterize
the changes of conformational state. Fig. 2C and D show the clus-
tering of the KRASG12C-AMG 510 and KRASG12C-apo trajectories,
which provide details to evaluate the structural relationship
among these two types of trajectories and the 96 experimentally
known KRAS structures. The conformation for each trajectory can
be further determined through the proposed conformation classi-
fier. Fig. 2E represents the percentage of three conformational
types in the two 800 ns MD simulation trajectories (KRASG12C-
AMG 510 and KRASG12C-apo). In general, the majority of KRASG12C-
AMG 510 structures (88.71%) tend to be in an inactive conforma-
tion during the simulation process, followed by the other confor-
mation (11.10%) and the active conformation (0.19%). Regarding
the conformational distribution of KRASG12C not bound with the
covalent inhibitor (KRASG12C-apo), the dominant conformation
remains inactive, although the proportion decreases to 62.04%
compared with the system bound with AMG 510. In addition,
23.05% of frames sampled from simulation trajectories belong to
the active conformation, and the other conformation also accounts
for 14.91%. As expected, we can know from the above results that
the majority of the frames extracted from the 800 ns MD simula-
tion trajectories of two KRASG12C are classified as the inactive con-
formation, since they are GDP-bound. However, without the
restraint exerted by AMG 510, the structures from KRASG12C-apo
cluster with active or other conformation during the simulation
process. When covalently targeted by AMG 510, the proportion
of all the structures of the KRASG12C generated by the MD simula-
tion belonging to the inactive conformation is significantly higher
than that of KRASG12C-apo (p < 0.001, Chi-square test). It indicates
that AMG 510 can keep KRASG12C continuously in the GDP-bound
inactive state and then impede the process of converting it to the
active state [14,27].

3.2. AMG 510 decreases the flexibility of two switch regions of
KRASG12C

The catalytic domain of the RAS family has a relatively con-
served conformation except for the two switch regions (SI and
SII), whose conformations influence the interaction with other pro-
teins [44]. To further illustrate the effect of AMG 510 on the struc-
ture of KRASG12C, we also performed RMSF analysis to compare the
flexibility of the two systems. As shown in Fig. 3A, two peaks with
higher fluctuation appear in the SI and SII of the KRASG12C-apo sys-
tem, which are in accordance with previous observations regarding
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the dynamic structural feature of those regions. However, as for
the KRASG12C-AMG 510, the RMSF values show a significant
decrease, especially for the SII region. In the SI region, the fluctua-
tion in the KRASG12C-AMG 510 is less than half compared to the
case of KRASG12C-apo (average RMSF values: 1.080 vs. 2.403), while
the ratio of the SII region fluctuation in the two systems is close to
one-third (average RMSF values: 0.613 vs. 1.854). Fig. 3B and C rep-
resent the 3D structures of KRASG12C-AMG 510 and KRASG12C-apo,
respectively. It is found that the former structure has lower flexi-
bility in the two switch regions compared to the latter one. Collec-
tively, the RMSF analysis reveals that AMG 510 keeps KRASG12C

mutant stably in the inactive state by reducing its flexibility. In
2020, Pantsar explored the dynamic interaction of KRASG12C and
AMG 510 through a 10 ls MD simulation, and he also found that
AMG 510 reduced the the flexibility of the switch-II region [34].
However, our simulation results further observed the fluctuation
of the switch-I reigon decreased during the 800 ns MD simulation,
which was failed to be detected in Pantsar’s work. The difference
between these two simulation results may be ascribed to different
simulation settings.

Moreover, we calculated the RMSD values along with the simu-
lation time between the two systems. The results indicate that the
Ca RMSD values of the whole catalytic domain keep at about 1 Å in
the KRASG12C-AMG 510 system during the 800 ns simulation pro-
cess (Fig. S2A). Comparatively, the RMSD values of KRASG12C-apo
are stably around 1 Å in the first 500 ns simulation but show a con-
siderable increase in the 500–800 ns simulation time (Fig. S2A).
We further examined the RMSD values of three regions (whole cat-
alytic domain without two switch regions, SI and SII), and it can be
inferred that the change of RMSD values between two systems
mainly comes from the two switch regions (Fig. S2B-D).
3.3. AMG 510 decreases the correlation between two switch regions

The signal transduction through KRAS follows a hypothetical
scenario [44]. First, the upstream regulators are bound with the
SII region and induce conformational change, promoting the
exchange of GDP and GTP. Subsequently, the conformation of the
SI region is changed to be in favor of binding with downstream
effector proteins. Thus, although the proteins binding with the
two switch regions are different in signal transduction, there is a
specific correlation between the conformational changes. To inves-
tigate the effect of AMG 510 on the conformational dynamics of
two switch regions of the KRASG12C mutant, the dynamics correla-
tion analysis was performed. Fig. 4 displays the residue pair cross-
correlations of KRASG12C-apo and KRASG12C-AMG 510.

Fig. 4A shows the cross-correlation matrices of residue pairs in
two systems under investigation, in which the upper triangle
represents KRASG12C-apo, and the down triangle denotes
KRASG12C-AMG 510. We observed considerable correlations of resi-
due pairs in KRASG12C-apo. In particular, the two switch regions
show stronger anti-correlated motion with other parts of the cat-
alytic domain. By contrast, in the system of KRASG12C-AMG 510,
the majority of cross-correlation values of residue pairs are close
to 0, indicating that residue pairs share a reduced correlation.
The dynamic correlation between two switch regions is further
zoomed-in in Fig. 4B and C for KRASG12C-apo and KRASG12C-AMG
510, respectively. As shown in Fig. 4B, strongly correlated or
anti-correlated motions exist in some residue pairs between the
SI and SII regions. However, when KRASG12C binds with AMG 510,
the two switch regions almost lose correlated and anti-correlated
motions (Fig. 4C). These results indicate that AMG 510 could
reduce the correlated motions of KRASG12C, especially the degree
of coupling between two switch regions, which impair the
conformational change induced by each other.



Fig. 2. PCA results of the 96 known KRAS structures and the trajectories extracted from MD simulations. (A) Projection of experimental structures onto the 3D space
built by the first three PCs. (B) Clustering of the experimental structures based on the pairwise Euclidean distances of the first three PCs. The simulation trajectories from
KRASG12C-AMG 510 (C) and KRASG12C-apo (D) are projected onto the 2D spaces built by the first three PCs. (E) The state distribution of structures in the two systems KRASG12C-
AMG 510 and KRASG12C-apo, which were extracted from simulation trajectories during the 800 ns all-atom MD simulations.
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Regarding the scenario of KRAS signal transduction, the mecha-
nism of AMG 510 inhibiting the propagation of tumor cells may be
due to the fact that KRASG12C is bound to the covalent inhibitor, the
residue fluctuation in two switch regions is significantly reduced,
resulting in the degree of the correlated motion is also weakened.
The conformational change induced by each other is hindered, fol-
lowed by the efficiency of the exchange of GDP and GTP.

3.4. AMG 510 impedes the process of opening up the nucleotide-
binding pocket

The structural diversity of the two highly flexible switch regions
offers KRAS the ability to recognize or interact with different pro-
teins, thus mediating multiple signaling pathways in the cells
[2,50]. When converting the inactive state (GDP-bound) to the
active state (GTP-bound) of KRAS, the nucleotide-binding pocket
opening, including the displacement of the residues in SI [51], is
a critical step. Thus, we measured the Ca atom distances between
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four residues of SI (D30, Y32, T35, and D38) with C12 of P-loop
(phosphate-binding loop, residues 10–17), which keep in a stable
status during the 800 ns MD simulations, to compare the pocket
change in KRASG12C-AMG 510 and KRASG12C-apo.

Fig. 5 shows the distance change of the four residue pairs along
the simulation time. Regarding the KRASG12C-apo system, the three
residue pairs (C12-Y32, C12-T35, and C12-D38) reveal sharply
increased distances in the later period of simulation, although this
phenomenon was not applied to the distance of C12-D30. Compar-
atively, the binding of AMG 510 with KRASG12C eliminates these
distance changes. In other words, AMG 510 would stabilize the dis-
tance between C12 with the residues of the SI region, especially
with the C-terminal residues of SI. Compared with the KRASG12C-
apo structure, the nucleotide-binding pocket of KRASG12C-AMG
510 becomes relatively rigid, which is unfavorable to the open of
binding pocket followed by the GDP release. In addition, from the
statistical results of the non-bond interaction occupancy of AMG
510 with residues of KRASG12C, we observed that the residue T35



Fig. 3. Flexibility analysis of KRASG12C proteins. (A) RMSF values of Ca atoms in two systems (KRASG12C-AMG 510 and KRASG12C-apo). (B) Ribbon representations of the
KRASG12C-AMG 510 and KRASG12C-apo structures. Note that the average RMSF value of each residue is annotated by the width of the ribbon as well as the color scheme.
Briefly, residues of high fluctuations are denoted by red and thick ribbons, while blue and thin ribbons mean residues with low fluctuations. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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was able to form hydrophobic interaction with AMG 510 and had
34.8% occupancy during the 800 ns MD simulation process
(Fig. S3). Collectively, it can be inferred that the flexibility of the
nucleotide-binding pocket is reduced by the formation of
hydrophobic interaction between AMG 510 and T35 of the SI
region, which affects the process of pocket opening and then the
interaction of KRAS and GEFs [52]. Therefore, the process of con-
version from inactive to active state of KRASG12C catalyzed by GEFs
may be impeded, resulting in the conformation of KRASG12C contin-
uously kept in the GDP-bound state[10,51].
3.5. AMG 510 enhances the affinity between KRASG12C and GDP

To explore the influence of the affinity of KRASG12C and GDP
caused by the covalent binding of AMG 510, we extracted the last
300 frames of the two systems to calculate the binding free energy
by MM/PBSA. As listed in Table 1, the calculated DGbind values of
KRASG12C-AMG 510/GDP and KRASG12C-apo/GDP are �898.832 and
�720.251 kcal/mol, respectively. In general, the low binding free
energies in both systems are consistent with previous experimen-
tal observations that KRAS and nucleotides share high affinities in
the cells [14]. The decrease of DGbind in the KRASG12C-AMG 510/GDP
complex suggests that the binding of AMG 510 would further
enhance the affinity between KRASG12C and GDP. In addition,
except for the DGSA term, the rest three energetic components
(DEvdw and DEele in the gas-phase, DGPB) mainly contribute to
the DGbind differences in these two systems.
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The binding energy was also decomposed at the residue level to
interrogate the contribution of individual residues. As shown in
Fig. S4, the decomposed binding energy results show that the crit-
ical residues (binding energy < -0.5 kcal/mol) in these two systems
are similar and mainly concentrated in the P-loop and base-
binding loops (residues 116–120 and 145–147). However, com-
pared to the KRASG12C-apo/GDP system, the binding of AMG 510
could raise the energy contributions of those critical residues for
the interaction of KRASG12C and GDP. In particular, the residue
Y32 has an immense contribution to the binding free energy, which
appears only in the KRASG12C-AMG 510/GDP system. The above
results indicate that AMG 510 reduces the flexibility of the two
switch regions and strengthens the affinity of KRASG12C and GDP.
Therefore, the influence raised by AMG 510 renders the KRASG12C

restricted in the GDP-bound conformation, and then hindering
the process of its conversion to the active state.
3.6. Prediction of key residues and potential drug resistance sites of
AMG 510

Drug resistance is a common and intractable clinical challenge
in cancer therapy. Although AMG 510 presents promising efficacy
in KRASG12C-mutant cancers, the drug resistance is very worthy
of attention throughout the whole process of clinical trials. The
missense mutations frequently cause the emergence of drug resis-
tance, which would impair the interaction of drugs and their tar-
geted proteins. Here, we utilized the strategy of binding energy



Fig. 4. Correlated motions of residue pairs in KRASG12C. (A) Combination of residue pair cross-correlation matrices between KRASG12C-apo (upper left triangle) and
KRASG12C-AMG 510 (lower right triangle). The strength of cross-correlation is colored ranging from red (for Cij � 0, lockstep motions) to blue (for Cij � 0, anti-correlated
motions). The enlarged plots of residue pair cross-correlations between switch-I (residues 30–38) and switch-II (residues 59–76) in KRASG12C-apo and KRASG12C-AMG 510 are
shown in panels B and C, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Fluctuation analysis of the switch-I region revealed by four residue pair distances. Panel A-D shows the time-dependent Ca atom distance of C12-D30, C12-Y32,
C12-T35, and C12-D38, respectively. Four monitored residue pairs are shown in the KRASG12C-AMG 510 structure (E).
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decomposition based on the 800 ns MD simulation trajectories to
predict the key residues contributing to the binding of AMG 510
and KRASG12C.

Fig. 6A shows the key residues (decomposed binding energy < -
0.5 kcal/mol) for the binding of AMG 510. Fig. 6B represents the
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interaction residues and binding mode of KRASG12C with AMG
510 in the crystal structure, which was generated by the online
PLIP server. In general, the residues forming non-covalent interac-
tions with the inhibitor molecule are almost consistent with the
key residues defined by the energy decomposition. In particular,



Table 1
Binding free energies and the corresponding energy terms in two systems
(KRASG12C-AMG 510/GDP and KRASG12C-apo/GDP).

KRASG12C-AMG 510/GDP KRASG12C-apo/GDP

DEvdw �17.302 ± 0.110 �1.145 ± 0.004
DEele �762.164 ± 2.869 �671.103 ± 2.479
DGPB �116.244 ± 0.711 �44.689 ± 0.823
DGSA �3.122 ± 0.091 �3.314 ± 0.501
DGbind �898.832 ± 3.781 �720.251 ± 2.153

All energies in kcal/mol.
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three residues (H95/Y96/Q99) from SII-P play an essential role in
the interaction between AMG 510 and KRASG12C. To explore the
importance of these key residues for the affinity of KRASG12C and
AMG 510, we performed a series of virtual alanine mutation exper-
iments and compared the binding energy difference of AMG 510
with KRASG12C and KRASG12C/mutations. As shown in Table 2, the
mutations at three residue positions (T35, R68, and Y96) consider-
ably impacted the affinity between AMG 510 and KRASG12C
Fig. 6. Identification of key residues and potential acquired resistance mutations o
values less than �0.5 kcal/mol for the binding between AMG 510 and KRASG12C. (B) The no
entry: 6OIM). (C) The distributions of KRAS conformation states of KRASG12C/mutations si
(sotorasib) were marked with asterisks, and the experimentally validated non-resistant m
test for active and inactive states of KRASG12C and KRASG12C/mutations, while P2 stands for t
KRASG12C and KRASG12C/mutations.
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(DDGbind greater than 10 kcal/mol). For instance, the mutation
Y96A introduced the neutral alanine, disrupted the p-stacking
interaction formed by the phenyl ring of Y96 and AMG 510, and
resulted in decreased binding affinity. Moreover, the side chains
of T35 and R68 formed the hydrophobic interaction and hydrogen
bond with AMG 510, respectively, to render the compound fixed in
SII-P (Fig. S3). Therefore, the mutations of T35A and R68A would
inevitably weaken the interaction between KRASG12C and AMG
510. Based on the above analysis, the mutations at T35/R68/Y96
would influence the affinity of the covalent inhibitor in the SII-P
of KRASG12C and then reduce the efficacy of the compound. Thus,
we speculated that the residues T35/R68/Y96 would be the poten-
tial drug resistance sites. Intriguingly, two sites (R68 and Y96) have
been proved by existing clinical data [31]. A possible explanation of
the site T35 unseen in clinical data is that the mutation of T35
could compromise the ability of KRAS to bind effector proteins,
which precludes its selective advantage as a resistant mutant.

To further detect resistant mutations, we have systematically
screened all possible missense mutations for the identified key
f KRASG12C interacting with AMG 510. (A) The residues with decomposed energy
n-bond interactions formed by AMG 510 with KRASG12C in its crystal structure (PDB
mulation systems. The experimentally validated resistant mutations for AMG 510
utations for AMG 510 were marked with ‘‘#”. P1 denotes the p value of chi-square

he p value of chi-square test for active-like (active plus other) and inactive states of



Table 2
Binding energy change of AMG 510 interacting with various KRASG12C mutants.

4G (kcal/mol)a 44G (kcal/mol)b

KRASG12C �51.664 0.000
KRASG12C/K16A �50.189 1.475
KRASG12C/T35A �37.934 13.730
KRASG12C/Q61A �43.118 8.547
KRASG12C/R68A �40.793 10.872
KRASG12C/H95A �45.988 5.676
KRASG12C/Y96A �32.879 18.786
KRASG12C/Q99A �48.376 3.288
KRASG12C/V103A �43.114 8.550

a The binding energy of AMG 510 interacting with protein single mutant (i.e.
KRASG12C) or double mutants (KRASG12C/mutations).

b The binding energy change of double mutants relative to single mutant (i.e.
KRASG12C).
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residues based on the genetic codon changes. In other words, for
the triplet codon of one selected residue, one nucleotide is mutated
each time, and the corresponding missense mutation is recorded.
We performed virtual mutation experiments and MD simulations
on a total of 50 KRASG12C/mutations systems (Fig. 6C). Then, simula-
tion trajectories from each system were mapped to our PCA model.
The distributions of active and inactive conformations of each sim-
ulation systemwere tested with chi-square test. The proportions of
three conformation types in the 50 simulation systems and the cor-
responding p values are listed in Table S3.

As depicted in Fig. 6C, two major clusters were observed in all
the 50 virtual mutation systems based on KRAS conformation
states. Cluster #1 included 14 virtual mutation systems, which
shared similar conformational distribution with KRASG12C, indicat-
ing that the introduced secondary mutations in KRASG12C did not
affect the interaction of KRASG12C and AMG 510. The remaining
36 virtual mutation systems in Cluster #2 shared common features
with the increased percentage of KRAS active and/or other confor-
mation (Fig. 6C). As shown in Fig. 2B, the other conformation
tended to be active-like. Therefore, the introduced second muta-
tions in these 36 virtual mutation systems might be potential resis-
tant mutations for AMG 510. In these simulation systems, the
inactive conformations remarkably reduced accompanied by the
increase of active or other conformations in comparison to the
KRASG12C system (p < 0.01, chi-square test), implying that these
potential resistant mutations significantly influence the interaction
between KRASG12C and AMG 510. Since different KRASG12C inhibi-
tors present distinct resistance mutation profiles [29–31], in this
work we only focused on experimental resistance mutations for
AMG 510. We collected 12 experimentally validated mutations
associated with our virtual mutation systems, which were
obtained from a positive-selection screen experiment in Ba/F3
cells[32], including nine resistance mutations and three non-
resistance mutations (i.e., the mutation remains sensitive to AMG
510 according to the current experimental result). Interestingly,
all of nine experimentally validated resistance mutations are iden-
tified as resistance to AMG 510 with our PCA model (Fig. 6C). One
experimentally validated non-resistance mutations (H95Q) is
accurately predicted in our PCA model (Fig. 6C). However, the
other two experimentally validated non-resistance mutations,
H95D and H95R, are incorrectly predicted to be resistance muta-
tions with our PCA model (Fig. 6C). Overall, the aforementioned
prediction and structural understanding of resistance mutations
should provide crucial hints to develop new therapeutic strategies
or drugs for overcoming acquired resistance of AMG 510.
3.7. AMG 510 has the potential efficacy for HRASG12C or NRASG12C

Although KRAS is the most frequently mutated isoform in RAS-
driven cancers, some cases are also associated with mutations in
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HRAS or NRAS [1,13]. These three RAS proteins share high similar-
ities in sequence and structure (Fig. S5). The pairwise full-length
sequence identities reach approximately 85% (Fig. 1A, Fig. S5A).
In case the HVRs in their C-terminal are not taken into account,
the catalytic domains (residues 1–166) among them share more
than 90% sequence identity (Fig. S5A). Although AMG 510 was orig-
inally designed to treat the KRASG12C-induced cancers, in this work
we also attempted to examine the potential interactions between
AMG 510 and HRASG12C or NRASG12C. According to previous analy-
sis results, the three residues 95/96/99 of SII-P play crucial roles in
the interaction of AMG 510 and KRASG12C. Although position 95 is
one of the five positions around SII-P region containing different
residues (Fig. S5B and C), the H95A mutation does not significantly
reduce the affinity of AMG 510 and KRASG12C (Table 2). In addition,
Table S4 shows the calculated binding energy of AMG 510 and
three RAS proteins, and we can find that theDGbind values between
three mutants and the covalent inhibitor are at a similar level.
Comparatively, the values in the HRASG12C or NRASG12C systems
are slightly greater than the one in KRASG12C. In addition, the
results of energy decomposition also reflect that the key residues
of HRASG12C or NRASG12C with AMG 510 are similar to those of
KRASG12C (Fig. S5D). Given that these three RAS proteins share suf-
ficient structural similarity as well as similar binding energy with
AMG 510, we can infer that AMG 510 may not only target HRASG12C

or NRASG12C but also restrict them to an inactive state and impede
the step of activation. We hope the above computational experi-
ment can provide some hints for the repurposing of AMG 510 in
targeting HRASG12C or NRASG12C, although its actual inhibitory
effect still needs further experimental validation.
4. Conclusions

In the present work, we combined multifaceted computational
methods, including MD simulation, MM/PBSA calculation, and tra-
jectories analysis, to investigate the molecular interaction mecha-
nism between KRASG12C and AMG 510. The PCA-based structural
state classifier quantitatively identified that the frames extracted
from the KRASG12C-AMG 510 system have a higher proportion in
the inactive conformation during the 800 ns MD simulation com-
pared to those from the KRASG12C-apo system. Then, the trajectory
analysis reflected that the reduction in the flexibility of the two
switch regions was the primary reason for KRASG12C conformation
change. In addition, AMG 510 formed the hydrophobic interactions
with T35 to fix the fluctuation of the SI region and impeded the
opening of the nucleotide-binding site. Meanwhile, the MM/PBSA
calculation demonstrated that AMG 510 enhances the affinity of
KRASG12C and GDP. These results suggest that AMG 510 reduced
the flexibility of two switch regions in KRASG12C to render it located
in the GDP-bound state, and then blocked the activation of
KRASG12C.

We predicted the key residues contributing to the interaction
between KRASG12C and AMG 510 through the binding energy
decomposition. Further large-scale in silico mutagenesis experi-
ment not only provided mechanistic insights into known acquired
resistance mutations to AMG 510 but also proposed a series of new
potential drug resistance variations, which are deserved further
clinical attention. From the similarity of protein sequence and 3D
structure between KRAS and HRAS/NRAS, we speculated the poten-
tial inhibitory effects of AMG 510 on HRASG12C or NRASG12C and
suggested the pursuit of experimental approaches to determine
whether AMG 510 targets HRASG12C or NRASG12C in vivo. Taken
together, our work provides an atomic-level characterization of
the KRASG12C conformational dynamics when bound with the cova-
lent inhibitor AMG 510. It is also hoped that the current work can
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serve as a proof-of-concept regarding the application of structural
bioinformatics in precision oncology.
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