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Abstract
Objective  The RAS family, comprising KRAS, NRAS, and HRAS, plays a pivotal role in oncogenesis, dynamically 
regulating cellular processes through intricate cycling between active and inactive states. Despite recent 
advancements, direct therapeutic targeting of RAS proteins has proven challenging. Targeting KRASG12D with 
natural compounds offers a unique therapeutic potential, leveraging the structural diversity and bioactivity of natural 
compounds. In this study, we investigated the potential of natural products to target oncogenic KRASG12D mutant. 
Given the higher prevalence of KRASG12D mutations, our study employs structure-based virtual screening and 
molecular dynamics simulations to identify potential KRASG12D inhibitors within a natural compound library.

Results  Two natural compounds, NPA019556 and NPA032945, demonstrated strong and stable binding interactions 
with KRASG12D, surpassing the performance of known inhibitor MRTX1133. After post-molecular dynamics analyses, 
which encompass Dynamic Cross-Correlation Matrix and Principal Component Analysis, additional evidence suggests 
that the flexible switch I (residues 30–40) and switch II (residues 58–72) regions demonstrate greater anti-correlation 
in NPA019556 and NPA032945 compared to MRTX1133 complexed with KRASG12D. These findings highlight the 
promise of two natural compounds, NPA019556 and NPA032945, as specific KRASG12D inhibitors, paving the way for 
future and therapeutic development.
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Introduction
The RAS family of GTPases, encompassing KRAS, 
NRAS, and HRAS, has emerged as pivotal oncogenes in 
human cancers [1, 2]. Functioning as molecular switches, 
these proteins dynamically transition between active and 
inactive states, exerting profound influence on mediating 
cellular processes [3]. Activation of RAS proteins occurs 
upon binding to GTP, while deactivation is facilitated 
by GDP binding [4]. This intricate cycling is rigorously 
regulated by multi-domain proteins, specifically guanine 
nucleotide exchange factors (GEFs) and GTPase-activat-
ing proteins (GAPs), responsible for the activation and 
deactivation processes, respectively [4, 5].

Despite extensive research, directly targeting RAS pro-
teins therapeutically has been exceptionally challenging. 
The picomolar affinity of GTP for the KRAS binding site, 
combined with a lack of well-defined pockets to accom-
modate small molecules, has rendered most RAS proteins 
“undruggable” [6]. Efforts have shifted toward targeting 
specific oncogenic RAS mutants, such as KRASG12C 
and KRASG12D, which harbour unique structural and 
biochemical features that can be exploited pharmacologi-
cally [7]. Although progress has been achieved with iden-
tifications of small molecules advancing through various 
clinical trial phases, this success is currently limited to 
specific small molecule inhibitors namely sotorasib and 
MRTX1133 in a subset of patients, specifically those with 
cancers driven by KRAS, mutants respectively [8, 9].

Distinguished by their unique characteristics, diverse 
structural composition, and a wide array of pharmacolog-
ical effects, natural products emerge as privileged entities 
in strategies for the (re)discovery of drugs [10]. These 
substances present the potential to reveal innovative 
therapeutic applications that may not be directly linked 
to their original biological context [11]. Natural products 
and their derivatives have historically served as a founda-
tion for drug discovery, and their potential for targeting 
difficult proteins like KRAS has sparked renewed inter-
est. Advances in computational screening methods now 
enable efficient exploration of natural compound librar-
ies, offering an accelerated pathway for identifying novel 
inhibitors [12] [13]. Importantly, natural products have 
been shown to be effective against KRAS using molecular 
docking studies including KRASG12C [14], and KRAS-
SOS1 [15] proteins while there is no prior study, to our 
knowledge, addressing the targeting of KRASG12D 
through structure-based virtual screening approach 
based on bacteria and fungus-derived natural products.

KRASG12D is particularly significant because of its 
high prevalence-approximately 2.5 times more com-
mon than KRASG12C mutations [16]. This under-
scores the urgent need to develop selective inhibitors for 
KRASG12D. Natural compounds, with their structural 
diversity and ability to modulate difficult targets, present 

an attractive alternative for addressing this therapeutic 
gap. In this study, we sought to utilize the power of natu-
ral compound library and perform a structure-based vir-
tual screening as well as molecular dynamics simulations 
with an ultimate aim to discover promising KRASG12D 
selective inhibitors. The structure-based virtual screen-
ing results revealed potential binders to KRASG12D with 
a similar XP GScore to MRTX1133, a known KRASG12D 
oral inhibitor received a clearance by the FDA as the 
Investigational New Drug (ING) [17]. Furthermore, 
molecular dynamics simulation studies demonstrated 
stable binding interactions for the Kras-NPA032945 
complex with low and stable RMSD values. Addition-
ally, the Kras-NPA019556 complex exhibited low RMSD 
values and partial stability. Both complexes were found 
to be more stable than the Kras-MRTX1133 complex 
over the course of a 100 ns simulation. After post-molec-
ular dynamics (MD) studies, which included Dynamic 
Cross-Correlation Matrix (DCCM) and Principal Com-
ponent Analysis (PCA), were performed to assess cor-
relations between the SI and SII regions and identify 
flexible regions in all complexes, respectively. Our col-
lective findings suggest that the SI and SII regions exhibit 
more anti-correlation in the Kras-NPA019556 and Kras-
NPA032945 complexes than in the Kras-MRTX1133 
complex. Additionally, PCA revealed a flexible profile 
in the SI and SII regions for all complexes. These find-
ings suggest that the natural compounds NPA019556 
and NPA032945 may serve as promising inhibitors for 
KRASG12D, showing selectivity over Kras-MRTX1133. 
Future studies are needed to validate this candidate. Our 
results highlight the potential of natural products as pow-
erful alternative for addressing the challenge of targeting 
KRASG12D, warranting further experimental validation 
and development.

Methods
Structure-based virtual screening and ADME prediction
A library of 33,372 natural compounds was compiled 
from the Natural Products Atlas (version 06/2023- ​h​t​t​
p​​s​:​/​​/​w​w​w​​.​n​​p​a​t​​l​a​s​​.​o​r​g​​/​d​​o​w​n​l​o​a​d) [18] and MRTX1133 
from KRASG12D/GDP (PDB ID: 7RPZ [9]). LigPrep 
[19] prepared the compounds, and Epik [20] predicted 
their ionization states at pH 7.0. The Protein Prepara-
tion Workflow was used to prepare the KRASG12D pro-
tein and generate a receptor grid [21, 22]. Glide Virtual 
Screening was performed in three stages: HTVS, SP, and 
XP, with the top 100 ligands being analyzed. Compounds 
were ranked by Glide XP GScore, and those with favor-
able scores and adhering to Lipinski’s rule of five [23] 
were selected by SwissADME [24]. Further refinement 
identified compounds interacting with residue ASP12 as 
potential selective inhibitors for KRASG12D.

https://www.npatlas.org/download
https://www.npatlas.org/download
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Molecular dynamics simulations
Molecular dynamics simulations (MDS) were performed 
using GROMACS 2023 to study protein-ligand com-
plexes from virtual screening [25]. The CHARMM-GUI 
server [26] prepared the systems with the CHARMM36 
force field, defining atom types and charges [27]. The 
complexes were placed in an octahedral box, solvated 
with TIP3 water, and neutralized with 150 mM sodium 
and chloride ions. Minimization was carried out until the 
maximum force was below 10.0 kJ/mol, lasting up to 100 
picoseconds.

A 100 ps equilibration followed, with position restraints 
on the protein and ligand, using NVT and NPT ensem-
bles. The system was heated to 303.15 K with the Berend-
sen thermostat [28, 29], and pressure was maintained at 
1  bar using C-rescale [30]. Short-range interactions had 
a cut-off at 1.2 nm, while long-range electrostatics were 
calculated with the PME method [31]. The LINCS algo-
rithm was used to constrain hydrogen bonds [32].

A 100 ns MD simulation was then conducted without 
restraints, with a 2 fs time step and trajectory snapshots 
every 1 ps. GROMACS modules analyzed the trajecto-
ries, focusing on RMSD/RMSF and hydrogen bonds [33, 
34, 35, 36]. Visualization and graphing were done using 
Xmgrace [37] and VMD [38].

Post-molecular dynamics simulations analysis
Bio3D [39] was used to generate a time-correlated 
dynamical cross-correlation matrix (DCCM) for ligand-
bound KRASG12D configurations, revealing fluctuations 
in C-alpha atoms of key residues. To address DCCM’s 
limitations, Principal Component Analysis (PCA) was 
employed, arranging simulation frames by principal com-
ponents to highlight significant variability. Both analyses 
utilized 100 ns of MD simulation data, sampled every 5 
picoseconds (2000 frames), to provide a comprehensive 
view of ligand-bound KRASG12D dynamics.

Results
Structure-based virtual screening
The virtual library was docked to the KRASG12D binding 
site using Glide HTVS, SP, and XP methods. The binding 
pocket for MRTX1133 includes the switch I (SI, residues 
30–40), switch II (SII, residues 58–72), and the P-loop 
(residues 10–14). Extra Precision (XP) docking was cho-
sen over High Throughput Virtual Screening (HTVS) and 

Standard Precision (SP) docking for this study to ensure a 
more accurate evaluation of the binding interactions and 
energetics of potential KRASG12D inhibitors. XP dock-
ing incorporates a more rigorous scoring function, penal-
izing unfavorable ligand conformations, steric clashes, 
and solvent exposure while rewarding optimal bind-
ing poses. This level of precision is particularly advan-
tageous for challenging targets such as KRASG12D, 
where ligand binding involves complex interactions with 
dynamic regions, including the P-loop, switch I, and 
switch II regions. The top 100 poses were ranked by XP 
GScores. Following ADME analysis via SwissADME, 53 
compounds met Lipinski’s rule of five criteria, including 
molecular weight, hydrogen bond donors/acceptors, and 
logP.

Five promising compounds interacting with ASP12 
were selected: Desmethyl dermoquinone (NPA019556) 
had the highest XP GScore of -9.43  kcal/mol, followed 
by Persiamycin A (NPA032945) with − 9.04  kcal/mol. 
Topopyrone D (NPA011440), Xylarenol (NPA007218), 
and Clostyrylpyrone A (NPA032254) also showed strong 
XP GScores of -8.76  kcal/mol, -8.62  kcal/mol, and 
− 8.49  kcal/mol, respectively (Table  1). All five natural 
compounds displayed drug-like properties and interacted 
with ASP12 via hydrogen bonding (Table 2). In contrast, 
MRTX1133 had poor water solubility and a high molec-
ular weight but interacted with ASP12 through a salt 
bridge. Detailed interaction profiles for NPA019556 and 
NPA032945 showed hydrogen bonding with several resi-
dues, while MRTX1133 interacted with various residues 
including ASP12 (Supplementary Fig. 1).

After Glide XP docking, NPA019556 exhibits hydrogen 
bond interactions with GLY10, ASP12, LYS16, GLY60, 
and ARG68, along with other types of interactions 

Table 1  The binding affinities and properties of compounds obtained from the Natural products Atlas 2.0
NPA ID Name Origin Organism Type Origin Genus Origin Species XP Gscore (kcal/mol)
NPA019556 Desmethyl dermoquinone Fungus Penicillium restrictum -9.43
NPA032945 Persiamycin A Bacterium Streptomonospora sp. PA3 -9.04
NPA011440 Topopyrone D Fungus Penicillium sp. BAUA4206 -8.76
NPA007218 Xylarenol Fungus Unknown-fungus sp. PSU-A80 -8.62
NPA032254 Clostyrylpyrone A Bacterium Clostridium roseum DSM 6424 -8.49

Table 2  The physicochemical properties of compounds 
obtained from The Natural Products Atlas 2.0
NPA ID Molecular 

Weight (g/mol)
Num. 
H-bond 
acceptors

Num. 
H-bond 
donors

Log Po/w Log S

NPA019556 312.27 6 3 -0.03 -3.27
NPA032945 350.32 6 4 0.82 -4.97
NPA011440 338.27 7 3 -0.51 -4.24
NPA007218 336.34 5 4 2.17 -2.9
NPA032254 316.26 7 3 0.82 -2.74
MRTX1133 601.64 9 3 0.37 -6.82
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involving VAL9, ALA59, GLU62, ARG68, and MET72 
(Supplementary Fig. 2). On the other hand, NPA032945 
shows hydrogen bond interactions with GLY10, ASP12, 
LYS16, GLY60, GLU63, ARG68, and GLN99, coupled 
with other types of interactions with VAL9, GLU62, 
ARG68, TYR64, and MET72 (Supplementary Fig. 3). The 
known inhibitor MRTX1133 engages in hydrogen bond 
interactions with GLY60, ARG68, ASP69, HIS95, and 
other types of interactions with ASP12, ALA59, GLU62, 
TYR64, MER72, TYR96, VAL103 (Supplementary Fig. 1).

Molecular dynamics simulations and post analysis
Molecular Dynamics Simulation (MDS) is considered as 
a reliable computational analysis for studying the stabil-
ity and dynamics of both unbound and bound proteins 
in an environment mimicking that of a biological cell, 
including solvents, ions, pressure, and temperature [40, 
41]. In this regard, we conducted 100 ns MD simulations 
on the complexes (Kras-NPA019556, Kras-NPA032945, 

Kras-NPA011440, Kras-NPA007218, Kras-NPA032254, 
and Kras-MRTX1133) to explore the structural stabil-
ity of potential inhibitor candidates and compare them 
with a known potent, selective, noncovalent KRASG12D 
inhibitor. The analysis included Root Mean Square 
Deviation (RMSD) (Fig. 1A-C), Root Mean Square Fluc-
tuation (RMSF) (Fig.  1D), hydrogen bond assessments 
(Fig. 2), Principal Component Analysis (PCA) and time-
correlated dynamic cross-correlation matrix (DCCM) 
plot analysis.

Root mean square deviation (RMSD)
Analysis of the Protein Backbone RMSD values (Fig. 1A) 
confirms that the protein remains highly stable through-
out the MD simulation with minimal fluctuations. Ligand 
RMSD analyses (Fig.  1B) revealed that NPA032945 
and NPA019556 exhibit greater stability compared to 
MRTX1133, with the latter showing structural changes 
during the simulation. For ligand fit protein RMSD 

Fig. 1  RMSD spectra graphs depicting the structural dynamics of the KRASG12D complex with MRTX1133, NPA019556, and NPA032945. The graphs 
include (A) Backbone RMSD, (B) Ligand Fit Ligand RMSD, (C) Ligand Fit Protein RMSD, and (D) The Root Mean Square Fluctuation (RMSF) analysis
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(Fig.  1C), the Kras-NPA032945 complex showed the 
lowest average RMSD, indicating better stability over 
100 ns. Kras-NPA019556 demonstrated consistent 
stability with RMSD values between 0.2 and 0.3  nm. 
While the Kras-MRTX1133 complex remained stable 
between 20 ns and 70 ns, fluctuations were observed 
near 100 ns. In contrast, Kras-NPA011440, Kras-
NPA007218, and Kras-NPA032254 displayed RMSD 
values exceeding 1  nm, deviating from the binding 
site and indicating lower stability. These findings sug-
gest that NPA019556 and NPA032945 form more stable 
complexes with KRASG12D in its inactive GDP-bound 
state, similar to the known inhibitor MRTX1133. The 
stability of NPA019556 and NPA032945 complexes with 
KRASG12D, as evidenced by their low and stable RMSD 
values, compares favorably with previously reported nat-
ural compounds targeting other KRAS mutants, such as 
KRASG12C. For instance, studies on natural compounds 
targeting KRASG12C, such as compounds derived from 
marine sponges and plant extracts, have demonstrated 
moderate binding stability, with RMSD values typically 
ranging between 2.5 Å and 3.0 Å over simulation periods 
[42, 43]. In contrast, the KRAS-NPA019556 and KRAS-
NPA032945 complexes maintained RMSD values below 
2.5 Å over a 100-ns simulation, indicating enhanced 
binding stability. Root Mean Square Deviation (RMSD) 
values were analysed to assess the overall stability of the 
ligand-protein complexes during the 100-ns molecular 

dynamics simulations. Complexes with RMSD values 
below 2.5 Å were considered highly stable, while values 
between 2.5 and 3.0 Å were indicative of moderate stabil-
ity. Complexes with RMSD values exceeding 3.0 Å were 
deemed unstable. Based on this threshold, NPA019556 
and NPA032945 complexes demonstrated superior sta-
bility, with average RMSD values of 2.1 Å and 2.4 Å, 
respectively, compared to the MRTX1133 complex, 
which exhibited an average RMSD of 2.8 Å.

Root mean square fluctuation (RMSF)
To understand the behaviour of specific amino acid resi-
dues within the protein’s C-alpha backbone when bound 
to two potential non-covalent inhibitors, we conducted 
Root Mean Square Fluctuation (RMSF) analysis. We then 
compared these findings with those from the established 
inhibitor complex (Kras-MRTX1133). The findings high-
light noticeable distinctions in the RMSF graph spectrum 
among all complexes examined, encompassing residues 
within both the switch I (residues 30–40) and switch II 
(residues 58–72) regions (Fig. 1D). On the contrary, the 
RMSF analysis indicates that the P-loop (residues 10–14) 
demonstrates higher stability in comparison to SI and SII 
regions (Fig. 1D).

Hbond analysis
The formation of intermolecular hydrogen bonds in Kras-
NPA019556, Kras-NPA032945, and Kras-MRTX1133 

Fig. 2  H-bonding interactions observed in (A) the Kras-NPA019556, (B) Kras-NPA032945, and (C) Kras-MRTX1133 complexes during a 100 ns molecular 
dynamics simulation. Additionally, (D) illustrates the H-bond occupancy over the course of the 100 ns simulation
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complexes was analyzed over the simulation period. 
Kras-NPA019556, Kras-NPA032945, and Kras-
MRTX1133 showed average hydrogen bond counts 
of 2.80, 1.45, and 2.90, respectively (Fig.  2A, B and C). 
Notably, Kras-NPA019556 and Kras-MRTX1133 had the 
highest average number of hydrogen bonds.

The hydrogen bond occupancy analysis (Fig.  2D) 
revealed that Kras-NPA019556 consistently interacted 
with ASP12 (12% occupancy) and formed significant 
hydrogen bonds with GLU62 and TYR64 (> 10% occu-
pancy each) during the 100-ns simulation. In compari-
son, Kras-NPA032945 displayed strong binding to GLY10 
(33% occupancy), while Kras-MRTX1133 exhibited lower 
ASP12 interaction (4.25%) but maintained high occu-
pancy with GLU62, ASP69, and ASP92 (30–35%). These 
unique molecular interactions highlight the distinct sta-
bility and behaviour of each complex throughout the sim-
ulation. During the 100 ns MD simulations, NPA019556 
maintains its H-bond interaction with ASP12 as observed 
post-docking. Additionally, it sustains its interaction with 
GLU62 (in the switch II region) as an H-bond interaction. 
On the other hand, NPA032945 preserves its interaction 
with GLY10 both post-docking and throughout the MDS. 
Similarly, MRTX1133 maintains its H-bond interaction 
with ASP12 and it retains its post-docking H-bond inter-
action with GLU62, ASP69 (both in the switch II region) 
during the MDS.

Upon scrutinizing the vector mechanism, it was 
observed that exclusively in the Kras-NPA019556 com-
plex, the motion of both the P-loop and SII was directed 
towards the protein binding site pocket, creating a com-
pression effect on the ligand (Fig.  3A). This distinctive 
behaviour highlights the pivotal role played by SII and 

P-loop in the interaction with the ligand and the over-
all stability of the complex. Notably, the interactions of 
NPA019556 with the protein were found to be stronger, 
maintaining a remarkably stable structure. Specifically, 
the flexible SII exhibited an inward sliding motion, effec-
tively keeping the ligand securely within the binding site 
pocket of KRASG12D (Fig. 3A). On the contrary, for the 
other complexes, the direction of SII motion was consis-
tent, progressing outward from the binding site pocket 
(Fig.  3B and C). Upon examining images captured at 
the simulation’s conclusion, it was evident that only the 
surface of the Kras-NPA019556 complex was closed, yet 
all ligands remained firmly positioned within the bind-
ing site pocket (Fig. 3A, B and C). The inward sliding of 
the switch II (SII) region observed in the NPA019556 
and NPA032945 complexes was quantified by measuring 
the distances between key residues in the SII region and 
the central binding pocket. This movement reduces the 
accessibility of effector binding sites and stabilizes con-
formations that are less favourable for active state tran-
sitions. Concurrently, the P-loop compression, indicated 
by reduced RMSF values and tighter clustering of back-
bone atoms, suggests a constrained nucleotide-binding 
environment that could hinder the exchange of GDP for 
GTP, a critical step for KRAS activation.

Principal component analysis (PCA)
Principal Component Analysis (PCA) was conducted on 
the atomic backbone, specifically focusing on the C-alpha 
positions, resulting in three principal components 
labelled as PC1, PC2, and PC3. The cumulative contri-
bution of these three principal components accounted 
for 20% of all variances observed across the least 

Fig. 3  Superimposition of detailed compound interactions with protein residues at 0 ns (blue) and 100 ns (green). (A) Kras-NPA019556, (B) Kras-
NPA032945, (C) Kras-MRTX1133. The orange arrow indicates the direction of motion at the end of the simulation. The SI (residues 30–40) and SII (residues 
58–72) regions have been marked, and the P-loop (residues 10–14) is enclosed within a black circle
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correlated components in the analysis of 2000 frames for 
KRASG12D-ligand complexes (Supplementary Figs.  4–
6). In the Principal Component Analysis (PCA), the 
first principal component (PC1) emerged as the domi-
nant factor in terms of overall variance, contributing to 
more than a third of the total variance for each complex 
(25.25%, 24.7%, and 18% for NPA019556, NPA032945, 
and MRTX1133, respectively). PC2 accounted for 10.89%, 
10.8%, and 11.93%, while PC3 exhibited variabilities of 
6.33%, 6.91%, and 7.12% for NPA019556, NPA032945, 
and MRTX1133, respectively. When considering the first 
three components collectively, they represented 42.5%, 
42.4%, and 37% of the total variance for NPA019556, 
NPA032945, and MRTX1133, respectively (Supplemen-
tary Figs. 4–6). To provide a deeper understanding of the 
influence of MRTX1133 on the structure of KRASG12D, 
RMSF analysis was conducted to compare the flexibil-
ity with the other two complexes. Kras-NPA019556 and 

Kras-NPA032945, displayed elevated fluctuation peaks in 
the SI and SII regions (Supplementary Figs. 4 and 5). On 
the other hand, Kras-MRTX1133 have similar fluctuation 
peak values in the same regions (Supplementary Fig. 6). 
This implies that, across all complexes, the presence of 
flexible loops is evident in both the SI and SII regions.

Dynamic cross-correlation matrices (DCCM) analysis
The correlated conformational motions of Kras-
MRTX1133, Kras-NPA019556, and Kras-NPA032945 
were analysed using Dynamic Cross-Correlation Matrix 
(DCCM) analysis (Figs.  4, 5 and 6). In this analysis, 
regions exhibiting high positive values (coloured in red) 
indicate a strong correlation in the movement of resi-
dues in the same direction. Conversely, negative regions 
(coloured in blue) signify robust anti-correlated motion, 
where residues move in opposite directions. The colour 

Fig. 4  The post-molecular dynamics (MD) simulation time-correlated DCCM plot for the Kras-NPA019556 complex. Blue colour indicates anti-correlation 
and red positive correlation. Squares denote correlations between SI and SII regions
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intensity along the diagonal reflects the degree of move-
ment for the corresponding atoms.

According to DCCM analysis of the Kras-NPA019556 
complex indicates that the flexible regions move in an 
anti-correlated manner with switch I and switch II, and 
this dynamic movement is more pronounced compared 
to the Kras-MRTX1133 complex (Fig.  4). Similarly, 
DCCM analysis of the Kras-NPA032945 complex shows 
that the flexible regions move in an anti-correlated man-
ner with switch I and switch II (Fig. 5).

The NPA019556 and NPA032945 hit complexes dem-
onstrate relatively stronger anti-correlated motions com-
pared to the Kras-MRTX1133 complex (Figs.  4, 5 and 
6). Specifically, in the DCCM of the Kras-MRTX1133 
complex, the flexible regions are observed moving in a 
less anti-correlated manner with switch I and switch II 
(Fig.  6). The enhanced anti-correlation observed in the 

natural compound complexes suggests that NPA019556 
and NPA032945 induce structural constraints that 
reduce the dynamic coupling between SI and SII. This 
reduced coupling may impair the flexibility required for 
KRASG12D to adopt active conformations capable of 
binding effectors. In contrast, the weaker anti-correlation 
observed in the MRTX1133 complex suggests a different 
mode of inhibition, where conformational flexibility in 
SI and SII regions is less affected. This distinction high-
lights the potential of NPA019556 and NPA032945 to 
modulate KRASG12D dynamics in a manner that selec-
tively disrupts effector engagement by destabilizing the 
active state. These findings suggest a distinctive dynamic 
behaviour in the correlated motions of the flexible loops 
and associated residues among the complexes, highlight-
ing the unique characteristics of each interaction with 
KRASG12D.

Fig. 5  The post-molecular dynamics (MD) simulation time-correlated DCCM plot for the Kras-NPA032945 complex. Blue colour indicates anti-correlation 
and red positive correlation. Squares denote correlations between SI and SII regions
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Discussion
Mutated KRAS plays a pivotal role in the initiation and 
progression of various cancers, making it an attractive 
target for anti-cancer drug development. Despite being 
historically considered “undruggable,” innovative strate-
gies have emerged to offer targeted inhibition of KRAS. 
These strategies encompass covalent binding, targeted 
protein degradation, protein-protein interaction tar-
geting, salt bridge approaches, and multivalent strate-
gies [44]. Substantial advancements have been achieved, 
leading to the development of potent KRAS inhibitors 
such as AMG-510 [45], MRTX849 [46], MRTX1133 [9]. 
Significant breakthroughs include the FDA approval of 

AMG-510 and MRTX849 for treating advanced non-
small cell lung cancer (NSCLC) in patients with KRAS 
G12C mutations. Moreover, several other inhibitors, 
including MRTX1133 and RMC-6236, are poised to enter 
clinical trials. This progress reflects a promising era in the 
pursuit of effective treatments against KRAS-mutated 
cancers [44].

In our study, we utilized natural products from NPAt-
las database to target KRASG12D/GDP (PDB ID: 7RPZ). 
Employing a Virtual Screening Workflow, including 
Glide HTVS, SP, and XP, we conducted Structure-based 
virtual screening (SBVS). In a recent study, encom-
passing compounds 15, 36, and 25, culminated in the 

Fig. 6  The post-molecular dynamics (MD) simulation time-correlated DCCM plot for the Kras-MRTX1133 complex. Blue colour indicates anti-correlation 
and red positive correlation. Squares denote correlations between SI and SII regions
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discovery of MRTX1133. As a highly potent and selective 
KRASG12D inhibitor, MRTX1133 adeptly occupied the 
switch II pocket and extended three substituents, result-
ing in a remarkable estimated KD against KRASG12D 
of 0.2 pM [9]. The compound 36, when interacting with 
KRASG12D/GDP, was found to snugly fit into a hydro-
phobic pocket formed by VAL9, THR58, PHE78, MET72, 
TYR96, and ILE100. The terminal alkynyl group effec-
tively served as a bridge between the lipophilic and polar 
regions of the switch II pocket. Using the compound 15 
with KRASG12D/GDP, it was observed that the two-
carbon bridge of the bicyclic group occupied a compact 
pocket, forming a nonclassical hydrogen bond with the 
Gly10 carbonyl oxygen. Additionally, it strategically posi-
tioned the charged secondary amine for optimal inter-
actions with ASP12 and GLY60. Compound 25, in turn, 
showcased a protonated pyrrolizidine establishing a 
robust ionic interaction with the negatively charged car-
boxylate of Glu62 [9]. In our study, the docking analysis 
focused on the binding pocket of MRTX1133 within the 
switch II region of KRASG12D. This specific targeting 
aimed to investigate the interactions and binding dynam-
ics of MRTX1133 within the critical switch II region of 
the KRASG12D protein (Supplementary Fig.  1). Subse-
quently, we narrowed down the selection to the top one 
hundred natural compounds based on their drug-likeness 
properties. At this stage, all the compounds met the cri-
teria were within the suitable ranges (53 compounds), yet 
it’s worth noting that the known inhibitor MRTX1133 
exhibited a molecular weight higher than the commonly 
accepted threshold of 500 g/mol (Table 2).

In our study, five compounds were selected for 100 ns 
MDS analysis due to their significant interactions with 
ASP12 (Table  1). After that, MRTX1133, NPA019556, 
and NPA032945 compounds were chosen based on 
their high stability in RMSD values (Fig.  1C). In terms 
of interaction analysis of these compounds, firstly for 
Kras-NPA019556, after Glide XP docking and through-
out the 100 ns MDS, interactions with ASP12 (located 
in the P-loop) were consistently maintained. Addition-
ally, during the simulation, hydrogen bond interactions 
with GLU62 and TYR64 (both in the switch II region) 
were observed. In the case of the Kras-NPA032945 
Complex, before the 100 ns and following a strong and 
sustained interaction with GLY10, the complex demon-
strated stability. On the other hand, the known inhibi-
tor MRTX1133 exhibited hydrogen bond interactions, 
including a modest interaction with ASP12 (approxi-
mately 4.25% H-bond occupancy), GLU62, and ASP69 
(in the switch II region) during the 100 ns. Additionally, it 
established a new interaction with ASP92 (Fig. 2D). The 
hydrogen bond interactions observed in the KRASG12D 
complexes provide critical evidence of the superior 
binding characteristics of NPA019556 and NPA032945 

compared to MRTX1133. Specifically, NPA019556 exhib-
ited consistent interactions with key residues such as 
GLU62 (switch II region), TYR64, and ASP12 (P-loop), 
with GLU62 and TYR64 contributing over 10% hydro-
gen bond occupancy during the simulation. In contrast, 
MRTX1133 demonstrated a comparable interaction pro-
file with GLU62 but showed significantly lower hydro-
gen bond occupancy with ASP12 (4.25% versus 12% for 
NPA019556). This reduced interaction with ASP12, a 
critical residue unique to the KRASG12D mutation, may 
impact MRTX1133’s specificity and stability in targeting 
this mutant. Furthermore, NPA032945 displayed strong 
interactions with GLY10 (33% hydrogen bond occu-
pancy), a residue near the P-loop, potentially interfering 
with nucleotide binding and activation of KRASG12D. 
ASP12, the defining mutation in KRASG12D, introduces 
a negatively charged side chain that alters the electro-
static environment of the P-loop. The stable hydrogen 
bond interaction observed between NPA019556 and 
ASP12 (~ 12% occupancy) likely contributes to anchor-
ing the ligand within the binding pocket, restricting the 
P-loop dynamics and reducing the likelihood of nucleo-
tide exchange, which is essential for KRAS activation. 
GLU62, located in the switch II region, is crucial for 
effector binding and conformational transitions between 
the active and inactive states of KRAS. Both NPA019556 
and MRTX1133 form strong hydrogen bonds with 
GLU62 (> 10% occupancy), potentially stabilizing the 
switch II region in an inactive-like conformation. TYR64, 
also part of the switch II region, contributes to protein 
stability by participating in hydrophobic interactions that 
maintain the structural integrity of the binding pocket. 
NPA019556’s interaction with TYR64 further enhances 
the rigidity of this region, supporting the ligand’s ability 
to modulate KRASG12D dynamics.

The lower and more stable RMSD values observed for 
the KRAS-NPA019556 and KRAS-NPA032945 com-
plexes compared to KRAS-MRTX1133 suggest that 
the natural compounds induce a more consistent bind-
ing mode and maintain stronger interactions with 
KRASG12D. To ensure the robustness of these find-
ings, we complemented RMSD analysis with additional 
metrics such as hydrogen bond occupancy, Dynamic 
Cross-Correlation Matrix (DCCM) analysis, and Prin-
cipal Component Analysis (PCA). These analyses 
revealed that both NPA019556 and NPA032945 induce 
significant anti-correlation in the switch I and switch II 
regions, supporting their ability to stabilize KRASG12D 
in conformations less favourable for effector binding. 
Furthermore, the higher hydrogen bond occupancy 
of NPA019556 with ASP12 and GLU62, compared to 
MRTX1133, underscores the stronger and more spe-
cific interactions contributing to its stability. Thus, 
the RMSD values, supported by these complementary 
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analyses, provide a robust basis for differentiating the 
binding stability and dynamic effects of NPA019556 and 
NPA032945 compared to MRTX1133. These results col-
lectively highlight the potential of the natural compounds 
to achieve effective and selective KRASG12D inhibition 
through enhanced stability and targeted conformational 
modulation.

The hydrogen bond analysis underscores the biological 
relevance of the observed interactions, particularly with 
residues critical to KRASG12D function. The consistent 
H-bond interaction between NPA019556 and ASP12, a 
key residue in the KRASG12D mutation, suggests that 
this compound may directly interfere with the mutant 
protein’s ability to stabilize its active conformation, 
thereby impairing its oncogenic signalling. Similarly, the 
interaction of NPA019556 and MRTX1133 with GLU62, 
located in the dynamic switch II region, highlights their 
potential to inhibit effector binding and downstream sig-
nalling pathways essential for KRAS-driven oncogenesis. 
In contrast, the strong interaction of NPA032945 with 
GLY10, a residue near the P-loop involved in nucleotide 
binding, suggests a unique binding mode that may reduce 
GTP affinity and hinder KRAS activation. Importantly, 
the higher occupancy of NPA019556 with ASP12 (12%) 
compared to MRTX1133 (4.25%) may indicate a superior 
ability to target the KRASG12D mutant selectively. These 
distinctive interaction profiles of the natural compounds 
suggest their potential to disrupt key KRASG12D-medi-
ated functions, providing a compelling rationale for fur-
ther validation and therapeutic exploration.

Quantitatively, the hydrogen bond occupancy analy-
sis revealed that NPA019556 maintained a consistent 
interaction with ASP12, accounting for 12% of the total 
hydrogen bond occupancy over the 100-ns molecular 
dynamics simulation. In comparison, the interaction of 
NPA032945 with ASP12 was less pronounced, with other 
residues playing a more dominant role in its binding pro-
file. The persistent interaction of NPA019556 with ASP12 
likely stabilizes the P-loop region in conformations less 
favourable for GTP binding, thereby interfering with 
the activation cycle of KRASG12D. While MRTX1133 
also interacts with ASP12, its hydrogen bond occupancy 
(4.25%) is significantly lower than that of NPA019556, 
suggesting that the natural compound may offer superior 
targeting specificity for the KRASG12D mutant.

Recent studies have identified potent inhibitors tar-
geting KRASG12D, such as MRTX1133, which demon-
strates high selectivity and preclinical efficacy [47]. Other 
approaches, including the discovery of allosteric inhibi-
tors modulating KRASG12D-effector interactions, high-
light the diversity of strategies employed to address this 
challenging target [9]. Furthermore, natural compounds 
have shown promise in targeting RAS-driven onco-
genesis, as evidenced by studies identifying their ability 

to modulate RAS signalling pathways [45, 48]. Against 
this backdrop, our findings highlight the potential of 
NPA019556 and NPA032945 as selective KRASG12D 
inhibitors, presenting a novel alternative for further 
investigation.

Natural products, such as NPA019556 and NPA032945, 
offer distinct advantages over synthetic inhibitors in drug 
discovery. Their inherent structural diversity, evolved 
through natural selection, often confers high specific-
ity and affinity for biological targets, even those consid-
ered undruggable, like KRASG12D. Additionally, natural 
compounds frequently exhibit favorable drug-likeness 
properties, including bioavailability, stability, and safety 
profiles, which are critical for clinical translation. Com-
pared to synthetic inhibitors, such as MRTX1133, natu-
ral products also have the potential to modulate protein 
dynamics uniquely. This is evidenced by the enhanced 
anti-correlation observed in the switch I and switch II 
regions of KRASG12D during molecular dynamics simu-
lations with NPA019556 and NPA032945.

The Principal Component Analysis (PCA) results pro-
vide valuable insights into the ligand-induced conforma-
tional changes in KRASG12D and their potential role in 
inhibiting its oncogenic activity. PCA revealed significant 
differences in the dynamic behaviour of the switch I (resi-
dues 30–40) and switch II (residues 58–72) regions upon 
binding of NPA019556 and NPA032945 compared to 
MRTX1133. These regions are critical for KRASG12D’s 
interactions with downstream effectors and regulators, 
and their flexibility is closely linked to the protein’s ability 
to adopt active and inactive states. The reduced flexibil-
ity observed in the PCA eigenvectors for KRASG12D-
NPA019556 and KRASG12D-NPA032945 complexes 
suggests that these natural compounds stabilize the pro-
tein in conformations less favourable for effector binding. 
This is further supported by the anti-correlation patterns 
identified in the Dynamic Cross-Correlation Matrix 
(DCCM) analysis, which indicate restricted motion and 
enhanced rigidity in the switch I and switch II regions. 
By inducing such conformational changes, NPA019556 
and NPA032945 may disrupt the dynamic equilibrium 
of KRASG12D, preventing it from efficiently engaging 
with downstream signalling partners like RAF kinases. 
The DCCM analysis showed that both NPA019556 and 
NPA032945 induced greater anti-correlation between 
the SI and SII regions compared to MRTX1133, indi-
cating a more constrained and less dynamic interaction 
pattern. This restricted motion suggests that the natural 
compounds stabilize the SI and SII regions, potentially 
reducing their ability to adopt conformations favourable 
for effector binding. PCA further corroborated these 
findings by revealing distinct contributions associated 
with the SI and SII regions. In the KRAS-NPA019556 
and KRAS-NPA032945 complexes, the first few principal 



Page 12 of 14Bostancioglu and Acar BMC Research Notes          (2025) 18:287 

components accounted for a higher percentage of the 
total motion, reflecting reduced conformational vari-
ability compared to the KRAS-MRTX1133 complex. 
Specifically, the natural compounds appeared to limit 
the flexibility of residues critical for the active state of 
KRASG12D, further supporting their potential to inter-
fere with its oncogenic signalling. The Dynamic Cross-
Correlation Matrix (DCCM) analysis revealed distinct 
anti-correlated motions between the SI (residues 30–40) 
and SII (residues 58–72) regions in the KRASG12D com-
plexes with NPA019556 and NPA032945, which were less 
pronounced in the MRTX1133 complex. These anti-cor-
related motions suggest that the natural compounds exert 
a stabilizing effect on the SI and SII regions, potentially 
restricting their conformational flexibility and reduc-
ing the protein’s ability to adopt active conformations 
required for effector binding. This mechanism appears 
distinct from that of MRTX1133, which, while effec-
tive, does not induce the same degree of anti-correlation 
between these regions. MRTX1133 primarily relies on 
direct interactions with the P-loop (ASP12) and switch 
II region (GLU62 and ASP69), stabilizing KRASG12D 
through a binding mode that does not significantly dis-
rupt the dynamic coupling between SI and SII. In con-
trast, the interactions of NPA019556 and NPA032945 
with ASP12, GLU62, and other key residues may indi-
rectly influence the coupling dynamics between SI and 
SII, leading to enhanced anti-correlation.

A study revealed that certain potent inhibitors that 
can form a salt bridge with ASP12 residue have the abil-
ity to induce the creation of an allosteric pocket beneath 
the KRASG12D switch II region [49]. This finding paral-
lels with previously reported studies for covalent KRAS 
G12C inhibitors [50, 51, 52, 53]. Recent study revealed 
that, the angle of residue 12 of the alpha carbon changes 
impacted in the binding of the GTP and altered the total 
protein conformation and energy affinity for binding 
position of the GTP molecules as compared to the KRAS 
wildtype binding conformation [54]. Another research 
study in addition makes claims to rotational dynamics 
of the mutated KRAS protein [55]. ASP12, the defining 
mutation in KRASG12D, plays a pivotal role in deter-
mining the selectivity and binding affinity of inhibitors 
targeting this mutant protein. The consistent hydro-
gen bond interaction observed between ASP12 and 
NPA019556 throughout the molecular dynamics simu-
lations suggests that ASP12 acts as a conserved hotspot 
for selective ligand binding. This observation aligns 
with previous studies identifying position 12 as a criti-
cal determinant for KRAS mutant-specific inhibition. For 
instance, inhibitors like MRTX1133 leverage interactions 
with ASP12 to achieve specificity for KRASG12D over 
wild-type KRAS and other mutants. Our findings suggest 
that the strong and stable interaction of NPA019556 with 

ASP12 may similarly underpin its selectivity, providing a 
molecular basis for its potential as a KRASG12D-specific 
inhibitor. Beyond stabilizing ligand binding, the interac-
tion with ASP12 likely influences the conformational 
dynamics of nearby regions, including the P-loop and 
switch I region. These conformational changes could fur-
ther enhance selectivity by disrupting the protein’s ability 
to engage downstream effectors uniquely associated with 
the KRASG12D oncogenic pathway.

In a recent study, the binding of MRTX1133 exhibited 
a strong correlation with the coordinated movements 
of switch I and II over the course of a 450 ns simula-
tion. Notably, MRTX1133 established interactions with 
critical residues, such as ASP69, HIS95, MET72, THR58, 
GLN99, ARG68, TYR96, TYR64, GLY60, ASP12, and 
VAL9 [56]. This study, combined with earlier research, 
indicates that MRTX1133 exhibits critical binding modes 
involving the P-loop with VAL9 and ASP12, as well as 
interactions with the SII region, particularly with GLY60 
and GLU62.

In another recent study, MDS and Markov state mod-
els were utilized to explore the stabilization of the switch 
II region in KRASG12D [57]. Through a structure-based 
design approach, MRTX1133 was identified as a com-
pound capable of restoring the dynamic conforma-
tion induced by the mutation in the KRAS4B switch II 
region to a stable, inactive conformation [58]. In 2023, 
Liang et al. demonstrated the novel interaction mecha-
nism between MRTX1133 and KRASG12D. Their analy-
sis pinpointed the GLY60 residue in the switch II region 
and the THR35 residue in the switch I region as pivotal 
contributors to this interaction. Notably, MRTX1133 
was observed to disrupt the interaction between GLY60 
and the γ-phosphate, effectively establishing a hydrogen 
bond specifically with GLY60. This distinctive interaction 
played a critical role in stabilizing both the GTP-bound 
and GDP-bound states of KRASG12D, inducing an inac-
tive conformation [57]. The dynamic interaction of KRAS 
G12C and Sotorasib (FDA-approved) through a 10 µs 
MD simulation found that Sotorasib increased flexibility 
of the switch I and switch II regions [55]. In our Principal 
Component Analysis (PCA) results, switch I and switch II 
regions for all compounds, including MRTX1133, exhib-
ited flexibility (Supplementary Figs.  4–6). The DCCM 
analysis revealed anti-correlated motion in the SI and SII 
regions for Kras-NPA019556 and Kras-NPA032945 com-
plexes (Figs.  4 and 5). In contrast and importantly, the 
Kras-MRTX1133 complex displayed less anti-correlated 
motion in these regions (Fig. 6).

In conclusion, the Kras-NPA019556 complex exhibited 
greater stability than the complex formed with the selec-
tive inhibitor Kras-MRTX1133 over the 100 ns simula-
tion (Fig.  1C). Furthermore, upon visual inspection of 
images captured at the simulation, it became evident that 
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only the surface of the Kras-NPA019556 complex was 
closed, while all ligands remained securely positioned 
within the binding site pocket (Fig. 3A-C). Based on our 
findings, NPA019556 emerges as a potential inhibitor 
candidate for KRASG12D, akin to the known inhibitor 
MRTX1133.
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