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Virtual screening of novel alkaloids
as potent inhibitors for G2032R-
mutant ROS1 kinase in non-small-
cell lung cancer

Shu-Chi Cho?, Yi-Wen Wang?, Chien-An Chu?, Ming-Chih Huang* & Chung-Ta Lee3**

The Gly2032Arg (G2032R) point mutation in proto-oncogene tyrosine-protein kinase 1 (ROS1) is one

of the predominant factors of drug resistance to targeted therapies in patients with ROS1 fusion-
positive non-small-cell lung cancer (NSCLC). This study aimed to identify novel inhibitors from a

library of alkaloids (447 compounds) using computational approaches. Molecular docking-based virtual
screening was performed to identify promising compounds, followed by ADMET property prediction
and molecular dynamics simulations to assess their safety and stability. The top compounds identified
were yibeinoside A and vomicine, which exhibited high binding affinities to the G2032R-mutant ROS1
protein. ADMET analysis indicated that yibeinoside A possessed better predicted pharmacokinetic
profiles than vomicine and the positive control, lorlatinib. Molecular dynamics simulations
demonstrated that yibeinoside A formed a highly stable complex with stable root mean square
deviation (RMSD), root mean square fluctuation (RMSF), radius of gyration (Rg), and solvent accessible
surface area (SASA) values. Molecular Mechanics Poisson-Boltzmann Surface Area (MM/PBSA)
calculations further confirmed that yibeinoside A and vomicine had better binding free energies than
lorlatinib. Collectively, these findings suggest that yibeinoside A, with its balanced binding interactions
and favorable predicted pharmacokinetic profile, is a promising lead candidate for further development
as a selective inhibitor against G2032R-mutant ROS1.
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Cancer remains one of the most critical global health challenges, affecting millions of individuals worldwide!. In
2022 alone, an estimated 20 million new cases and 10 million cancer-related deaths were reported, underscoring
the urgent need for more effective therapeutic strategies®. Over the past years, molecular oncology has advanced
substantially. Improved understanding of tumorigenesis, together with the development of targeted therapies,
has transformed cancer care by reducing adverse effects and improving patient survival®. Precision medicine,
also referred to as personalized medicine, has further accelerated this progress by tailoring treatments based on
individual genetic, lifestyle, and environmental factors*. Precision medicine has been widely adopted in cancer
treatment, where genetic testing is used to identify specific mutations in cancer cells®. These mutated targets
could provide valid information for targeted therapies and tailored treatments.

Proto-oncogene tyrosine-protein kinase 1 (ROS1) is a receptor tyrosine kinase that plays a critical role in
cellular signaling, growth, and differentiation®. ROS1 becomes oncogenic through chromosomal rearrangements
that generate ROS1 fusion proteins, which drive tumorigenesis by constitutively activating pathways that promote
proliferation, survival, and migration’. ROS1 rearrangements occur across several cancer types, including
glioblastoma, gastric cancer, and non-small cell lung cancer (NSCLC)3-1°. NSCLC accounts for approximately
85% of all lung cancer cases worldwide and in Taiwan!!!2, Approximately 39.7 and 22.4 cases per one million
cancer patients in Taiwan and global, respectively'!"!2. ROS1 gene fusions have been identified in approximately
1-2% of patients with NSCLC!?. Therefore, ROS1 has been proved as a key factor in NSCLC therapeutics.
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ROS! isalarge and single-pass transmembrane protein, comprising 2347 amino acid residues!*. Its N-terminal
region contains an aC-helix, four p-sheets, and several flexible loop segments™!'>, while its C-terminal region
features a distinctive intracellular tyrosine kinase domain followed by a single transmembrane helix!®. Crizotinib
was approved by FDA in 2016 for the administration of ROS-1 rearranged NSCLC'. Crizotinib binds to the
ATP-binding pocket and inhibits ROS1 kinase activity by competing with ATPS. However, the Gly2032Arg
(G2032R) solvent-front mutation located at the entrance of the ATP-binding site is the most common mechanism
of acquired resistance to crizotinib!®. This substitution introduces a bulkier, positively charged arginine side
chain that creates steric hindrance, reduces inhibitor accessibility, and markedly diminishes crizotinib efficacy'.
Lorlatinib is a more potent, broader-spectrum ROS1 inhibitor than crizotinib and is often considered after
crizotinib failure?. Lorlatinib is often used as a treatment option when crizotinib is no longer effective for
patients with G2032R-mutant ROS1-fusion NSCLC?!. However, the G2032R solvent-front substitution often
reduces susceptibility to many kinase inhibitors, and lorlatinib shows limited or variable efficacy against this
specific mutant'®?2, Consequently, the development of potent and selective inhibitors capable of overcoming
G2032R-mediated resistance is urgently needed to improve therapeutic outcomes in ROS1-positive NSCLC.

Alkaloids represent a diverse class of naturally occurring nitrogen-containing organic compounds produced
by plants, as well as certain fungi, bacteria, and animals?’. Alkaloids are characterized by their nitrogen-containing
structures which construct with or without heterocyclic rings?®. These compounds are predominantly basic in
nature due to the presence of nitrogen atoms, which can act as proton acceptors in acid-base reactions®*. Given
their immense structural diversity, alkaloids are divided into many groups, encompassing pyrrolidine alkaloids,
piperidine alkaloids, indole alkaloids, isoquinoline alkaloids, tropane alkaloids, steroidal alkaloids, purine
alkaloids?. The diverse chemical structures of alkaloids allow them exhibiting an extraordinarily wide range
of potent biological activities by interacting with multiple biological targets, including receptors, enzymes, and
ion channels®. For instance, berberine, a natural compound isolated from several plants like Coptis chinensis,
has been linked to anti-obesity and antidiabetic effects by inhibiting adipogenesis and decreasing PTP1B
expression27. Quinine, extracted from the bark of the cinchona tree, is a renowned medication used to treat
both babesiosis and malaria®®%. Vinblastine is clinically used to treat for various cancers, including leukemias,
lymphomas, breast cancer, and testicular cancer®. Given their potent biological activities and pharmacologically
privileged scaffolds, alkaloids represent a highly promising reservoir for anticancer drug discovery.

Molecular docking and molecular dynamics simulation, remarkable computational techniques in modern
drug discovery®, provide invaluable insights into molecular interactions and significantly accelerate the
drug development. In this study, virtual screening was applied to evaluate a diverse library of alkaloids against
the G2032R-mutant ROS1 kinase, followed by molecular dynamics simulations to investigate the stability
and binding behaviors of the resulting complexes. This integrated computational workflow aimed to identify
structurally and energetically promising alkaloid candidates that may serve as potential therapeutic agents for
overcoming G2032R-mutant ROS1-mediated resistance in NSCLC.

Materials and methods

Software preparation

AutoDock Vina v1.2.3-2.3, MGLT AutoDock tools v1.5.7, Open Babel v2.4.1, Discovery Studio Visualizer
v25.1.0, Swiss-PDBViewer, PYMOL v3.1.1, GROMACS v2023.3, g_mmpbsa, admetSAR 3.0, and Grace v5.1.25
were used in this study Methods.

Alkaloid library preparation

A virtual library of alkaloids was collected from the PubChem database (447 compounds). Protonation states at
physiological pH (7.4) were adjusted using Open Babel, followed by energy minimization with Universal Force
Field (UFF). Subsequently, the minimized structures were converted to PDBQT format using MGL AutoDock
tools.

Protein preparation

The X-ray crystallographic structure of the ROS1 kinase domain was obtained from the Protein Data Bank
(PDB ID: 4UXL) with a resolution of 2.4 A. The preparation of protein structure was conducted using software
Discovery Studio Visualizer by removing co-crystallized ligands, water molecules, and ions not involved in active
site interactions. The G2032R mutation of ROS1 was modified using the Build and Edit Protein tool of Discovery
Studio Visualizer®. Then, the protein structure was validated, optimized, and minimized energy using the Swiss
PDB Viewer. Polar hydrogens were added and Kollman charges were assigned by MGL AutoDock tools. Finally,
the protein structure was saved in PDBQT format for further docking studies. Lorlatinib was used as the positive
control in this study. Redocking validation was performed by computing the heavy-atom RMSD between the
crystallographic lorlatinib and the redocked pose of lorlatinib. The resulting RMSD was 0.001 A, indicating
successful reproduction of the crystallographic binding mode.

Virtual screening analysis

Virtual screening analysis were executed using AutoDock Vina, which is fast and widely used for initial
virtual screening and supports batch docking. For grid preparation, the active site was defined based on the
coordinates of the co-crystallized inhibitor (crizotinib) with a central reference point at coordinates of 42.32 for
X, —19.55 for Y, and — 4.86 for Z. The grid box dimension was set as 20 A x 20 A x 20 A to completely cover
the binding pocket. Each alkaloid was docked into the active site of the G2032R mutation of ROS1 with the
parameters (Exhaustiveness: 8, Number of output poses: 10 per compound compound). Docking scores were
evaluated based on the binding free energy (kcal/mol). The top 2 highest negative value compounds for G2032R
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mutation of ROSI1 were selected for downstream analysis. Lorlatinib was used as the positive control to analyze
with alkaloids.

Post-docking analysis

Top-ranked 2 alkaloids were separated to carry out further analysis. The best binding pose of the selected
ligands was analyzed using PyMOL and Discovery Studio Visualizer to assess their 2D and 3D structures and
protein-ligand interactions, such as hydrogen bonding, salt bridges, and hydrophobic forces with the active site
of G2032R ROSI1.

ADMET property prediction

The ADMET (Adsorption, Distribution, Metabolism, Excretion, and Toxicity) properties were evaluated
to assess the predicted pharmacokinetic and safety profiles of the top-ranking ligands after virtual screening
analysis. Prediction platform admetSAR 3.0 was employed to predict the ADMET of the top 2 highest negative
value compounds. The SMILES (Simplified Molecular Input Line Entry System) of the selected ligands was
retrieved from PubChem (https://pubchem.ncbi.nlm.nih.gov) and submitted to admetSAR 3.0 server to analyze.

Molecular dynamics simulation

Molecular dynamics simulations were performed for the apo form of the G2032R mutant of ROS1 and the
2 top-ranked protein-ligand complexes obtained from molecular docking. All simulations were conducted
using GROMACS with the CHARMM36 parameter set of the CHARMM force field. Ligand topology and
parameter files were generated via the CGenFF server. Each system was solvated in a periodic cubic box with the
transferable intermolecular potential with three points (TIP3P) water model, and Na* and Cl” ions were added
to achieve electroneutrality and a physiological salt concentration of 0.1 M. Energy minimization was performed
using the steepest descent algorithm until convergence. NVT equilibration 100 ps with V-rescale thermostat at
300 K, NPT equilibration 100 ps with Parrinello-Rahman barostat at 1 bar, production 50 ns, coordinates saved
every 100 ps. The production molecular dynamics simulations were run for 50 ns with coordinates saved every
100 ps. Analysis included root mean square deviation (RMSD), root mean square fluctuation (RMSF), radius of
gyration (Rg), solvent accessible surface area (SASA), and hydrogen-bond interactions for both apo and complex
systems was performed to assess conformational stability by the software Grace (version 5.1.25). Each ligand-
protein complex was simulated in three independent replicates.

MM/PBSA binding free energy calculations

The binding free energies of the protein-ligand complexes were estimated using the Molecular Mechanics
Poisson-Boltzmann Surface Area (MM/PBSA) method. g¢_mmpbsa tool was used to calculate the binding free
energy. The last 10 ns of molecular dynamic trajectories were used to calculate the binding free energy for
the ligands complexed with the G2032R mutation of ROS1. The overall binding free energy is defined by the
following equation:

ACJ"bincling; = Gcomplex - (Gprotcin + Gligand)
represent the free energies of the protein-ligand complex, the protein alone,

Where Gpomplex’ Gprotein, and .C}li and
and the ligand alone, respectlve%y.

Results and discussions

ROS! is a proto-oncogene encoding a receptor tyrosine kinase that belongs to the insulin receptor family™.
Owing to its high similarity of sequence and the kinase domain, anaplastic lymphoma kinase (ALK) inhibitors,
such as crizotinib and lorlatinib, have been repurposed for the treatment of ROS1-rearranged non-small cell
lung cancer (NSCLC)*¢. However, these drugs show limited efficacy against the G2032R ROS1 mutation, a well-
known resistance mutation!®?2. Alkaloids constitute a broad and diverse class of naturally occurring organic
compounds, fundamentally characterized by the presence of at least one nitrogen atom in their molecular
structure®. Alkaloids exhibit a wide range of pharmacological activities, making them valuable candidates in
drug development™. The structure-based drug discovery has increasingly focused on natural product scaffolds as
potent tyrosine kinase inhibitors. For example, lamellarins, a group of alkaloids have shown potential anticancer
activity by inhibiting various protein kinases, including mutant EGFR. Thus, alkaloids are considered a
promising compound class for the development of anticancer agents. Computational methods represent modern
approaches in drug discovery. They allow the virtual prediction of binding affinities and the analysis of molecular
interactions and dynamics between proteins and ligands, enabling the efficient assessment of compounds for
therapeutic development. In the current study, Computational methods analysis of alkaloids was conducted to
identify potential inhibitors against G2032R-mutant ROSI.

Virtual screening

Structure-based molecular docking was performed to screen a database of 447 alkaloid compounds (Table S1).
As summarized in Table 1, yibeinoside A and vomicine were identified as the two top-ranked ligands based on
their predicted binding affinities. Both natural products yielded docking scores comparable to that of lorlatinib
(- 11.05 kcal-mol™ by AutoDock Vina), a clinically relevant ROS1 inhibitor. In contrast, betaine, which exhibited
the lowest docking score (- 3.05 kcal-mol™), failed to form strong interactions and served as a negative control
(Table S1). The 2D and 3D structures of yibeinoside A, vomicine, and lorlatinib are shown in Fig. 1, The 2D and
3D structures of yibeinoside A, vomicine, and lorlatinib are shown in Fig. 1. Yibeinoside A is a steroidal saponin
alkaloid isolated from the bulb of Fritillaria pallidiflora and contains a C21 steroidal core with a tertiary nitrogen
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Compounds | Binding free energy (kcal/mol) | SMILES Notation
C[C@H]1CC[C@H]2[C@H](C)[C@H]3CC[C@H]4[C@@H]5CC(= 0)[C@H]6 C[C@H](CC[C@]6(C)
Yibeinoside A | —11.14 [C@H]5 C[C@H]4[C@@H]3CN2C1)O[C@H]10[C@H]
(CO)[C@H](0)[C@H](0)[C@@H]10
Lorlatinib -11.05 C[C@@H]1C2=C(C=CC(=C2)F)C(= O)N(CC3 =NN(C(= C3C4 = CC(= C(N = C4)N)O1)C#N)C)C
Vomicine -10.62 [H][C@®@]12N3c4c(ccec40)[C@@]11CCN(C)CC4=CCO[C@@]([H])(CC3=0)[C@]2([H])[C@@]4([H])CC1=0

Table 1. Binding free energy scores and SMILES notations for from virtual screening.

Yibeinoside A Vomicine Lorlatinib

Fig. 1. 2D and 3D chemical structure of yibeinoside A, vomicine, and lorlatinib.

Class Properties Yibeinoside A | Vomicine | Lorlatinib
Caco-2 permeability Negative Positive Positive
Absorption
Human intestinal absorption Positive Positive Positive
BBB: Blood-Brain Barrier Permeability | Negative Positive Positive
Distribution
PPB: Plasma protein binding ratio Positive Positive Positive
CYP1A2 inhibitor Negative Negative | Positive
CYP3A4 inhibitor Negative Negative | Negative
Metabolism | CYP2C9 inhibitor Negative Negative | Negative
CYP2C19 inhibitor Negative Negative | Negative
CYP2D6 inhibitor Negative Negative | Negative
Excretion CLp Positive Positive Negative
Drug-induced hepatotoxicity Positive Positive | Positive
Toxicity Ames mutagenicity Negative Positive Positive
Rodents carcinogenicity Negative Positive Positive

Table 2. ADMETproperties of Yibeinoside A, vomicine, and lorlatinib.

and an appended sugar moiety>®. Vomicine is an indole alkaloid from Strychnos nux-vomica characterized
by a tetracyclic scaffold with a central nitrogen and multiple polar groups (hydroxyl and carbonyl)*. In the
drug-likeness evaluation, vomicine complied with Lipinski’s Rule of Five, whereas yibeinoside A violated the
molecular-weight criterion but satisfied other filters such as Veber and PAINS. These characteristics suggest that
both compounds may possess pharmacological potential. Although the two ligands obtained favorable docking
scores against the G2032R ROS1 mutant, AutoDock Vina scores are approximate and may be biased toward
large, highly polar molecules *. To strengthen confidence in their predicted affinities, the top candidates and
lorlatinib were therefore rescored using MM-PBSA.

ADMET property prediction

Following virtual screening, yibeinoside A and vomicine were further evaluated using in-silico ADMET
prediction via the admetSAR 3.0 platform. Key pharmacokinetic and toxicity parameters are summarized in
Table 2. Both compounds were predicted to have high human intestinal absorption; however, only vomicine was
predicted to be Caco-2 permeable, indicating potentially more efficient transcellular uptake. Vomicine was also
predicted to cross the blood-brain barrier (BBB), suggesting possible central-nervous-system exposure. Plasma
protein binding (PPB) was predicted to be high for yibeinoside A, suggesting a lower free drug fraction, whereas
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vomicine showed low PPB, potentially resulting in higher unbound concentrations in plasma. Lorlatinib, used
as the positive control, was predicted to inhibit CYP1A2. Both alkaloids were predicted to undergo relatively
high plasma clearance (CLp). Toxicity predictions differed markedly between the two alkaloids. yibeinoside A
was predicted to be non-mutagenic and non-carcinogenic in rodent models, whereas vomicine was predicted to
be mutagenic (Ames-positive) and rodent-carcinogenic. This prediction indicated that yibeinoside A probably
might be safer than vomicine. In contrast, vomicine was predicted to be hepatotoxic, mutagenic, and carcinogenic,
raising concerns over its potential adverse effects. In addition, toxicity predictions indicated that lorlatinib
exerted positive toxicity profiles on hepatotoxicity, mutagenicity, and carcinogenicity. The positive results of
Ames mutagenicity and rodent carcinogenicity for vomicine and lorlatinib suggest they may have properties of
high risk of DNA damage and cancer induction. Although alkaloids often possess diverse therapeutic activities,
many are known to be toxic even at low doses?*. Reported mechanisms include neurotoxicity, disruption of
signaling pathways, interference with enzymatic processes, and inhibition of DNA synthesis and repair*!. In this
study, vomicine was predicted to exhibit multiple toxic liabilities, whereas yibeinoside A only showed a risk of
drug-induced hepatotoxicity. The positive control, lorlatinib contains 6 nitrogen atoms also displayed positive
results across all three toxicity assays in ADMET prediction. In addition, side effects, such as edema, difficulty
breathing, and diarrhea are recorded by FDA*2 Nevertheless, these computational ADMET estimations provide
only preliminary insights and cannot substitute for experimental validation or clinical evaluation.

Binding modes and interactions

Virtual screening was performed to identify alkaloids capable of binding to the G2032R-mutant ROS1 kinase and
to explore their potential binding poses within the active site. This computational analysis provided a structural
basis for the predicted inhibitory activity of the ligands by revealing key molecular interactions stabilizing the
protein-ligand complexes. As shown in Fig. 2, yibeinoside A was predicted to bind deeply within the active-site
cleft of G2032R ROSI. The detailed 2D and 3D interaction diagrams revealed interactions with residues that
likely contribute to its binding affinity. A strong conventional hydrogen bond was predicted between the ligand
and the side chain of ASN2084 at a distance of 3.22 A (3.22 A), a type of interaction known to play an important
role in anchoring ligands to protein active sites*’. Weaker carbon-hydrogen bonds were also observed with
LEU2086 and GLY2102 of G2032R ROS1 protein. Beyond hydrogen bonding, the complex was further stabilized
by multiple hydrophobic interactions. The steroidal framework and nitrogen-containing functional groups of
yibeinoside A enabled extensive hydrophobic contacts, including three Pi-alkyl interactions with LEU1951,
ARG2032, and LEU2086, helping to secure the ligand within a hydrophobic binding pocket. Notably, the direct
interaction with the mutant residue ARG2032 may enhance binding specificity and potency toward this drug-
resistant kinase. As illustrated in Fig. 3, vomicine also occupied the active site of G2032R ROS1, driven by several
stabilizing forces. The most prominent interaction in its predicted binding mode was a strong attractive charge
interaction between a protonated nitrogen atom on vomicine and the negatively charged carboxylate of ASP2038.
Additional hydrogen bonds and Pi-system interactions were also detected. Importantly, a predicted interaction
with the mutant residue ARG2032 was observed, similar to the binding behavior of yibeinoside A. This suggests
that vomicine may also serve as a promising scaffold for developing potent and selective inhibitors targeting
the drug-resistant G2032R ROSI kinase. For comparison, the third-generation ROS1/ALK inhibitor lorlatinib
was docked as a positive control. As shown in Fig. 4, lorlatinib formed two halogen bonds through its fluorine
atoms with CYS2085 (3.31 A) and ASN2084 (3.67 A). Additional hydrophobic and Pi-system interactions
were also present, indicating that lorlatinib employs diverse noncovalent forces to stabilize its binding pose.
However, unlike the top-ranking alkaloids, lorlatinib did not form a direct interaction with the mutant residue
ARG2032 in the predicted pose. This difference suggests that the two newly identified ligands may interact with
the mutant position more effectively than lorlatinib, potentially contributing to improved inhibition of the drug-

Fig. 2. Binding interaction analysis of Yibeinoside A with the G2032R-mutant ROS1 kinase active site. (Left)
Overall 3D binding pose. (Top right) 2D schematic showing detailed intermolecular interactions. (Bottom
right) 3D close-up view of the key interactions.
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Fig. 3. Binding interaction analysis of Vomicine with the G2032R-mutant ROS1 kinase active site. (Left)
Overall 3D binding pose. (Top right) 2D schematic showing detailed intermolecular interactions. (Bottom
right) 3D close-up view of the key interactions.

Fig. 4. Binding interaction analysis of Lorlatinib with the G2032R-mutant ROS1 kinase active site. (Left)
Overall 3D binding pose. (Top right) 2D schematic showing detailed intermolecular interactions. (Bottom
right) 3D close-up view of the key interactions.

resistant G2032R-mutant ROSI. Finally, the 2D interaction diagram indicated that betaine formed only a single
interaction with G2032R ROSI (Figure S1), consistent with its lowest docking affinity observed in the virtual
screening analysis.

Molecular simulation

To evaluate the structural stability and flexibility of the G2032R-mutant ROSI protein in complex with the top-
scoring alkaloids from virtual screening, 50-ns molecular dynamics (MD) simulations were performed for each
ligand-bound system, along with the apo form and the lorlatinib-bound complex as a positive control.

The RMSD of the protein backbone atoms absence or presence with ligands was computed for 50 nanoseconds,
and the results illustrate in Fig. 5A. the apo structure (black line) exhibited fluctuations ranging from 0.25 to
0.42 nm, serving as a baseline for evaluating ligand-induced dynamic changes. The lorlatinib-bound complex
(blue line) showed the lowest RMSD values, maintaining stability between 0.25 and 0.32 nm, indicating that
lorlatinib formed a highly stable complex with the mutant ROS1 protein. Yibeinoside A (red line) maintained
a stable RMSD profile ranging from 0.30 to 0.40 nm, closely resembling the apo and lorlatinib-bound systems.
This suggests that yibeinoside A remained well accommodated within the binding pocket and preserved the
structural integrity of the protein throughout the simulation. Vomicine (green line) displayed slightly higher
RMSD values, reaching 0.45 nm, with a mild fluctuation observed between 20 and 35 ns. The complex stabilized
after 35 ns, indicating that although vomicine induced somewhat greater deviation from the initial structure, the
overall fluctuation remained within an acceptable range. Collectively, the RMSD results indicate that yibeinoside
A formed a more stable complex with G2032R ROS1 than vomicine, with stability comparable to that of the apo
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Fig. 5. Molecular dynamics simulation analysis of protein stability over 50 ns. A Root Mean Square Deviation

(RMSD) of the apo protein and its complexes with Yibeinoside A, Vomicine, and Lorlatinib. B Root Mean
Square Fluctuation (RMSF) of the apo protein and its complexes with Yibeinoside A, Vomicine, and Lorlatinib.
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Fig. 6. Analysis of protein compactness from the 50-ns molecular dynamics simulation. A Radius of Gyration
(Rg) of the apo protein and its complexes with Yibeinoside A, Vomicine, and Lorlatinib. B Solvent Accessible
Surface Area (SASA) of the apo protein and its complexes with Yibeinoside A, Vomicine, and Lorlatinib.

protein and lorlatinib. Lower RMSD values typically reflect a favorable fit within the active site and minimal
perturbation to the protein structure*’. Overall, yibeinoside A demonstrated superior stability compared to
vomicine, with low RMSD indicating favorable active-site fitting and minimal structural perturbation.

The RMSF of the protein’s Ca atoms was calculated over the simulation to identify changes in flexibility at the
residue level. The results are presented in the Fig. 5B. All systems exhibited similar overall fluctuation patterns,
with major peaks and troughs occurring in the same regions, indicating that ligand binding did not induce
significant structural disruption. For the apo protein, the highest fluctuations were observed in the loop region
spanning residues ~ 2100-2120. As expected, the lorlatinib-bound complex displayed the most stable RMSF
profile, consistent with tight and effective protein-ligand interactions. Both yibeinoside A and vomicine induced
RMSEF patterns similar to the apo protein and showed values closely aligned with lorlatinib. Although yibeinoside
A exhibited slightly higher fluctuations in the 2100-2120 region, its overall RMSF profile remained more stable
than that of vomicine. Since higher RMSF values correspond to increased flexibility and lower values reflect more
rigid, stabilized regions’, these results suggest that yibeinoside A contributed to greater structural rigidity and
stabilization of G2032R ROS1 compared with vomicine. This result suggests that yibeinoside A-bound complex
formed a more stronger structural rigidity with G2032R ROS1 than the complex with vomicine-bound complex.

The Rg values over the 50-nanosecond simulation trajectory are presented in Fig. 6A. The apo protein
and the protein in complex with lorlatinib exhibited the lowest and most stable Rg values, fluctuating tightly
around 2.00-2.02 nm. The complex with yibeinoside A maintained a compact structure with an average Rg
of approximately 2.05 nm, only slightly higher than the apo protein and the lorlatinib complex. The vomicine
complex showed a slightly higher Rg of ~2.07 nm.

The Rg plot provides insights into the conformational stability of the protein. A stable and consistent Rg
value indicates that the protein maintains a stable fold, whereas large fluctuations or an increasing trend suggest
unfolding or structural expansion?®. The relatively low Rg values observed for both yibeinoside A and vomicine
complexes indicated that the protein structure remained stable throughout the simulation. Although both
ligands slightly increased the Rg compared with the apo protein, these minor changes likely reflected subtle
conformational adjustments upon ligand binding. Overall, the results suggest that yibeinoside A is the most
favorable candidate for forming a stable complex with the G2032R ROSI protein.
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The SASA for each system over the 50 ns molecular dynamic simulation was performed. As illustrated in
Fig. 6B, the lorlatinib complex exhibited the lowest and most stable SASA profile, with an average value of
approximately 153 nm?, even lower than that of the apo protein. The apo protein and the complex with yibeinoside
A showed nearly identical SASA values, averaging around 158 nm?, with the trajectory of yibeinoside A almost
superimposable on that of the apo protein. The vomicine complex displayed a slightly higher average SASA (~
164 nm?). The SASA plot reflects changes in the protein’s solvent-exposed surface during the simulation. An
increase in SASA typically corresponds to a less compact or partially unfolded protein, whereas a lower and
stable SASA indicates a more compact and well-folded structure?’. Lorlatinib reduced the SASA below that
of the apo protein, suggesting that its binding promoted a more compact structure. The SASA profile of the
yibeinoside A complex indicated that its binding did not disrupt the global structure. Similar to the Rg results,
the slightly increased SASA of the vomicine complex suggested a less compact structure than yibeinoside A.

Taken together, the RMSD, RMSE Rg, and SASA analyses provided a comprehensive assessment of the
ligand—protein complexes. Both yibeinoside A and vomicine formed stable interactions with G2032R ROS1.
However, yibeinoside A emerged as the superior binder, as it consistently maintained the global structure
(based on Rg and SASA) and exhibited lower RMSD and RMSF values, indicating a highly stable and minimally
disruptive interaction with the G2032R ROS1 protein.

Hydrogen bonds between a ligand and the protein are a key force that maintains the stability of a complex.
As shown in Fig. 7, both yibeinoside A and lorlatinib demonstrated the formation of a robust and stable
hydrogen-bonding network. They consistently maintained multiple hydrogen bonds throughout the simulation,
indicating strong and specific anchoring to the binding site of the G2032R ROS1 protein. In contrast, vomicine
formed markedly fewer hydrogen bonds, maintaining only 0-1 hydrogen bond during the trajectory. The strong
hydrogen bonding of yibeinoside A likely contributed to the enhanced structural stability observed in the
RMSD, RMSE, Rg, and SASA analyses. These findings suggest that the stable complex formed by yibeinoside A
with the G2032R ROS1 protein may be attributed to this robust hydrogen-bonding pattern. Because vomicine
formed only weak hydrogen-bond interactions, the structural stability of the vomicine complex appeared to rely
on alternative forces. Previous 2D and 3D interaction analyses showed that vomicine formed a strong salt bridge
between its positively charged nitrogen and the negatively charged carboxylate of ASP2038. This observation
indicates that the major stabilizing force in the vomicine complex is likely its salt bridge interaction rather than
hydrogen bonding.

MMPBSA analysis

MM-PBSA calculations were performed to estimate the binding free energies of the ligand—protein complexes.
The energy components were: van der Waals energy, electrostatic energy, polar solvation energy, and nonpolar
solvation energy in Table 3. Vomicine showed the most favorable binding free energy (—24.13 kcal-mol™),
followed by yibeinoside A (—21.51 kcal-mol™), and the positive control lorlatinib (-18.13 kcal-mol™). All
three ligands exhibited substantial van der Waals contributions, indicating significant hydrophobic interactions
with the ATP-binding pocket of G2032R ROSI. Vomicine stood out for its exceptionally large electrostatic
interaction energy (- 65.51 kcal-mol™), consistent with the strong salt bridge identified with ASP2038. However,
vomicine also displayed the highest polar solvation energy, suggesting that desolvation penalized the net
affinity. Yibeinoside A showed a more balanced interaction profile, characterized by moderate van der Waals
energy (—34.51 kcal-mol™'), moderate electrostatic energy (—12.10 kcal-mol™), and the lowest solvation penalty
(+25.10 kcal'‘mol™). This balance resulted in a favorable AG_total of —21.51 kcal-mol™, often considered
advantageous for drug-like binding because affinity does not depend excessively on a single interaction type.
Interestingly, lorlatinib exhibited a reasonable MM-PBSA binding free energy (—18.13 kcal-mol™), primarily
driven by van der Waals and moderate electrostatic interactions. Both yibeinoside A and vomicine displayed
stronger predicted binding affinities than lorlatinib, suggesting that these two alkaloids may interact more tightly
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Fig. 7. Intermolecular hydrogen bond analysis from the 50-ns molecular dynamics simulation. The plot shows
the total number of hydrogen bonds formed between the protein and each of Yibeinoside A, Vomicine, and
Lorlatinib over the 50 ns simulation time.
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Energy Components Yibeinoside A (kcal/mol) | Vomicine (kcal/mol) | Lorlatinib (kcal/mol)
Van der Waals Energy -34.51 -36.78 —-40.29
Electrostatic Energy -12.1 —65.51 -17.11
Polar Solvation Energy 29.93 82.76 44.84
Non-polar Solvation Energy | -4.83 -4.6 -5.58
Estimated Binding Energy -21.51 -24.13 -18.14

Table 3. Binding free energy scores of the identified alkaloids with G2032R-mutant ROS1 calculated by MM/
PBSA.

with the G2032R ROS1 mutant. However, MM-PBSA provides relative trends which does not include entropy.
Thus, MM-PBSA should be interpreted with caution. Therefore, definitive binding free energies require more
rigorous alchemical methods or experimental validation.

Our computational analyses nominate yibeinoside A as a promising lead alkaloid against the drug-resistant
G2032R ROSI variant. Across docking, MD-derived stability metrics (RMSD, RMSE, Rg, SASA), hydrogen-
bond profiling, and MM-PBSA rescoring, yibeinoside A consistently displayed a balanced interaction profile,
emcopassing moderate van der Waals and electrostatic contributions with a relatively small solvation penalty.
In addition, a key distinction between yibeinoside A and the clinical inhibitor lorlatinib was their interactions
with the ARG2032. The G2032R mutation causes a bulky and positively charged arginine into the solvent-
front region, generating steric hindrance that disrupts the binding of many ATP-competitive inhibitors. Our
docking analysis showed that lorlatinib failed to form direct stabilizing interactions with ARG2032, resulting
in a less favorable accommodation of the mutant pocket. In contrast, yibeinoside A was predicted successfully
adapting to this steric and electrostatic alteration. Its steroidal scaffold establishes a m—alkyl interaction with the
side chain of ARG2032, enabling the ligand to not only avoid the steric clash but also exploit the mutation to
enhance binding stability. Although arginine is formally positively charged at physiological pH, its side chain
contains several methylene groups that can participate in van der Waals contacts and CH-m interactions with
ring systems or steroidal scaffolds. In contrast, although vomicine yielded a competitive MM-PBSA score, its
predicted toxicity profiles reduce its immediate development appeal. We emphasize that these conclusions are
computational predictions. they provide a structural rationale and prioritize compounds for follow-up, but
experimental validation is required to confirm activity and safety.

This work is an in silico prioritization that carries several methodological limitations. First, AutoDock Vina
scores are approximate (typical uncertainty ~2-3 kcal-mol™) and are sensitive to ligand size and polar-contact
number; to reduce size bias we report ligand-efficiency and performed MM-PBSA rescoring, but small score
differences should be interpreted cautiously. Thus, additional docking engine or alternative scoring function will
be adapted in our future research. Second, the alkaloid library contains many large, glycosylated natural products
that can bias docking results toward high-contact, high-molecular-weight molecules. Third, in silico ADMET
predictions are only estimates and must be confirmed experimentally. Fourth, because kinase inhibitors can have
clinically relevant off-target activities, we recommend cross-target profiling. Top computational hits should be
cross-docked and rescored against a panel of clinically important kinases and signaling proteins (for example
EGFR, FGFR, VEGFR, AKT, MEK, PD-L1, BIRC3, CYFRA21-1, and related kinases) and tested experimentally.
Finally, performing comparative docking on both the wild-type ROS1 and the G2032R-mutant ROS1 would
strengthen the study by validating the docking protocol and clarifying whether candidate ligands truly overcome
solvent-front resistance or instead bind nonspecifically.

Conclusion

In this study, based on this comprehensive computational study, yibeinoside A is predicted as a highly promising
lead candidate for the inhibition of the drug-resistant G2032R ROSI kinase from the alkaloid library. In
silico ADMET assessment further suggested that yibeinoside A has a more favorable predicted safety and
pharmacokinetic profile compared with lorlatinib and vomicine, both of which exhibited multiple toxicity alerts.
Collectively, these computational results prioritize yibeinoside A as a high-value lead for further investigation
in G2032R-Mutant ROS1. Nevertheless, these findings remain computational predictions. Experimental
validationis is essential to confirm the therapeutic potential of yibeinoside A and to determine whether it can
serve as a viable next-generation candidate against drug-resistant ROS1-driven NSCLC.
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