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Abstract

Breast cancer (BC) is a serious global health problem with increasing incidence and mor-
tality, while current treatments are often associated with severe side effects and drug re-
sistance. Therefore, new therapeutic agents with enhanced efficacy and minimal adverse
effects are needed. Our previous study reported the anti-angiogenic effect of Monacolin
X, a secondary metabolite of a marine-sponge-associated fungus, using combined in vitro,
ex vivo, in vivo (including a DMBA-induced mammary carcinoma rat model) and in silico
approaches, identifying VEGFR?2 as its principal target. In this study, molecular docking
and molecular dynamics (MD) simulations were performed to investigate the interactions
between Monacolin X and key anti-angiogenic targets, including IGFR, EGFR, neuropilin
1 (NRP1), Tie-2, VEGFR1/2, and PDGFRa, using Schrodinger Glide XP. Selective inhibi-
tors were used for comparison. Docking analysis showed significant binding affinities of
Monacolin X toward IGFR (G-score = -9.05), PDGFRa (-7.57), VEGFR1 (-7.42), Tie-2
(-7.40), VEGFR2 (-7.515), EGFR (-6.80), and NRP1 (-5.15), with hydrogen bonding, hy-
drophobic contacts, and electrostatic interactions contributing to stable complexes. Nota-
bly, IGFR and Tie-2 exhibited strong interactions, suggesting potential inhibition of angi-
ogenic signaling. MD simulations were performed for 50 ns at 300 K and 1 bar; complex
stability was assessed using RMSD and RMSF analyses, and the persistence of key active
site hydrogen bonds was quantified as a percentage of simulation frames. MM-PBSA
binding free-energy calculations further supported the thermodynamic feasibility of these
interactions. Overall, these findings highlight Monacolin X’s potential as an anti-angio-
genic agent for BC. However, further in vitro and in vivo studies are required to validate
its efficacy and clinical relevance.

Keywords: Monacolin X; anti-angiogenesis; molecular docking; molecular dynamics;
IGFR; EGFR; neuropilin; Tie; VEGFR1; VEGFR2; PDGFR
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1. Introduction

Breast cancer (BC) is one of the most commonly diagnosed malignancies and a lead-
ing cause of cancer-related mortality among women worldwide [1]. BC ranks second
among all types of cancer, with an incidence rate of 2,434,087 new cases, and ranks fourth
with a mortality rate of 693,660 cases globally. In 2024, Asia accounted for the highest
breast cancer incidence (IR) with an increased mortality rate (MR) (IR = 1,096,973; MR =
334,713 cases), followed by Europe (IR = 542,140 cases; MR = 140,198 cases), North Amer-
ica (IR = 320,723 cases; MR = 51,775 cases), Africa (IR = 225,643 cases; MR = 100,070 cases),
Latin America and the Caribbean (IR = 218,121 cases; MR = 61,565 cases), and Oceania (IR
=30,487 cases; MR =5339 cases). In Asia, China ranked first in IR (375,808 cases), and India
ranked first for increased MR (96,100 cases) due to BC [2]. This poses a global health chal-
lenge, with significant regional disparities in incidence, mortality, and survival outcomes
[3,4]. Tumor-induced angiogenesis is integral to tumor growth and plays a pivotal role in
BC cells’ survival, growth, invasion, and metastasis [5]. In this context, the key angiogenic
receptors, insulin-like growth factor receptor 1 (IGFR) [6,7], epidermal growth factor re-
ceptor (EGFR) [8], vascular endothelial growth factor receptors (VEGFRs) [9], platelet-de-
rived growth factor receptor (PDGFR) [10], neuropilin (NRP1) [11], and Tie-2 receptor
(TIE2) [12], have been implicated in sprouting new blood vessels and causing therapeutic
resistance in BC.

Anti-IGFR antibodies, like ganitumab, failed in phase III clinical trials due to adverse
effects that include hyperglycemia, metabolic syndrome, and higher levels of growth hor-
mone. Therefore, effective anti-IGFR-targeted therapy is urgently needed to inhibit IGFR
signaling and prevent BC progression and metastasis [13,14]. EGFR-targeted tyrosine ki-
nase inhibitors (TKIs), including pyrotinib and vandetinib, likely address intrinsic re-
sistance because EGFR mutations occur more frequently. This suggests that higher-gen-
eration TKIs are needed to target and prevent progression of EGFR-associated BC [15,16].
Meanwhile, NRP1 interacts with VEGFR2 and directs signaling toward angiogenesis, and
no FDA-approved drugs directly target NRP1. However, drugs that target VEGFR?2, in-
cluding bevacizumab, could indirectly affect the function of NRP1 [9]. Similarly, no drugs
are available that directly inhibit PDGEFR to treat BC. However, avapritinib could target
the PDGFR D842V mutation and inhibit the progression of gastrointestinal stromal tu-
mors [17]. These studies suggested the need to identify novel, safer therapeutic agents to
treat BC.

In recent years, natural products have emerged as promising clinical candidates, in-
cluding taxanes, vinca alkaloids, camptothecins, podophyllotoxin derivatives, epipodo-
phyllotoxins, homoharringtonine, and artemisinin and its derivatives [18]. Endo et al.
originally reported Monacolin X in 1985 as a metabolite isolated from a mutant Monascus
ruber culture. It was described as structurally similar to monacolin K and was investigated
for inhibition of cholesterol biosynthesis/HMG-CoA reductase [19]. Our previous study
reported the isolation and characterization of Monacolin X from Monascus sp. NMK7, a
fungus associated with the marine sponge Clathria frondifera. Monacolin X exhibited anti-
cancer activity against breast cancer cell lines, including MCF-7, T47D, MDA-MB-231, and
MDA-MB-468 [20]. Furthermore, our study demonstrated the anti-angiogenic potential of
Monacolin X through the downregulation of VEGFR?2 signaling, as evaluated using in
vitro (HUVEC), ex vivo (aortic ring), in vivo (CAM assay, zebrafish, and DMBA-induced
mammary carcinoma in rats), and in silico approaches [20]. Monacolin X has also shown
potential for hepatocellular carcinoma treatment [21] and may inhibit angiogenesis
through interactions with the Cys919 residue of VEGFR2. However, its potential to target
angiogenic pathways by including IGFR, EGFR, NRP, TIE receptors, VEGFR1/2, and
PDGER in breast cancer has not been thoroughly investigated using a multi-dimensional
approach that includes in silico, in vitro, and in vivo methods to understand the exact

https://doi.org/10.3390/physchem6040064



Physchem 2026, 6, 64

3 of 25

mechanisms of Monacolin X in inhibiting the angiogenesis process to treat BC. Therefore,
this study used an in silico approach to assess the anti-angiogenic potential of Monacolin
X against the targets IGFR, EGFR, NRP, TIE receptors, VEGFR1/2, and PDGFR.

2. Results

2.1. Molecular Docking Studies of Monacolin X Against the Selected Targets VEGFR1, TIE2,
EGFR, IGFR, NRP1, PDGFRa, and VEGFR2

Monacolin X was docked against the selected targets (VEGFR1, TIE2, EGFR, IGFR,
NRP1, PDGFRa, and VEGFR?2), and its interaction feasibility was compared with that of
their synthetic inhibitors across all targets (Figures 1A-D-14A-D). The symbols used in
the interaction diagrams (Figures 1-14) are as follows: purple/magenta arrows denote hy-
drogen bonds (solid arrows in the docking panels A; dashed arrows with a percentage in
the post-simulation panels B); green lines denote m—m stacking; red lines denote m—cation
interactions; grey spheres labeled H20 denote water molecules mediating a bridged hy-
drogen bond; and residue bubbles are colored by residue type (green, hydrophobic; light
blue, polar; red, acidic; dark blue/violet, basic). The percentage beside a contact in panel
B is its contact occupancy over the 50 ns trajectory.
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Figure 1. Docking and molecular dynamics simulation results of the VEGFR-1-AAL-993 complex.
(A). Binding profiles of AAL-993 at the end of docking studies. (B). Binding profiles of AAL-993 at
the end of simulations. (C). Deviations made by the receptor in the presence of AAL-993 during 50

ns of simulation. (D). Fluctuations in the receptor amino acids during simulations.
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Figure 2. Docking and molecular dynamics simulation results of the VEGFR-1-Monacolin X com-
plex. (A). Binding profiles of Monacolin X at the end of docking studies. (B). Binding profiles of
Monacolin X at the end of simulations. (C). Deviations made by the receptor in the presence of Mon-
acolin X during 50 ns of simulation. (D). Fluctuations in the receptor amino acids during simula-
tions.
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Figure 3. Docking and molecular dynamics simulation results of the SB-203580-TIE2 receptor com-
plex. (A). Binding profiles of SB-203580 at the end of docking studies. (B). Binding profiles of SB-
203580 at the end of simulations. (C). Deviations made by the receptor in the presence of SB-203580

during 50 ns of simulation time. (D). Fluctuations in the receptor amino acids during simulations.
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Figure 4. Docking and molecular dynamics simulation results of Monacolin X-TIE2 receptor com-
plexes: (A). Binding profiles of Monacolin X at the end of docking studies. (B). Binding profiles of
Monacolin X at the end of simulations. (C). Deviations made by the receptor in the presence of Mon-
acolin X during 50 ns of simulation time. (D). Fluctuations in the receptor amino acids during sim-

ulations.
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Figure 5. Docking and molecular dynamics simulation results for receptor complexes: (A). Binding
profiles of AG494 at the end of docking studies. (B). Binding profiles of AG494 at the end of simu-
lations. (C). Deviations of the receptor in the presence of AG494 over 50 ns of simulation time. (D).

Fluctuations in the receptor amino acids during simulations.
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Figure 6. Docking and molecular dynamics simulation results of Monacolin X—-EGFR receptor com-
plexes. (A). Binding profiles of Monacolin X at the end of docking studies. (B). Binding profiles of
Monacolin X at the end of simulations. (C). Deviations made by the receptor in the presence of Mon-

acolin X during 50 ns of simulation time. (D). Fluctuations in the receptor amino acids during sim-
ulations.
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Figure 7. Docking and molecular dynamics simulation results of PQ401-IGFR receptor complexes.
(A). Binding profiles of PQ401 at the end of docking studies. (B). Binding profiles of PQ401 at the
end of simulations. (C). Deviations made by the receptor in the presence of PQ401 during 50 ns of
simulation time. (D). Fluctuations in the receptor amino acids during simulations.
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Figure 8. Docking and molecular dynamics simulation results of Monacolin X-IGFR complexes. (A).
Binding profiles of Monacolin X at the end of docking studies. (B). Binding profiles of Monacolin X
at the end of simulations. (C). Deviations made by the receptor in the presence of Monacolin X dur-

ing 50 ns of simulation time. (D). Fluctuations in the receptor amino acids during simulations.
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Figure 9. Docking and molecular dynamics simulation results of EG00229-NRP1 receptor complexes.
(A). Binding profiles of EG00229 at the end of docking studies. (B). Binding profiles of EG00229 at
the end of simulations. (C). Deviations made by the receptor in the presence of EG00229 during 50
ns of simulation time. (D). Fluctuations in the receptor amino acids during simulations.
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Figure 10. Docking and molecular dynamics simulation results of Monacolin X-NRP1 receptor com-
plexes. (A). Binding profiles of Monacolin X at the end of docking studies (B). Binding profiles of
Monacolin X at the end of simulations. (C). Deviations made by the receptor in the presence of Mon-
acolin X during 50 ns of simulation time. (D). Fluctuations in the receptor amino acids during sim-
ulations.
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Figure 11. Docking and molecular dynamics simulation results of AC710-PDGFRa receptor com-
plexes. (A). Binding profiles of AC710 by the end of docking studies. (B). Binding profiles of AC710
at the end of the simulations. (C). Deviations made by the receptor in the presence of AC710 during

50 ns of simulation time. (D). Fluctuations in the receptor amino acids during simulations.
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Figure 12. Docking and molecular dynamics simulation results of Monacolin X-PDGFRa complexes.
(A). Binding profiles of Monacolin X at the end of docking studies. (B). Binding profiles of Monacolin
X at the end of simulations. (C). Deviations made by the receptor in the presence of Monacolin X

during 50 ns of simulation time. (D). Fluctuations in the receptor amino acids during simulations.
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Figure 13. Docking and molecular dynamics simulation results of Axitinib—~VEGFR2 complexes. (A).
Binding profiles of Axitinib at the end of docking studies. (B). Binding profiles of Axitinib at the end
of simulations. (C). Deviations made by VEGFR?2 in the presence of Axitinib during 50 ns of simu-

lation time. (D). Fluctuations in VEGFR2 amino acids during simulations.
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Figure 14. Docking and molecular dynamics simulation results of Monacolin X-VEGFR2 complexes.
(A). Binding profiles of Monacolin X at the end of docking studies (B). Binding profiles of Monacolin
X at the end of simulations (C). Deviations made by VEGFR?2 in the presence of Monacolin X during

50 ns of simulation time. (D). Fluctuations in VEGFR2 amino acids during simulations.

2.2. Interaction Profiles of AAL-993 and Monacolin X with VEGFR1

VEGFR1 was prepared using the Protein Preparation Wizard, and its active site was
defined using the Receptor Grid Generation tool. The SiteMap analysis revealed that a
major portion of the active pocket is composed of hydrophobic amino acids, including
Ala874, Leu875, Ala859, 1le881, Leu882, 11e885, Val891, Val892, Val907, Val909, Leul013,
Cys1018, Ile1019, 111038, Cys1039, and Phel041. Previous reports indicate that key active
site residues, such as Asp1040 and Glu878, engage in hydrogen bond interactions with
known inhibitors. In previous reports, key active site residues such as Asp1040 and
Glu878 were involved in hydrogen bond interactions with known inhibitors.

The synthetic VEGFR1 inhibitor, AAL-993, interacted with Glu878 (oxygen atom)
with the NH group, Asp1040 (NH) with =0, and Cys912 (NH) with the nitrogen atom of
the inhibitor via hydrogen bonds. The complex displayed a pi—cation interaction with
Lys861 and had a G-score of -12.28 (Figure 1A,B). These complexes were further refined
using molecular dynamics simulations, during which protein-ligand stability was evalu-
ated by analyzing structural deviations, residue fluctuations, and interaction profiles. The
synthetic drug-like molecule AAL-993 retained all interactions observed during the dock-
ing studies. The deviations of AAL-993 in the presence of the VEGFRI active site were
low, ranging from 0.5 to 1.8 A. Initially, it started at 0.5 A, reached a maximum around 18
ns, thereafter declined and settled around 1.0-1.5 A. The majority of residues in the pro-
tein exhibited fluctuations below 1.0 A, while a few residues, primarily located in loop
regions, showed higher fluctuations exceeding 2.5 A (Figure 1C,D).

The docking study of Monacolin X with the VEGFR1 binding site revealed two hy-
drogen bond interactions: Asp1040 (NH) with the oxygen atom of Monacolin X and
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Glu878 (oxygen atom) with the OH group, with a G-score of -7.42 (Figure 2A). However,
Monacolin X failed to maintain contact with Asp1040 and retained interaction with Glu878
(Figure 2B). In the VEGFR1-Monacolin X complex, protein deviations started at 1.0 A,
increased to a maximum of 3.2 A at the end of 11 ns, and thereafter stabilized around 2.8-
3.2 A. By the end of 1 ns, Monacolin X reached 5.5 A and maintained a deviation range of
4.8-5.6 A between 2 and 35 ns. At 35 ns, a sudden jump in deviations from 5.6 A to 7.2 A
was observed, and the pace remained at around 7.2 A until the end of the simulation run
(Figure 2C,D).

2.3. Interaction Profiles of SB-203580 with TIE2

The TIE2 receptor was retrieved from the PDB and prepared using the Protein Prep-
aration Wizard. The prepared ligands were then docked into the receptor’s active site.
Important receptor active site residues were noted as follows: Ala 905, Tyr 904, Glu 903,
Ile 902, Phe 983, Leu 900, Met 857, Lys 855, Ala 853, Leu 971, Ile 830, Gly 831, Asn 909, Asp
912, and Arg 968. In the docking studies, SB-203580 interacted well with Ala 905 and Lys
855 via hydrogen bonds and with Phe 983 via a pi-cation interaction. The hydrogen bond
interaction profiles showed Ala 905 (NH) with the nitrogen (N) atom and Lys 855 (NH)
with the =O attached to the sulfur atom of SB-203580. The complex after docking exhibited
a G-score of —8.66 (Figure 3A).

The trajectory files obtained from the 50 ns simulation run were used to analyze the
binding interactions between the TIE2 receptor and the ligands SB-203580 and Monacolin
Xbased on deviations and fluctuations.

The simulation interaction diagram of the TIE2 receptor with the standard drug SB-
203580 showed one hydrogen bond with Ala 905 and one pi—cation stacking with Lys 855
(Figure 3B). The hydrogen bond with Ala 905 observed during the docking studies was
retained after the simulation studies with the same nitrogen atom of the standard drug
molecule. Also, the TIE2 receptor deviations were observed from 0.8 A to 3.0 A. However,
more deviations were observed between 30-35 ns and 38-40 ns (Figure 3C). Meanwhile,
fluctuations in the TIE2 receptor amino acids were observed mainly between residues 0—
50 and 170-180 (Figure 3D).

Upon advancing to the Monacolin X-TIE2 receptor complex, the molecule also
formed an important hydrogen bond interaction with Ala 905. The molecule formed two
hydrogen bond interactions between the OH and =O atoms attached to the same six-mem-
bered ring in Monacolin X and the =O and NH groups of the Ala 905 residue, with a G-
score of —7.40 (Figure 4A). The second hydrogen bond with Lys855 observed after docking
was converted to pi—cation stacking during the simulation, and the remaining interaction
with Phe 983 disappeared by the end of the simulation. However, the crucial interaction
of Ala905 was retained after the simulation studies. In the case of Monacolin X, the inter-
action with Ala905 was retained in the simulation studies via a single hydrogen bond,
whereas the docking studies showed two hydrogen bonds (Figure 4B). Deviations of the
protein and ligand during the simulation were within almost the same range, with similar
inclination and declination in the deviation peaks. The deviations of Monacolin X in the
TIE2 receptor active site were predominantly centered around 2.4 A throughout the sim-
ulation. Noticeable increases in deviation were observed during the time intervals of 0-10
ns, 21-23 ns, and 30-40 ns. However, for the majority of the simulation period, the devia-
tions remained stable at approximately 2.4 A. In contrast, the TIE2 receptor exhibited de-
viations ranging from 1.6 to 3.2 A over the 50 ns simulation. Across the entire trajectory,
the receptor displayed periodic fluctuations, indicating consistent structural adjustments
in the presence of Monacolin X. Residue-level fluctuations were generally maintained be-
low 2.5 A, with only a few prominent peaks observed (Figure 4C,D).
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2.4. Interaction Profiles of AG494 and Monacolin X with EGFR

The standard drug AG494-EGFR complex interacted via three hydrogen bonds. In
this, the two OH groups of AG494 shared two bonds with Asp 831 (oxygen atom, =O),
and the third bond was shared by the NH of Met 769 with the =O of the inhibitor, yielding
a G-score of —7.0 (Figure 5A). The binding profiles of the two complexes were analyzed
after the simulation studies to identify whether they were maintained during the simula-
tion studies. AG494 in complex with EGFR retained the interactions observed during the
docking studies throughout the simulation period. The interaction profiles made by resi-
dues Asp 831 and Met 769 with the inhibitor were similar in both the docking and simu-
lation studies (Figure 5B). Interestingly, the complex, after the molecular dynamics simu-
lations, shows deviations in scale for both the protein and the ligand. Protein deviations
were reported between 3.0 and 12 A, and ligand deviations were recorded between 3.0
and 6.0 A. The deviations reported were very high compared to the normal acceptable
range (2.0-3.0 A). In the complex, both the receptor and the standard inhibitor maintained
stable deviation graphs throughout the simulation (Figure 5C). Even with inclined devia-
tions, receptor residues maintained fluctuations below 2.5 A, and tail-end residues
showed inclinations; tail-end fluctuation graph inclinations were noted as a common fea-
ture in the simulations (Figure 5D).

The molecule of interest, Monacolin X, maintained three hydrogen contacts with res-
idues in the receptor’s active site, with a G-score of —6.8. The three hydrogen bond inter-
action profiles were: Met 769(NH) with =O; Thr 830(OH) with an oxygen atom; and Thr
766 (oxygen atom) with the OH group of Monacolin X (Figure 6A). In the Monacolin X
interaction profile with EGFR from the simulation studies, the molecule was reported to
form three hydrogen bonds with residues in the receptor’s active site. The residues par-
ticipating in the interaction profile were Glu 738, Met 769, and Thr 766. Comparing the
docking and simulation interaction profiles, Met 769 and Thr 766 were retained, and the
Thr 830 interaction observed during docking studies was lost. A new H-bond interaction
formed with Glu 738 during simulation studies (Figure 6B).

The H-bond interaction profile of Met 769 remained the same in both studies (Figures
5B and 6B). In contrast, the Thr 766 interaction shifted to the =O group in the same ring,
previously with the OH group, and a new Glu 738 interaction was observed at this posi-
tion. This complex also exhibited huge deviations during the simulation run. The EGFR
deviations in Monacolin X are much higher than those of the complex EGFR-AG494. The
EGFR deviations were observed in the range 2.5-21 A, and Monacolin X deviations were
graphed between 2.5 and 5.0 A, with frequent inclinations up to 9.0 A (Figure 6C).
Throughout the entire simulation run time, both EGFR and Monacolin X exhibited similar
inclination and declination indices. When EGFR deviations increased, Monacolin X devi-
ations in the same phase also increased, and similar declination patterns were observed.
EGFR residual fluctuations were high, and the range was between 2 and 13 A. Residues
with the largest fluctuations were observed in the tail-end regions, and most fluctuations
were between 3 and 9 A (Figure 6D).

2.5. Interaction Profiles of PQ401 and Monacolin X with IGFR

Two ligands, the standard inhibitor and Monacolin X, were docked into the active
site of IGFR using Glide extra precision docking procedures. IGFR interacted well with
the standard inhibitor PQ401, forming hydrogen bonds with Met 1082, a crucial residue
in IGFR inhibition studies, yielding a G-score of —7.86. The hydrogen bond was shared
between Met 1082 (NH) and the oxygen atom of PQ401. Other interactions, such as salt
bridges and stacking, were absent in this IGFR-PQ401 complex (Figure 7A). Both mole-
cules fit well inside the binding pocket of IGFR during simulation studies and retained
important interactions. At the end of the simulation studies, both the standard inhibitor

https://doi.org/10.3390/physchem6040064



Physchem 2026, 6, 64

13 of 25

and PQ401 retained interactions with the Met 1082 residue in the active site of IGFR (Fig-
ure 7B).

Deviations of IGFR in the IGFR-PQ401 complex were reported as 1.0-4.0 A. Initially,
receptor deviations were high. By nearly 10 ns, they stabilized around 3.0-3.5 A and con-
tinued with small inclinations and declinations up to 40 ns; at the end of the simulations,
deviations were noted between 3.5 and 4.0 A. PQ401 deviations initially ranged around
0.5 A and then suddenly shifted to 3.6 A over a 1 ns period. Later, the majority of devia-
tions were reported in the range of 3.0 to 4.0 A (Figure 7C). Referring to fluctuations in the
residues in IGFR, in complex with the standard inhibitor PQ401, during the simulation
studies, they were below 1.6 A, which is considered an acceptable range. Some residues
within the structure showed high fluctuations due to their locations near gaps and in loops.
The tail-end residues’ natural tendency to produce high fluctuations was also observed in
this IGFR-PQ401 complex (Figure 7D).

A similar type of Met 1082 interaction was also observed in the Monacolin X-receptor
complex. Similarly, another interaction was observed with the residue Asp 1086 (=O),
which formed a hydrogen bond with the OH group of Monacolin X, and the complex had
a G-score of -9.05 (Figure 8A). However, Monacolin X lost the hydrogen bond interaction
with Asp 1086 by the end of the simulation (Figure 8B). IGFR in complex with Monacolin
X showed higher inclination and declination throughout the simulation period. The min-
imum deviation of IGFR was 2.0 A, reported at the start of the simulation; the maximum
deviation was 6.5 A, reported at 11 ns; and the average deviation was 4.0-5.5 A. Monacolin
X produced deviations inside the active site of the receptor during simulations (1.6-4.5 A).
Maximum ligand deviations were observed in only one instance, around 17 ns into the
simulation run, and most deviations were between 1.6 and 2.4 A (Figure 8C). Receptor
residual fluctuations are almost similar to the receptor-standard inhibitor complex, with
the majority of fluctuations below 1.6 A (Figure 8D).

2.6. Interaction Profiles of EG00229 and Monacolin X with NRP1

The standard inhibitor EG00229 formed five hydrogen bonds, one pi—pi stacking in-
teraction, and a salt bridge with the active site of NRP1. Of the five hydrogen bonds, two
were shared with Asp 48 (=O and oxygen atom), and the remainder were shared with
NH?2 and NH2+ of the inhibitor, Ser 74 with the oxygen atom, and Thr 77 (OH) with =O
of the inhibitor molecule. The remaining inhibitor molecule interactions were a salt bridge
with Asp 48 (Figure 9A). The interactions between the standard inhibitor EG00229 and
NRP1, as determined by the simulation studies, were maintained by three hydrogen
bonds and a pi—cation interaction. The EG00229 molecule formed two hydrogen bonds
with Asp 48; one hydrogen bond was with Tyr 25, and a pi—cation interaction was also
observed with the same residue. Additionally, three H-bond interactions with Trp 29, Asn
41, and Thr 44 were observed for the inhibitor in the simulation studies (Figure 9B). The
G-score of EG00229 with the NRP1 complex was identified as —5.40.

The NRP1 deviations in complex with the standard inhibitor EG00229 were observed
between 0.6 and 1.4 A. During the simulations, NRP1 maintained an increasing deviation
range over the time scale. Similarly, EG00229 deviations were also in an incremental state
up to 18 ns; later, stable deviations were observed around 5.6 A until 45 ns, and the last 5
ns were reported with up-and-down deviations around 4.0-5.6A (Figure 9C). During the
simulations, the residues’ fluctuations were reported to be below 2.0 A, with the majority
below 0.8 A (Figure 9D).

The Monacolin X-NRP1 complex formed four H-bond interactions with a G-score of
-5.15, and interactions made by Monacolin X with active site residues were the oxygen
atom with Trp 29 (NH), =O with Thr 77 (OH), =O with Lys 79 (NH), and =O with Tyr 81
(OH) (Figure 10A). However, Monacolin X retained only one hydrogen bond with Tyr 81
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after the simulation studies, compared with the four hydrogen bonds observed during the
docking studies (Figure 10B).

The deviations of NRP1 with Monacolin X were observed in the range of 0.7-1.4 A
(Figure 10C), similar to those in the NRP1-EG00229 complex (Figure 9C). At 31 ns, the
deviations were within an acceptable range and declined from 40 ns to 0.8-1.0 A. In con-
trast to NRP1 deviations, Monacolin X deviations were in a stable state up to 22 ns, noted
around 2.8-3.2 A, and at the end of the 50 ns simulation time, deviations were found to be
in an increasing phase. The Monacolin X deviations ranged from 2.4 to 6.4 A (Figure 10C).

2.7. Interaction Profiles of AC710 and Monacolin X with PGDFRa

AC710 interacted well with PGDFRa via hydrogen bonds with the residues GLU644
(NH) and THR674 (NH), and a water-mediated hydrogen bond with LYS627, exhibiting
a G-score of —-5.56 (Figure 11A). Interestingly, the water-mediated hydrogen bond with
the residue Lys 627 was converted into a direct hydrogen bond with the AC170 inhibitor
at the end of the simulation. Likely, another water-mediated hydrogen bond with AC170
is formed by the residues Leu 599, Cys 677, and Val 815 (Figure 11B). Deviations in the
protein and ligand of PGDFRa—-AC170 were reported to be acceptable throughout the
simulation period. Receptor deviations were between 1.5 and 2.5 A. During the simulation
interval of 20-27 ns, the minimum inclination was observed, then decreased to 2.1 A and
finally reached 2.3 A at the end of the run (Figure 11C). During the simulation, fluctuations
in amino acids in the PDGFRa-AC170 complex were reported to be below 2.4 A, except in
two regions, around 110-120 and 170-180 amino acids (Figure 11D).

Monacolin X (=O and OH) formed two hydrogen bonds, one with Asp 836 (=O) and
the other with Ala 640 (=OH), as indicated by a G-score of —=7.57 (Figure 12A). At the end
of the simulations, the inhibitor formed an interaction with Leu 809 and a new hydrogen
bond with Lys 627, rather than the hydrogen bond that was observed in the docking stud-
ies (Figure 12B).

Similarly, PDGFRa in complex with AC170 showed deviations from 1.5 t0 2.3 A, and
only a sudden inclination occurred between 20 and 27 ns, which are also in the acceptable
range. Likely, Monacolin X also showed deviations ranging from 1.2 A to 4.5 A. Interest-
ingly, Monacolin X has declination deviations during the 2027 ns period, which contrasts
with protein deviations at this particular time frame (Figure 12C). The receptor deviations
range from 1.5 to 2.0 A, and the standard inhibitor range is 1.8-2.4 A. The majority of the
receptor amino acids fluctuated below 1.25 A. Fluctuations above 2.5 A were observed
between 110 and 120 amino acids (Figure 12D).

2.8. Interaction Profiles of Axitinib and Monacolin X with VEGFR2

Axitinib and VEGFR?2 interacted via hydrogen bonds with the residues Lys 868 (=O),
Glu 917 (=NH), and Cys 919 (=N), and the G-score was estimated at -9.678 (Figure 13A).
Interestingly, the observed hydrogen bonds with the residues Glu 917 (=N) and Cys 919
(=N) were retained, and new hydrogen bonds formed at the end of the simulation, includ-
ing Glu 885 (=NH) and Asp 1046 (=O). Also, water-mediated hydrogen bonds were
formed with the residues Asn 923 and Leu 840 (Figure 13B). Deviations of VEGFR2 with
regard to the complex VEGFR2-Axitinib were acceptable throughout the simulation time
period. The VEGFR?2 deviations were recorded as 0.10-2.1 A. Meanwhile, Monacolin X
reported deviations between 0.9 and 0.9 A with a minimal inclination up to 1.5 A (Figure
13C). Fluctuations in VEGFR2 residues were recorded as 1.6-2.0 A, except for the residues
at positions 43 and 45, which include Ala 860 and Thr 861. These fluctuating residues are
not involved in hydrogen bond formation (Figure 13D).

Similarly, Monacolin X interacted with VEGFR2 via only one hydrogen bond with
the residue Cys 919 (=OH), and the G-score was estimated as —7.515 (Figure 14A). Even
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though only one hydrogen bond formed with Monacolin X, it was retained throughout
the simulation period, and an additional hydrogen bond was formed at the end of the
simulation with the residue Lys 868 (=O) (Figure 14B).

The deviations of VEGFR2 in the VEGFR2-Monacolin X complex were recorded at
1.5-2.5 A from 0 to 19 ns; after that, they increased and then settled again after 20-30 ns;
then, another increase was observed, reaching up to 3.8 A. The Monacolin X deviations
were recorded between 1.0 and 3.5 A, except for 5-6 and 45-47 ns, which were recorded
above 3.5 A (Figure 14C). Meanwhile, the VEGFR2 amino acid fluctuations were recorded
approximately between 1.0 and 2.3 A, except for the residues positioned at 42 and 43,
which were identified as Asp 857 and Ala 860 (Figure 14D). The overall results of molec-
ular docking and dynamics, including the G-score, H-bond residues in docking, H-bonds
retained during the MD simulations via direct and water-mediated binding with the oc-
cupancy percentage (%) for the complex Monacolin X, were evaluated using VEGFR1,
TIE2, EGFR, IGFR, NRP1, PGDFRa, and VEGFR2 and are presented in Table 1.
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Table 1. Selected angiogenesis-associated targets and their interactions with reference inhibitors and Monacolin X based on molecular docking and molecular

dynamics analyses.

Target Ligand G-Score H-Bond Residues in Docking H-Bond Retained During the MD

(PDB) (Kcal/mol) Direct Interactions (Occupancy, %) Water-Mediated Interactions (Occupancy, %)
VEGFR1 AAL-993 -12.28 GLU878, GLU912, ASP1042 CYS912 (64%), GLU878 (100%), ASP1040 (99%) -
(BHNG) Monacolin X -7.42 GLU878, ASP1040 GLU878 (47%) ASP1040 (38%)

TIE2 SB-203580 -8.66 LYS855, ALA905 ALA905 (80%) LYS855 (33%), ARG856 (38%), ASP982 (60%)
(2ZWQB)  Monacolin X -7.40 ALA905 (2) ALA905 (75%) ASP982 (2) (48% and 37%)

EGFR AG494 -7.0 MET769, ASP831 (2) MET769 (86%), ASP831 (2) (85% and 79%) THR766 (34%), ARG817 (66%), THR830 (46%)
(IM17)  Monacolin X —6.8 THR766, MET769, THR830 GLU738 (55%), THR766 (59%), MET769 (94%) -

IGFR PQ401 -7.86 MET1082 MET1082 (97%) ASP1086 (74%), THR1157 (53%), TYR1161 (51%)
(5FXQ)  Monacolin X -9.05 MET1082, ASP1086 MET1082 (34%) ASP1086 (53%)

TRP29, PRO45, GLU47, ASP48, TYR25 (31%), TRP29 (86%), ASN41 (49%), THR44
1(\;11{91;; £G00229 40 SER74, THR77 (95%), ASP48 (2: 100%, 99%) ]
Monacolin X -5.15 TRP29, THR77, LYS79, TYRS81 TYRS81 (30%) -

PGDFRa AC710 -5.56 GLU644, THR674 LYS627 (81%) LEU599 (38%), CYS677 (71%), VALS815 (74%)
(5GRN)  Monacolin X -7.57 ALA640, ILE647 LYS627 (74%) -
VEGFR2 Axitinib -9.678 LYS868, GLU917, CYS919 CLUBSS (75%), 1(%;;4;?)1176 ((99?1({2))' CYS919 (76%), LEU840 (36%), ASN923 (46%)

(3U6)) Monacolin X -7.515 CYS919 LYS868 (45%), CYS919 (68%) -
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3. Discussion

Angiogenesis is a critical driver of breast cancer progression, supporting tumor
growth, invasion, and metastatic dissemination through coordinated receptor tyrosine ki-
nase-mediated signaling, including IGFR [22], EGFR [23], VEGFR1/2 [24,25], TIE2 receptor
[12,26], and PDGER [27], together with the angiogenic co-receptor NRP1, a member of
non-tyrosine kinase cell surface glycoproteins [11,28]. Despite the availability of targeted
therapies, each treatment faces fundamental constraints, with clinical outcomes remaining
limited due to drug resistance, off-target toxicity, and pathway redundancy [29-31].

Consequently, multi-target-directed small molecule inhibitors, a concept known as
polypharmacology, particularly those derived from natural sources, are increasingly be-
ing explored as alternative therapeutic strategies with improved safety profiles [32-34]. In
this context, the present study systematically evaluates Monacolin X as a multi-target anti-
angiogenic agent by comparing it with the standard drugs for each of the mentioned an-
giogenic targets, using a standard in silico framework.

The results of molecular docking and simulation studies showed that the standard
molecule formed significant interactions with the VEGFR1 residues, including Asp1040
(99%), Glu878 (100%), and Cys912 (64%) residues in the active site, which are known to
be critical for kinase inhibition and ligand stabilization [35,36]. In contrast, Monacolin x
interacted only with two residues of VEGFR1, such as Asp1040 (99%) and Glu878 (100%),
via hydrogen bonds. However, it retained interactions with these residues, interacting di-
rectly and via water with Glu878 (47%) and Asp1040 (38%). Deviations in VEGFR1 in the
Monacolin x complex were higher than in the AAL-993 complex (Figures 1 and 2A-D).
These results indicate that the standard inhibitor AAL-993 interacted well with the
VEGEFR1 active site, as discussed earlier. Therefore, based on our results, Monacolin ex-
hibited minimal activity against VEGFR1 compared to AAL-993.

Interaction with the TIE2 receptor, particularly the important catalytic core residue
Ala 905, was observed in both complexes [37]. The percentage of interaction varies be-
tween the standard inhibitor SB-203580 (80%) and Monacolin X (75%), as observed in sim-
ulation studies. SB-203580 exhibited a stronger binding affinity (G-score: -8.66 kcal/mol)
than Monacolin X (-7.40 kcal/mol), which is expected given its role as a standard inhibitor.
It interacts with Ala 905 via a hydrogen bond and with Lys 855 via a m—cation interaction,
suggesting a stable interaction within the catalytic pocket of the TIE2 receptor. These in-
teractions highlight the importance of hydrogen bonding and electrostatic interactions in
stabilizing TIE2 receptor-SB-203580 complexes (Figure 3A,B). However, Monacolin X also
interacted well with the TIE2 receptor by forming dual hydrogen bonds with Ala 905. In
this, one hydrogen bond to this residue was maintained throughout the simulation. The
persistence of this key interaction highlights the structural relevance of Ala 905 in Mon-
acolin stabilization (Figure 4A,B). Meanwhile, simulation results further confirmed the
stability of both complexes. In this, SB-203580 exhibited fluctuations observed between 30
and 40 ns, suggesting transient conformational adjustments within the receptor that may
correspond to ligand-induced structural rearrangements (Figure 3C). Alternatively, Mon-
acolin X exhibited stable interactions with the TIE2 receptor, reaching equilibrium after
initial adaptation phases, with deviations predominantly centered around ~2.5 A (Figure
4C). Also, residue-level fluctuation analysis revealed that most amino acids fluctuated
within acceptable flexibility and did not destabilize the TIE2 receptor structure (Figures
3D and 4D). These findings suggest that Monacolin X may inhibit TIE2 receptor-mediated
angiogenesis.

The standard drug AG494 interacted well with EGFR, which exhibits a G-score of
=7.0. In this, three hydrogen bonds formed with the residues Asp 831 (2), i.e., 85% and
79%, and Met 769 (86%) in docking studies; these interactions were retained even after
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simulation, and new water-mediated hydrogen bonds were formed with the residues Thr
766, Arg 817, and Thr 830 (Figure 5A,B). However, EGFR exhibited greater structural de-
viation during the simulation, and the standard drug AG494 also deviated substantially,
exceeding the <3.0 A limit and reaching up to 12 A. Meanwhile, the residues also fluctu-
ated significantly, as reflected by elevated RMSF values (Figure 5C,D). Similarly, Mon-
acolin X interacted with EGFR by forming three hydrogen bonds with residues Thr766,
Met769, and Thr830, which are key residues of the ATP-binding pocket essential for lig-
and recognition and stabilization. These residues lie in the hinge region and play a crucial
role in the interactions of the lead compound Erlotinib, a well-known EGFR inhibitor [38],
by facilitating key hydrogen bond interactions that stabilize ATP-competitive ligands.
During the simulation, it retained key interactions with Thr766 (59%) and Met769 (94%),
while an additional hydrogen bond was observed with Glu738 (55%). However, Mon-
acolin X failed to fully replicate the interaction profile of the standard inhibitor AG494,
with only partial overlap in binding interactions (Figure 6A,B). Furthermore, Monacolin
X exhibited a higher RMSD of 2.3-5.0 A, with a maximum inclination of 21 A and RMSF
values observed between 9 and 12 A, indicating increased structural deviations and resi-
due-level fluctuations (Figure 6C,D). These findings indicate that substantial conforma-
tional deviations occurred for both EGFR complexes interacting with AG94 and Mon-
acolin X. During the simulation, persistent hydrogen bond interactions were observed,
indicating that specific ligand—protein contacts were maintained throughout. However,
the relatively high RMSD and RMSF values warrant cautious interpretation of the overall
structural stability.

The docking results for IGFR-PQ401 and Monacolin X, based on G-scores, suggest
that Monacolin X is superior to the standard inhibitor. Interestingly, PQ401 and Mon-
acolin formed a hydrogen bond interaction with the crucial residue Met 1082, which plays
a significant role in ligand-binding mechanisms, even after simulation [39]. The percent-
age of hydrogen bond formation for the standard inhibitor (97%) was higher than that of
Monacolin X (34%). This suggests that the standard inhibitor formed a H-bond with Met
1082 throughout the simulation, whereas Monacolin X’s interaction with the residue was
partial (Figures 7A,B and 8A,B). However, the Monacolin X deviations (2.4-2.4 A except
13-15 ns) and fluctuations are lower when compared with the standard drug (Figures
7C,D and 8C,D). Therefore, based on these observations, Monacolin X could act as a par-
tial inhibitor of IGFER, relative to a known inhibitor.

Interestingly, during docking and simulations, the inhibitor molecule EG00229 made
five hydrogen bonds with the residues in the active site of NRP1. One more change ob-
served after simulation concerning the standard inhibitor was the conversion of pi—pi
stacking to pi—cation interactions, with residual interaction percentages at Asp 48 (99 and
100%), Thr 44 (95%), Tyr 25 (31%), Trp 29 (86%), and Asn 41 (49%). Alternatively, Mon-
acolin X retained only the Tyr 81 (30%) interaction when compared to the standard drug
interaction percentage profile. Based on docking and simulation results, EG00229 was
more potent than Monacolin X in producing inhibitory activity against NRP1, even
though the RMSD and RMSF were more similar to each other (Figures 9A-D and 10A-D).

The PDGFRa-AC710 complex was more stable than the Monacolin X complex based
on the projected deviations observed during simulations. Compared to the binding effi-
ciency standard inhibitor interaction percentage with the common residue Lys 627 (81%),
it was higher than that of Monacolin X (74%). Also, the supporting residual interactions
observed in the standard receptor complex were not established in the Monacolin X com-
plex (Figures 11A-D and 12A-D).

Several studies have reported Cys 919, Asp 1046, and Glu 885 as important amino
acids in the VEGFR2 binding pocket [20]. To act as an effective inhibitor, the ligand must
show predominant interactions, especially with Cys 919, a crucial amino acid among the
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three reported. The present in silico study focused on the interactions between Monacolin
X and key amino acids during docking and molecular dynamics simulations. Axitinib, a
well-known reported active inhibitor, was chosen for a comparative study in the work
design. Docking studies provided insight into the accommodation of two molecules
within the VEGFR?2 active site and their interactions. In the docking study, two molecules
successfully formed a hydrogen bond with the Cys 919 residue. Also, at the end of the
simulation run, both molecules retained the hydrogen bond interaction with the crucial
amino acid Cys 919. Axitinib and Monacolin X showed hydrogen bond interactions with
Cys 919 (76% and 68%, respectively). The flexibility between the receptor and ligand fa-
cilitates the generation of conformers, and during conformational changes, the two mole-
cules interact with Cys 919, thereby stabilizing the complex. The Cys 919 residue of the
receptor was found to form a strong H-bond (94%) with the =N group of the molecule
because of minimal torsions in single bonds attached to that particular benzene ring (Fig-
ures 13A-D and 14A-D).

Overall, the comparative molecular docking and molecular dynamics analyses
demonstrated that Monacolin X interacted with seven angiogenesis-associated targets, alt-
hough the strength and persistence of these interactions varied across the investigated
proteins. Monacolin X exhibited the most favorable docking score against IGFR (G-score
=-9.05 kcal/mol); however, the interaction with the key Met1082 residue was maintained
for only 34% of the simulation, together with a water-mediated interaction with Asp1086
observed for 53% of the trajectory. In comparison, Monacolin X showed a less favorable
docking score against VEGFR2 (G-score = -7.515 kcal/mol) but retained a hydrogen bond
interaction with the important Cys919 residue for 68% of the simulation. Persistent inter-
actions were also observed with key residues of TIE2 (G-score = -7.40 kcal/mol), which
include ALA905 and ASP982 (2) with the interaction percentages of 75%, 48%, and 37%,
and PDGFRa (G-score = —7.57 kcal/mol), which includes LYS627 with the interaction per-
centage of 74%, whereas the interaction profile of VEGFR1-Monacolin X (G-score = -7.42
kcal/mol) exhibits only two water-mediated hydrogen bonds with the residues GLU878
and ASP1040, with interaction percentages of 47% and 38%, respectively. Monacolin X
showed three direct hydrogen bonds with the residues GLU738, THR766, and MET769 of
EGEFR (G-score = —6.8 kcal/mol), with interaction percentages of 55%, 59%, and 94%, and
NRP1-Monacolin X (G-score = -5.15 kcal/mol) showed one hydrogen bond with TYRS]1,
with an interaction percentage of 30%. These findings demonstrate that docking scores
alone do not fully reflect the persistence of ligand—target interactions during molecular
dynamics simulations and that both predicted binding and interaction stability should be
considered when evaluating potential target engagement. Importantly, the persistent in-
teraction between Monacolin X and VEGFR2 Cys919 is consistent with our previous in
vitro evidence of its VEGFR2-associated activity. Collectively, while the present compu-
tational findings support a broader interaction profile of Monacolin X with angiogenesis-
associated targets, the combined docking, molecular dynamics, and previous experi-
mental evidence provide particular support for VEGFR2 as a biologically relevant candi-
date target of Monacolin X in breast cancer angiogenesis.

4. Methodology

4.1. Protein Preparation

The target proteins were selected based on their well-established roles in angiogenic
and vasculogenic signaling in BC progression and stage advancement. VEGFR1 and
VEGFR?2, also known as FLT1 and KDR, are well-known predominant targets in angio-
genic signaling, especially in interaction with VEGF [40,41]. Angiopoietin promotes angi-
ogenesis and vascular sprouting via the TIE2 receptor when VEGEF is upregulated in the
extracellular matrix [42]. Aberrant EGFR signaling likely contributes to BC progression
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and angiogenesis by triggering downstream pathways such as MAPK, PI3K/AKT, STAT,
and PLCy/PKC [43,44]. IGFIR likely activates the PI3K/AKT pathway, which primarily
controls cell proliferation, differentiation, and vasculogenesis [45,46]. Similarly, NRP1 is a
unique transmembrane glycoprotein and non-tyrosine kinase co-receptor that interacts
with multiple ligands, modulating various signaling pathways and triggering angiogen-
esis in tumor conditions [28]. Also, PDGFRa signaling contributes to angiogenesis and
immune modulation [47]. Hence, we selected these proteins as targets. The 3-D structures
for VEGFR2 (PDB ID: 3U6]) [48], VEGFR1 (PDB ID: 3HNG) [49], TIE2 (PDB ID: 2WQB)
[50], EGER (PDB ID: 1M17) [51], IGER (PDB ID: 5FXQ) [52], NRP1 (PDB ID: 3197) [53] and
PDGFRa (PDB ID: 5GRN) [54] were retrieved from the PDB. The protein preparation wiz-
ard was used to prepare the receptors, zero-order bonds to metal atoms, bond orders to
hydrogen, selenomethionine-to-methionine reconversion, and capping of the termini.
Surrounding the co-crystallized ligand, free water molecules beyond 5 A were removed
from the protein, preserving the water-mediated interactions and the protein binding
site’s native environment; at pH 7.0, tautomeric/ionization states were generated for the
ligand. Furthermore, to resolve overlapping hydrogen bonds, the protein’s hydrogen
bonding network was optimized. Finally, the protein structure was energetically mini-
mized using the OPLS-2005 force field derived from the Optimized Potentials for Liquid
Simulations (OPLS) framework [55]. The potential ligand-binding pockets of the prepared
proteins were predicted using the SiteMap module of the Schrodinger Suite. Based on the
SiteMap analysis, the binding pocket corresponding to the co-crystallized ligand was
identified and selected for subsequent docking studies. Grid boxes were then generated
for the receptors around the selected binding pocket, with the grid center defined based
on the position of the co-crystallized ligand.

4.2. Ligand Preparation

We obtained the standard drug and Monacolin X structural coordinates from the
PubChem database and converted them from 2D to 3D. Furthermore, all were energy-
minimized using the OPLS-2005 force field [55] at pH 7 + 2. To retain the original state, we
selected the chiral centers of all ligand molecules to avoid generating stereoisomers [56].

4.3. Docking Studies

We used the Glide protocol for ligand docking in Schrédinger Suite 2026. The pre-
pared protein active site was defined using default Glide receptor grid parameters. The
ligands were docked using the XP docking protocol once the receptor grid was generated
[57]. Receptor-ligand complex interaction scores, i.e., G-scores, were calculated based on
the equation:

Glide score = 0.065 x vdW +0.130 x Coul + Lipo + Hbond + Metal + BuryP + RotB + Site

where vdW signifies van der Waals energy, Coul represents Coulomb energy, Lipo de-
notes the lipophilic term derived from the hydrophobic grid potential, Hbond means the
hydrogen bonding term, Metal means the metal-binding term, BuryP implies a penalty
for buried polar groups, RotB infers a penalty for freezing rotatable bonds, and Site means
polar interactions in the active site [58]. The molecular docking protocol was validated by
redocking the co-crystallized ligands into their original binding sites in the corresponding
protein crystal structure using the Glide XP docking protocol. The predicted binding pose
was compared with the experimentally determined crystallographic pose by calculating
the root-mean-square deviation (RMSD). The redocking RMSD values were 1.11 A for
VEGFR?, 0.27 A for VEGFR1, 0.52 A for Tie-2, 2.03 A for EGFR, 0.58 A for IGFR, 1.80 A for
NRP-1, and 0.38 A for PDGFRa. The results for the successfully evaluated targets support
the docking protocol’s ability to reproduce their crystallographic ligand poses.
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4.4. Molecular Dynamics Simulations

Using Desmond software, molecular dynamics simulations (MDSs) were performed
on the selected receptor complexes with the lead molecules to assess the consistency of
interactions. With the simple point charge (SPC) water model in an orthorhombic periodic
boundary box, the complex was initially solvated (box size; distances (A): a: 10 x b: 10 x ¢:
10 and angles: a: 90° x 3: 90° x y: 90°). Depending on the model’s total charge, Cl- ions
were added at a 0.15 M salt concentration to neutralize the system. Next, System Builder
was used, with the maximum iterations set to 2000 to minimize the model. All remaining
parameters were set to their default values. Finally, NPT dynamic simulations were car-
ried out on the minimized model (isothermal-isobaric ensemble: number of particles (N),
Pressure (P), and Temperature (T)) at 300 K and 1 bar, and the system was relaxed using
the molecular dynamics application Desmond. Molecular dynamics simulations (a gen-
eral sampling method) were performed for 50 ns. From the attained trajectory file, root-
mean-square fluctuation (RMSF), root-mean-square deviation (RMSD), and H-bond inter-
actions of the complex were evaluated. The Desmond simulation analysis also generated
the interaction percentage of the complexes to annotate and describe the persistence of
protein-ligand interactions during the simulations. All molecular docking and simulation
studies were performed on a local workstation, a Dell Precision 3660 workstation (Dell
Inc., TX, USA), equipped with a 13th Generation Intel Core i9-13900 processor (24 cores,
32 logical processors), 64 GB RAM, and an NVIDIA RTX A2000 graphics processing unit
with 12 GB GPU memory. The workstation operated on Microsoft Windows 11 Pro.

5. Conclusions

Natural products and their derivatives are important sources of bioactive molecules
for drug discovery, including compounds with potential anticancer and anti-angiogenic
activities. In breast cancer, angiogenesis is an important biological process associated with
tumor growth and progression, and targeting angiogenesis-associated molecular proteins
represents a potential therapeutic strategy. In the present study, we investigated the po-
tential activity of the Monacolin X metabolite against key molecular targets involved in
the angiogenesis pathway, including VEGFR1, TIE2, EGFR, IGFR, NRP1, PGDFRa, and
VEGEFR?2, particularly relevant to breast cancer. Counteracting or inhibiting the activity of
any one of the major targets has been the approach with drugs for breast cancer treatment.
Among the investigated targets, the molecular dynamics analyses provided evidence for
persistent interactions between Monacolin X and VEGFR2, TIE2, PDGFRq, and EGFR. In
particular, the interaction between the VEGFR2 residue CYS919 and its partner persisted
throughout the simulation, with an occupancy of 68%, supporting the potential relevance
of this interaction. Monacolin X also showed relatively favorable docking scores against
IGFR (-9.05 kcal/mol) and PDGFRa (-7.57 kcal/mol), which were more negative than
those obtained for their respective reference compounds. These findings indicate that
Monacolin X may interact with multiple angiogenesis-associated targets, rather than ex-
hibiting computational evidence restricted to VEGFR2 alone. In our previous studies, the
activity of Monacolin X against VEGFR2 was reported in vitro; however, to evaluate its
activity against other targets involved in angiogenesis pathways, docking and simulation
studies were performed. Through these studies, the molecule’s activity via binding inter-
actions with the active site residues in targeted proteins was analyzed. Hence, Monacolin
X was regarded as a VEGFR?2 inhibitor. This study additionally found that Monacolin X
could interact well with the additional targets TIE2, EGFR, PDGFRa, and IGFR based on
the Glide score and the percentage of hydrogen bond interactions. Therefore, these hy-
potheses need to be validated through substantial angiogenesis-related in vitro and in
vivo experiments to confirm molecular specificity. Additionally, this integrated in silico
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approach can be used to investigate potential interactions between Monacolin X and other
molecular targets associated with angiogenesis and cancer progression.
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