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ABSTRACT

Introduction: Telomerase is reactivated in approximately 90% of human malignancies, under-
scoring its potential as a cancer-selective therapeutic target with minimal off-target toxicity. Nat-
ural products derived from medicinal plants represent a promising and underexplored source
of novel telomerase inhibitors. Despite its longstanding empirical use in Vietnamese traditional
medicine, Celastrus hindsii remains insufficiently characterized at the molecular level. Methods:
In this study, we employed an integrated in silico framework to systematically evaluate C. hind-
sii-derived compounds for their telomerase-inhibitory potential. Results: Among the screened
candidates, L TS0233892 emerged as the leading compound, exhibiting enhanced binding affinity
and sustained interactions within the enzyme's catalytic site. Molecular dynamics simulations over
200 ns revealed that the telomerase-1TS0233892 complex maintained greater structural stability
than the complex formed with the reference inhibitor, demonstrating an average backbone root
mean square deviation (RMSD) of 0.348 + 0.042 nm compared to 0.425 + 0.068 nm for BIBR1532.
Consistently, radius of gyration analysis indicated a more compact protein conformation upon
L TS0233892 binding, yielding an average value of 2.932 + 0.029 nm, compared to a slightly higher
value of 2.972 + 0.026 nm for the BIBR1532-bound system. Mechanistically, principal component
analysis combined with free energy landscape reconstruction demonstrated that LTS0233892 stabi-
lizes a more energetically favorable conformational ensemble of telomerase compared to BIBR1532.
These results are consistent with MM/GBSA binding free energy calculations, in which LTS0233892
exhibited a binding free energy of —27.390 + 4.028 kcal/mol, whereas BIBR1532 demonstrated a
weaker binding energy of —20.996 + 6.262 kcal/mol. Furthermore, LTS0233892 exhibited favor-
able drug-like properties, including optimal aqueous solubility and predicted oral bioavailability.
Conclusion: Collectively, these computational findings indicate that LTS0233892 represents a
promising small-molecule candidate warranting further experimental validation of its telomerase-
inhibitory activity.
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INTRODUCTION

In eukaryotes, the intrinsic limitations of DNA poly-
merases prevent the complete replication of the ter-
minal ends of linear chromosomes during genome
duplication. Consequently, each replication cycle
results in progressive DNA shortening due to the
removal of the RNA primers at the chromosome
ends'2. Telomeres function as specialized nucle-
oprotein assemblies that preserve chromosome in-
tegrity by shielding terminal regions from degra-
dation and illegitimate recombination®. They typ-
ically comprise approximately 1,000 — 2,000 tan-
dem repeats of a short DNA motif that adopts a
T-loop configuration, reinforced by a protruding 3’
guanine-enriched single-stranded extension to en-
sure end stability*=®. Progressive telomere attrition
to a critical threshold subsequently activates DNA
damage signaling pathways, culminating in apopto-

sis or cellular senescence?. If these checkpoints are
bypassed, continued telomere attrition can promote
genomic instability and facilitate tumorigenesis’.

Malignant cells circumvent the proliferative limits
imposed by telomere shortening through reactiva-
tion of telomerase, a specialized complex that elon-
gates telomeric DNA during genome duplication®.
This enzyme functions as a ribonucleoprotein com-
plex with reverse transcriptase activity, playing a
central role in preserving chromosome-end integrity
and maintaining genomic stability’. In human
cells, the holoenzyme comprises two principal com-
ponents: a catalytic protein subunit with reverse
transcriptase activity (TERT) and an RNA molecule
(telomerase RNA, TR) that provides the template
sequence required for telomere repeat synthesis '°.
Dysregulated elevation of telomerase activity con-

tributes to tumor initiation and progression across

Cite this article : Huynh P, Thanh HPT, Thai QK. In silico identification of a stable and drug-like
Telomerase inhibitor originating from Celastrus hindsii. Biomed. Res. Ther. 2026; 13(04): 8495-8510.

8495


https://orcid.org/0000-0003-3066-4580
https://orcid.org/0000-0002-2264-2579
https://crossmark.crossref.org/dialog/?doi=10.15419/kymfp866&domain=pdf&date_stamp=2026-04-30

Biomedical Research and Therapy 2026, 13(04): 8495-8510

a broad spectrum of cancers, including those of
the breast, kidney, colorectum, cervix, lung, liver,
11-13 No-

tably, telomerase reactivation is detected in approx-

pancreas, thyroid, prostate, and bladder

imately 85-90% of human cancers, underscoring its

pivotal role in oncogenesis '3

. As such, pharma-
cological inhibition of telomerase represents a com-
pelling therapeutic strategy with broad applicabil-

716 Moreover, telomerase

ity across cancer types
expression is low or undetectable in most normal
somatic cells, making telomerase inhibitors poten-
tially more selective and less cytotoxic than conven-
tional chemotherapeutics, which often indiscrimi-
nately affect both cancerous and healthy tissues’.
BIBR1532 has been developed as a highly spe-
cific telomerase inhibitor and a potential anticancer
agent '®. This compound selectively targets the cat-
alytic TERT subunit of telomerase, thereby effec-
tively suppressing telomerase activity '8, Previous
research demonstrated that BIBR1532 exhibits po-
tent antitumor efficacy across various cancer types,
including ovarian cancer, chondrosarcoma, breast
cancer, lung cancer, and germ cell tumors . How-
ever, pharmacokinetic limitations, such as poor
bioavailability and metabolic instability, remain sig-
nificant challenges for its clinical translation?0-23,
Such constraints reinforce the importance of devel-
oping novel small-molecule telomerase inhibitors.
In recent years, in silico approaches have emerged
as powerful tools for accelerating the discovery of
novel therapeutic agents, particularly during the

early stages of drug development?42>,

Compared
with conventional experimental screening methods,
which are typically time-consuming and resource-
intensive, computational strategies enable the rapid
screening of large compound libraries. Moreover,
techniques such as molecular docking, molecular
dynamics simulations, and binding free energy cal-
culations provide mechanistic insights into protein—
ligand interactions at the atomic level?%?’. These
approaches support the identification of potential
lead compounds and allow the evaluation of bind-
ing stability, conformational dynamics, and inter-
action mechanisms prior to experimental valida-
tion. Importantly, integrating molecular docking
with molecular dynamics simulations improves pre-
diction reliability by accounting for protein flexibil-
ity and solvent effects, which are often neglected

2829 |n addition, in silico

in static docking models
methods help reduce failure rates in drug discovery
by prioritizing compounds with favorable pharma-
cokinetic and toxicity profiles through early-stage

ADMET prediction3%31, Therefore, such strategies

represent a cost-effective and efficient alternative
to traditional high-throughput screening methods,
particularly for identifying natural products as po-
tential inhibitors of key therapeutic targets such as
telomerase.

Over the past decade, increasing attention has been
directed toward herbal species and natural extracts
as alternative or complementary approaches for
cancer treatment. Numerous natural compounds
have been identified with the capacity to inhibit
telomerase activity 3734, Owing to their structural
diversity and pharmacological richness, medicinal
herbs represent a promising reservoir for the discov-
ery of novel telomerase-targeting agents. In Viet-
nam, Celastrus hindsii is a widely used medicinal
plant in traditional medicine, particularly in north-
ern provinces such as Quang Ninh and Ninh Binh3°.
In traditional practices of the Muong ethnic group,
C. hindsii is employed to treat a variety of con-
ditions, including chronic diseases, inflammation,

ulcers, and cancer3%37,

However, its use remains
largely empirical, and the bioactive compounds re-
sponsible for its purported anticancer effects, as well
as their molecular mechanisms, have not been scien-
tifically characterized. To date, no studies have in-
vestigated the telomerase-inhibitory potential of C.
hindsii. In this study, we performed virtual screen-
ing of natural compounds derived from C. hindsii
to identify candidates targeting telomerase. This
computational approach facilitates the rapid identi-
fication of compounds with strong and stable bind-
ing affinities to telomerase, thereby highlighting
promising candidates for further development as
telomerase inhibitors.

MATERIALS AND METHODS

Preparation of protein and compounds

Natural compounds present in C. hindsii were iden-
tified through the LOTUS database .

compound retrieval, a rigorous screening process

Following

was performed to identify potential candidates. As
a result, thirteen compounds satisfying the crite-
ria of Lipinski’s Rule of Five were shortlisted for
virtual screening analysis. Their three-dimensional
conformations were constructed in Chem3D Pro
12.0 (CambridgeSoft, USA) employing the MM2
force field. Subsequently, energy minimization
was performed using OpenBabel® by applying the
MMFF94 force field.

In this study, the structure of telomerase in com-
plex with its high-affinity inhibitor BIBR1532 was

employed as the reference model'®. This model
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was selected due to its well-resolved crystal struc-
ture and the presence of a co-crystallized inhibitor,
which provides a clearly defined binding site, mak-
ing it particularly suitable for in silico investiga-
tions. Such a model facilitates the identification
of key amino acid residues involved in ligand bind-
ing and improves the accuracy of docking simula-
tions, thereby enabling the construction of a reliable
simulation system“®*!. The crystal structure of the
telomerase + BIBR1532 complex (PDB:5CQG) '® was
obtained from the Protein Data Bank. Prior to dock-
ing simulations, the protein structure was prepared
with AutoDock Tools*? following standard prepro-
cessing procedures.

Molecular docking, predicting molecular
properties, pharmacokinetics and toxico-
logical profile

The docking pocket was defined based on the bind-
ing site of BIBR1532 within the telomerase complex.
A grid box of dimensions 50 x 50 x 50 A was defined
with its center positioned at x = 25.688,y =5.971,z =
-31.580, employing a grid spacing of 0.375 A. Dock-
ing simulations were performed using AutoDock
GPU*3, with 1,000 iterations per compound. Com-
pounds exhibiting a more favorable binding free en-
ergy than BIBR1532 were shortlisted for subsequent
analyses. Detailed protein-ligand contacts were
subsequently analyzed using the Protein-Ligand In-
teraction Profiler (PLIP) server**. Molecular proper-
ties and pharmacokinetic profiles were predicted us-
ing the SwissADME platform3°. Toxicological pro-
files were assessed using ProTox version 3.0%° and
the pkCSM server“®,

Molecular dynamics simulation

All-atom molecular dynamics simulations were per-
formed with GROMACS 2023.5%7.
gies were generated under the CHARMM frame-

Ligand topolo-

work using the SwissParam web interface*, and
the complete simulation systems were constructed
in accordance with the CHARMM36 force field pa-
rameter set*®’. Each system was explicitly solvated
with the TIP3P water model and supplemented with
NaCl to achieve an ionic strength of 0.15 M. Sys-
tems were first subjected to energy minimization
to reach a stable energetic conformation. System
equilibration proceeded sequentially in the Volume-
Temperature (NVT) and isothermal-isobaric (NPT)
ensembles, each for 100 ps, maintained at 300 K and
1 atm. Temperature and pressure were regulated
using the V-rescale thermostat (t = 0.1 ps) and the

C-rescale barostat (t = 2 ps), respectively. The pro-
duction run was executed using an integration time
step of 2 fs. All simulation settings adhered to es-
tablished GROMACS guidelines for CHARMM force
field. Long-range electrostatics were computed us-
ing the Particle Mesh Ewald (PME) scheme with a
Coulomb cutoff of 1.2 nm, while van der Waals inter-
actions were applied with a cutoff distance of 1.2 nm.
The LINCS algorithm was employed to constrain
bond lengths. Trajectories were recorded every 10
ps. Trajectory analyses were performed using built-
in GROMACS utilities, encompassing evaluation of
root mean square deviation (RMSD), radius of gy-
ration (Rg), solvent accessible surface area (SASA),
number of protein-ligand contacts, and the free en-
ergy landscape (FEL). Principal component analy-
sis (PCA) was performed using the MDTraj software
package® to assess the conformational space and
convergence of ligand motions within each complex.

Binding free energy and amino acid distri-
bution calculation

Binding free energy (BFE) estimations for protein—
ligand interactions were conducted using the
gmx_MMPBSA The
MM/GBSA scheme was employed to estimate

software package®'.
binding energetics, as it is broadly recognized for
its reliability in evaluating the thermodynamic
behavior of protein-ligand complexes®™4.  All
snapshots extracted from the MD trajectories were
utilized for BFE calculation to ensure statistical
robustness.  Binding free energies were subse-
quently determined according to the conventional

MM/GBSA formulation:

AGMM/GBSA = AGComplex — AGprotein — AGligund

The total free energy AG of each system was decom-
posed into four principal components:

AG = AGygw +AG + AGpol + Aanol

where AGele, and AGvdW represent the van der
Waals and electrostatic interaction energies, respec-
tively. AGpol denotes the polar solvation contribu-
tion, while AGnpol corresponds to the nonpolar sol-
vation component. To further delineate the inter-
action mechanism, residue-level energy decompo-
sition was conducted. This analysis facilitated the
pinpointing of critical amino acid residues with sub-
stantial energetic contributions to ligand associa-
tion, thereby clarifying the molecular basis under-
lying complex stabilization.
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RESULTS

Docking results, molecular properties, and
toxicity predictions

The docking validation confirmed the reliability
of the re-docking protocol, as BIBR1532 achieved
a RMSD of 0.71 A relative to its crystallographic
pose. The calculated free energy of binding by
AutoDock GPU software for BIBR1532 was -10.02
kcal/mol (Table 1). Virtual screening of natural com-
pounds derived from C. hindsii identified a promis-
ing candidate, designated by LOTUS accession ID:
LTS0233892, which exhibited a higher predicted
binding affinity compared to BIBR1532, with a free
energy of binding at —-12.05 kcal/mol (Table 1). The
molecular representation of LTS0233892 is presented
in Table S1in the Supplementary Information.

An analysis of ligand—protein interactions revealed
that BIBR1532 predominantly engages in hydropho-
bic interactions within the telomerase binding
pocket. Specifically, seven hydrophobic interac-
tions were identified, involving amino acid residues
ARG486, PHE494, TYR551, and LEU554, alongside
a salt bridge interaction with ARG486 (Table 1; Fig-
ure 1). In contrast, LTS0233892 demonstrated supe-
rior binding characteristics. This compound formed
six hydrophobic interactions with residues PHE494,
ILE550, TYR551, and LEU554; four hydrogen bonds
with ASP493, PHE494, LYS552, and GLY553; a m-
stacking interaction with PHE494; and a salt bridge
interaction with ARG557 (Table 1; Figure 1). Struc-
tural representations highlighting ligand engage-
ment within the telomerase binding pocket are pro-
vided in Figure 1.

The analysis of molecular properties for BIBR1532
and LTS0233892 was summarized in Table 2. The
findings indicated that both compounds satisfied
the criteria of Lipinski’s Rule of Five and displayed
favorable characteristics predictive of oral bioavail-
ability (Table 2). Notably, LTS0233892 demonstrated
superior aqueous solubility and was predicted to be
unable to cross the blood-brain barrier (BBB) when
compared to BIBR1532 (Table 2). Toxicity predic-
tions were presented in Table 3. Both molecules
were predicted to be non-toxic, non-irritating to the
skin, and non-inhibitory to cardiac receptor sys-
tems, based on the pkCSM server results (Table 3).
These findings suggested that both molecules exhib-
ited favorable safety profiles. However, LTS0233892
exhibited superior properties, as it was not predicted
to cause liver toxicity or inhibit metabolic systems
(Table 3). Therefore, LTS0233892 exhibited better
solubility and safety than BIBR1532 based on in sil-
ico predictions (Table 2 and Table 3).

Molecular dynamics simulations (MDS)
Telomerase mobility during MDS

Extended 200 ns molecular dynamics trajecto-
ries of telomerase in complex with BIBR1532 and
LTS0233892 indicated that both systems reached
stable equilibration (Figure 2).
strated by the RMSD values of the telomerase Ca
backbone throughout the simulations (Figure 2A).

This was demon-

The convergence of RMSD values after 200 ns of sim-
ulation was further illustrated by the density plot
shown in Figure 2B. RMSD analysis revealed minor
structural fluctuations in the telomerase+BIBR1532
complex between 25 ns and 150 ns (Figure 2A). In
contrast, the telomerase+LTS0233892 complex ex-
hibited reduced mobility and remained stable over
the 200 ns simulation (Figure 2A). The average
RMSD values were 0.348 + 0.042 nm and 0.425 +
0.068 nm for the LTS0233892 and BIBR1532 com-
plexes, respectively (Figure 2B). These results sug-
gest that telomerase adopted a more stable confor-
mation upon binding to LTS0233892.

To further investigate structural stability, the Rg
value of telomerase was monitored throughout the
MDS (Figure 3A). Rg is a key indicator of protein
folding and compaction, with lower Rg values typ-
ically reflecting a more compact and stable con-
formation. Such compaction is often associated
with sustained ligand binding and reduced confor-
mational fluctuations®®. Comparison of average
Rg values showed that the telomerase+LTS0233892
complex maintained a more compact structure than
the telomerase+BIBR1532 complex, with average Rg
values of 2.932 + 0.029 nm and 2.972 + 0.026 nm,
respectively (Figures 3B). These findings suggested
that telomerase adopts a more tightly folded con-
formation when bound to LTS0233892. Moreover,
the consistently lower Rg values observed for the
LTS0233892 system indicate enhanced structural in-
tegrity and compactness throughout the simulation.
In contrast, the telomerase+BIBR1532 system exhib-
ited slightly higher Rg values, suggestive of greater
conformational flexibility and reduced compaction
(Figure 3A and 3B).
To complement these observations, solvent-
accessible surface area analysis was performed to
assess protein surface exposure (Figure 3C and
3D). Both systems exhibited stable SASA profiles
with minimal fluctuations, indicating preserved
global structural integrity upon ligand binding. The
average SASA values were 322.685 + 3.994 nm?* for
the telomerase+BIBR1532 complex and 324.629 +

4.072 nm? for the telomerase+LTS0233892 complex
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Telomerase + BIBR1532 . PHE-4E4

-+=+ Hydrophobic Interaction -+ mr-Stacking (parallel)
— Hydrogen Bond Salt Bridge

Figure 1: Binding interactions between BIBR1532 and LTS0233892 with the telomerase binding pocket.

Table 1: Interaction analysis between telomerase and ligands (BIBR1532 and LTS0233892).

Compounds Free energy Hydrophobic Hydrogen bonds  z-stacking  Salt bridges
of binding interactions
BIBR1532 -10.02 ARG486, PHE494, - - ARG486
kcal/mol TYR551, LEU554
Total interactions: 7
LTS0233892 -12.05 PHE494, ILE550, TYR551, ASP493, PHE494, PHE494 ARG557
kcal/mol LEU554 LYS552, GLY553
Total interactions: 6 Total interactions: 4
A RMSD of Telomerase in complex with ligands B
0.6 0.6
0.5 0.5
Eoa 0.4
£
203 0.3 4
E 0.2 0.2 1
0.1 0.11
0.0 001
0 25 50 75 100 125 150 175 200
Time (ns)

=== Telomerase + BIBR1532 === Telomerase + LTS0233892

Figure 2: RMSD analysis of the carbon backbone of telomerase in MDS. (A) The figure shows the RMSD values
of the C¥backbone of telomerase over the simulation time. (B) The density plot of RMSD value in 200 ns simulation.
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Table 2: The molecular properties and pharmacokinetic evaluation of BIBR1532 and LTS0233892.

BIBR1532 LTS0233892

Molecular structure

Formula
Molecular weight
Number of heavy atoms
Number of H-bond donor
Number of H-bond acceptor
Number of aromatic heavy atoms
Number of rotatable bonds
TPSA
Lipinski rule
Water Solubility
P-gp substrate
BBB permeant
Gl absorption

C21H17NO3 C28H36010
331.36 g/mol 532.58 g/mol
25 38
2 1
3 10
16 6
5 10
66.40 A? 134.66 A?
Yes Yes

Poorly soluble Moderately soluble

No No
Yes No
High High

Table 3: The toxicity profile of BIBR1532 and
LTS0233892.

(Figure 3D). Notably, the telomerase+LTS0233892
system exhibited a slightly higher SASA, indicating
that the complex retains greater solvent exposure

despite its increased compactness (Figure 3B

Properties BIBR1532  LTS0233892 ) -
Hepatotoxicity . —— and 3D). This suggests that LTS0233892 stabilizes
Ealbisilisn) (0.61) (0.84) telomerase without inducing excessive surface
Neurotoxicity Inactive . burial, thereby preserving a more accessible and
(Probability) (0.60) (0.86) dynamically balanced protein conformation. In
Coneiamaniaty Inactive Inactive conjunction with the RMSD analysis (Figure 2),
(Probability) (0.74) (0.62) these results indicate that LTS0233892 promotes
Mutagenicity Inactive Inactive a structurally stable state of telomerase, char-
(Probability) (0.53) (0.62) acterized by enhanced compactness alongside
Cytotoxicity leEe eeive maintained surface accessibility. This combination
(Probability) (0.68) (0.67) highlights a favorable binding profile that supports
AMES toxicity No No both stability and conformational adaptability
hERG inhibitor No No within the complex.
Skin sensitisation No No

Notes: Probability values indicate the confidence level as-
sociated with each toxicity classification. Values > 0.7 are
considered high-confidence predictions, values between
0.5-0.7 indicate moderate confidence, values between 0.3
0.5 suggest low confidence, and values < 0.3 reflect very low
confidence predictions. These thresholds provide a guide-
line for interpreting the reliability of the predicted “active”

or “inactive” classifications.

Ligand binding stability analysis

Ligand binding stability was assessed by evaluating
the RMSD of ligand atoms relative to their initial
conformation in the MDS (Figure 4). This analy-
sis enabled characterization of the temporal stabil-
ity of each ligand, whereby lower RMSD values were
indicative of limited conformational deviation and
more persistent interactions with the protein tar-
get®. The time-dependent RMSD profiles of each
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A Rg value of telomerase over simulation time B Average Rg value
3.05
3.00 ]
E 205 l T
£ 1
% 290
2.85
[} 25 50 75 100 125 150 175 200
Time (ns)
C solvent accessible surface area of telomerase over simulation time D Average SASA value

25 50 75 100

Time (ns)

125

=== Telomerase + BIBR1532 === Telomerase + LTS0233892

Figure 3: Rg values of telomerase in the MD simulat
complex with difference ligands over simulation time.

150 175 200

[ Telomerase + BIBR1532
["] Telomerase + LTS0233892

ion systems. (A) The line plot of Rg value of telomerase in
(B) The average of Rg value in BIBR1532 and LTS0233892

system. (C) The line plot of SASA value of telomerase in 200 ns MDS. (D) The average of SASA value.

ligand are shown in Figure 4A, while the conver-
gence of RMSD values over the 200 ns simulation
is illustrated in Figure 4B. For BIBR1532, the RMSD
values exhibited considerable fluctuations during
the initial 30 ns of the simulation (Figure 4A), sug-
gesting that the ligand was adjusting its binding
position to establish stable interactions with telom-
erase. Following this equilibration phase, BIBR1532
stabilized and maintained a relatively steady con-
formation from approximately 50 to 200 ns (Fig-
ure 4A), achieving good convergence as shown in
Figure 4B. The average RMSD value of BIBR1532
was 0.813 + 0.181 nm. In contrast, LTS0233892 dis-
played greater structural stability throughout the
200 ns simulation, as reflected by consistently lower
RMSD values and minimal fluctuations (Figure 4A).
The average RMSD value for LTS0233892 was 0.734
+ 0.091 nm, which was notably lower than that of
BIBR1532 (Figure 4B). These results indicate that
LTS0233892 maintained a more stable and confor-
mationally consistent interaction with telomerase
compared to BIBR1532, suggesting a stronger and
more persistent binding mode.

Interaction stability was additionally evaluated by
monitoring the frequency of contacts established
between telomerase and the ligands over the course
of the simulation. An elevated and temporally
consistent contact profile is indicative of enhanced

binding strength and sustained protein-ligand as-
sociation. In MDS, the number of contacts be-
tween telomerase and the ligands BIBR1532 and
LTS0233892 was monitored (Figure 5A). Notably,
LTS0233892 formed a significantly greater number
of contacts with telomerase compared to BIBR1532,
with average values of 56 + 5 and 36 + 3, respectively
(Figure 5B). This elevated contact frequency sug-
gested that LTS0233892 established a more extensive
and persistent interaction network with telomerase
than the reference ligand BIBR1532.

Principal component (PCA) and free en-
ergy landscape (FEL) analyses

To investigate the correlated motions and confor-
mational dynamics of ligands during their binding
to telomerase, PCA and FEL analyses were per-
formed based on the MDS trajectories. The results
for BIBR1532 are presented in Figure 6 (panels A-C),
whereas those for LTS0233892 are shown in Figure 7
(panels A-C). In the PCA plots, cartesian coordinate
projections represent the conformational states of
each ligand at individual simulation frames, visual-
ized as nodes, with colors indicating sampling time
according to a gradient scale. The FEL is illustrated
as a Gibbs free energy map. PCA was employed
to characterize the dominant dynamic modes and
structural fluctuations of the ligands, whereas FEL
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A RMSD of ligands fit on Telomerase in simulation B

175

1.50 1.50

1.25 1.25

£ 100 1.00

2 075 0.75
=

£ 0.50 0.50

0.25 0.25

0.00 | 900

0 25 50 75 100 125 150 175 200
Time (ns)

=== Telomerase + BIBR1532 === Telomerase + LTS0233892

Figure 4: RMSD analysis of BIBR1532 and LTS0233892 molecules fit on telomerase in the MD simulation
systems. (A) The RMSD value of each ligand fit on Telomerase over simulation time. (B) The density plot of ligand

RMSD in 200 ns MDS.

A Number of contacts between ligand and Telomerase in simulation g

Average value

701

Contacts
w -3
o o

&
°

w
o

N
o

100 125

Time (ns)

] 25 50 75

=== Telomerase + BIBR1532 === Telomerase + LTS0233892

150 200
[ Telomerase + BIBR1532

[[] Telomerase + LTS0233892

Figure 5: Analysis of the total number of contacts over simulation time between telomerase and ligands -
BIBR1532 and LTS0233892. (A) The number of contacts between telomerase and ligands per simulation time.
(B) The average value of contacts of each ligand with telomerase.

reconstruction provided insights into their thermo-
dynamic stability throughout the simulations. In
the BIBR1532 system, PCA revealed pronounced
fluctuations and distinct conformational transitions
during the first 100 ns of the simulation (Figure 6A).
During the subsequent 100 ns, BIBR1532 exhibited
reduced fluctuations and gradually converged to-
ward a more stable conformational state after ap-
proximately 160 ns (Figure 6B). The FEL analysis of
BIBR1532 further confirmed these observations, dis-
playing two well-defined energy minima that corre-
sponded to separate conformational states sampled
during the simulation (Figure 6C). A prominent en-
ergy basin indicates a thermodynamically favorable
and structurally stable ligand conformation.

The PCA results of the LTS0233892 system exhib-
ited clear structural clustering, which was in stark
contrast to the gradual conformational transitions
observed for BIBR1532 (Figure 7). During the first

100 ns, two primary structural clusters emerged,
including intermediate transition states, with con-
vergence primarily toward a dominant cluster dur-
ing the final 80 ns (Figure 7A). These clusters were
maintained during the 100-200 ns interval, with
transitions observed between the two states (Fig-
ure 7B). Despite these fluctuations, FEL analysis
showed that LTS0233892 remained thermodynami-
cally stable (Figure 7C). The FEL profile exhibited a
single deep energy well, suggesting that LTS0233892
adopted a stable internal energy state through-
out the simulations. These results indicated that
the observed clustering of LTS0233892 conformers
likely stemmed from minor side-chain rearrange-
ments around a conformationally stable core, with-
out substantially impacting its binding interaction

with telomerase.
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Figure 6: PCA and FEL analyses of BIBR1532 in complex with telomerase across MD simulation systems. (A)
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Figure 7: PCA and FEL analyses of LTS0233892 in complex with telomerase across MD simulation systems. (A) PCA
analysis of LTS0233892 from 0 to 100 ns simulation time; (B) PCA analysis in from 100 to 200 ns simulation time;

(C) FEL analysis of LTS0233892.

Binding free energy (BFE) analysis using
MM/GBSA

The interaction affinity of each ligand toward telom-
erase was assessed via MM/GBSA-based free en-
ergy calculations. More negative energy values
correspond to stronger protein-ligand interactions.
The average BFE values calculated over the 200 ns
MDS revealed that LTS0233892, identified from C.
hindsii exhibited stronger binding affinity within
the telomerase pocket compared to BIBR1532 (Fig-
ure 8). The mean BFE values were —20.996 *
6.262 kcal/mol for BIBR1532 and -27.390 + 4.028
kcal/mol for LTS0233892 (Figure 8). The lower BFE of
LTS0233892 indicated a stronger binding tendency
toward telomerase compared to BIBR1532. These
results suggested that LTS0233892 could serve as a
candidate for further investigation as a telomerase
inhibitor. Detailed calculated MM/GBSA values and
their individual energy components were presented
in Table S2 of the Supplementary Information.

To further clarify the specific interactions contribut-
ing to ligand binding, a residue-level BFE decompo-
sition analysis was performed (Figure 9). The anal-
ysis revealed that BIBR1532 primarily interacted

with two positively charged residues, ARG486 and
ARG69, which acted as anchoring points within the
telomerase binding pocket (Figure 9A). However, the
remaining interactions were relatively weak, and
the energy profile of BIBR1532 exhibited noticeable
fluctuations throughout the simulation, suggesting
that the ligand underwent multiple conformational
adjustments before reaching a stable binding pose
(Figure 9B). In contrast, LTS0233892 formed sta-
ble interactions with multiple hydrophobic residues,
including PHE494, ILE497, TRP498, TYR551, and
LEU554 (Figure 9C and 9D). Furthermore, the in-
ternal energy of LTS0233892 remained consistently
negative during the simulations, indicating that the
ligand adopted a persistent and energetically fa-
vorable binding conformation throughout the tra-
jectory (Figure 9C). Overall, the results from BFE
calculations and per-residue decomposition clearly
demonstrated that LTS0233892 formed stronger and
more stable interactions with telomerase than the
BIBR1532 compound.
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DISCUSSION

The expression of telomerase is recognized as a hall-
mark of many cancer types, making it a highly at-
tractive therapeutic target over the past decade>’8.
Telomerase has been widely recognized as an ef-
fective therapeutic target in various cancers, offer-
ing reduced side effects due to its selective target-

ing of cancer cells over normal cells>>¢0,

Despite
these promising findings, no telomerase-targeting
drug has yet been approved by the FDA for broad-
spectrum cancer treatment®'. Therefore, the on-
going search for novel molecules capable of effec-
tively inhibiting telomerase remains of critical im-
portance. From a functional perspective, the biologi-
cal consequences of telomerase inhibition have been
well characterized. Compounds such as BIBR1532
have been shown to induce progressive telomere
shortening, ultimately leading to growth arrest and
cellular senescence in cancer cells®2. Furthermore,
inhibition of telomerase can disrupt telomere in-
tegrity and activate DNA damage response path-
ways, thereby enhancing the sensitivity of cancer
cells to therapeutic interventions®3. These findings
underscore the central role of telomere maintenance
in cancer progression and treatment response“.
The compound BIBR1532 has been developed as a
telomerase inhibitor by tightly binding to key amino
acid residues within its binding motif. However,
certain mutations within the BIBR1532 binding site
of telomerase have been implicated in human dis-
eases®>%. The residues involved in this region are
known to play essential roles in ligand recognition
and stabilization, highlighting their importance as
anchoring sites for the rational design of more ef-
fective inhibitors.

In this context, the interaction of LTS0233892 with
key residues within the active site of telomerase
suggests its potential to elicit similar biological ef-
fects, likely disrupting telomerase function (Fig-
ure 9). LTS0233892 exhibits an interaction pattern
comparable to that of BIBR1532, while maintain-
ing a more distributed interaction network across
the binding pocket. This observation is consistent
with previous studies on telomerase inhibitors and
their derivatives, which indicate that effective inhi-
bition is governed by cooperative interactions with
multiple residues rather than a single dominant con-
tact. Such a distributed interaction pattern stabi-
lizes the ligand within the binding pocket and rein-
forces the overall binding free energy landscape. In
addition, this multi-residue engagement may buffer
the impact of local structural perturbations, thereby

reducing the likelihood of resistance arising from
point mutations®~%°. From a structural perspective,
the chemical features of LTS0233892 further sup-
port its binding efficiency through its ability to form
both hydrogen bonds and hydrophobic interactions
(Table 1), which are known to enhance binding
adaptability within a dynamic protein environment.
These characteristics contribute to the sustained in-
teraction stability observed in our molecular dy-
namics analyses and are consistent with established
structure—-activity relationship studies of telomerase
inhibitors7%71. Specifically, the presence of multiple
stabilizing contacts may promote persistent ligand
anchoring within the binding pocket, thereby min-
imizing conformational fluctuations and maintain-
ing favorable binding conformations over time. This
behavior is further supported by the consistent in-
teraction profiles and energy contributions observed
throughout the simulation trajectory.

Consequently, LTS0233892 demonstrates strong po-
tential to inhibit telomerase activity, likely through
a mechanism that parallels that of BIBR1532 by di-
rectly interfering with the assembly of active en-
zyme subunits’?.  Moreover, LTS0233892 appears
to outperform BIBR1532 by maintaining greater in-
tramolecular stability and distributing its binding
energy more evenly across multiple residues within
the binding pocket (Figure 9). These characteris-
tics are particularly advantageous in cancer therapy,
where sustained and stable inhibition of telomerase
is critical7>7*. Consistent with these observations,
our findings demonstrate that LTS0233892, identi-
fied from C. hindsii, has stronger binding affinity and
stability than BIBR1532, which has not been pre-
viously reported. In addition, LTS0233892 exhibits
predicted pharmacokinetic properties, including sol-
ubility and oral bioavailability, which may sup-
port its suitability for continued study. According
to our investigation using the LOTUS database3®,
LTS0233892 has been reported in both C. hindsii and
Salacia chinensis, a medicinal plant widely used in

traditional medicine”®

. However, despite extensive
screening of natural products, the potential interac-
tion of LTS0233892 with telomerase has not yet been

d3*, and its natural abundance remains un-

describe
clear. Therefore, further studies on its extraction,
quantification, and structural characterization are
needed. Importantly, experimental validation will
be required to confirm its potential effects on telom-
erase activity and to assess its biological relevance.
From a broader biological perspective, beyond its
predicted direct inhibitory effects, telomerase sup-

pression may also trigger a range of downstream

8505



Biomedical Research and Therapy 2026, 13(04): 8495-8510

cellular responses. Telomerase inhibition has been
associated with progressive telomere shortening,
telomere dysfunction, and activation of DNA Dam-
age Response pathways, potentially reflected by
markers such as y-H2AX, p53, and p21, which are
closely linked to cell cycle arrest and cellular senes-

cence 76778,

Beyond its canonical role, the cat-
alytic subunit TERT is known to participate in non-
telomeric functions, including regulation of DNA re-
pair, oxidative stress balance, and transcriptional
programs. Therefore, inhibition of TERT may im-
pair DNA repair capacity, increase reactive oxygen
species (ROS) levels, and disrupt oncogenic signal-

7980 However, the extent to which

ing pathways
these mechanisms are associated with LTS0233892
remains unclear. Further experimental studies are
therefore necessary to elucidate its broader bio-
logical effects, particularly the downstream conse-
quences of telomerase inhibition and their cellular
implications.

Although current computational approaches pro-
vide valuable insights, several limitations should be
acknowledged. While MDS captures atomic-level
motions to a certain extent, it may not fully reflect
the complexity of protein-ligand interactions under
physiological conditions in living systems. In addi-
tion, predicted pharmacokinetic and toxicity profiles
from ADMET models are based on computational
estimations and may not fully account for critical
factors such as metabolism, bioavailability, and off-
target effects, which remain difficult to predict ac-
curately without experimental validation. Further-
more, the present study focuses on a single molec-
ular target, telomerase, whereas cancer progression
is governed by complex, multi-target biological net-
works. Consequently, potential off-target interac-
tions and broader system-level effects of LTS0233892
have not been explored. Therefore, although our
findings provide a useful preliminary framework for
understanding the interaction between LTS0233892
and telomerase, they should be interpreted with
caution. Further experimental studies, including
biochemical assays, cell-based models, and in vivo
investigations, are required to validate the predicted
activity and comprehensively evaluate its therapeu-

tic potential.

CONCLUSION

This study identifies LTS0233892, a compound de-
rived from C. hindsii, as a novel small-molecule in-
hibitor targeting telomerase. Molecular dynamics—
based analyses, including RMSD, PCA, FEL, and

binding free energy calculations, consistently indi-
cated a stronger binding affinity of LTS0233892 com-
pared with BIBR1532. In parallel, pharmacokinetic
and toxicity profiling suggested favorable drug-like
properties and an acceptable safety profile, under-
scoring its potential for further development. This
integrated in silico strategy provides mechanistic in-
sights into the interactions between LTS0233892 and
key residues within the telomerase binding pocket,
supporting its capacity to interfere with enzymatic
function. Nevertheless, these findings remain lim-
ited to computational predictions. The absence of
experimental validation, together with the inherent
approximations of molecular docking and molec-
ular dynamics simulations, warrants careful inter-
pretation. Future studies should therefore priori-
tize biochemical and cellular assays to validate the
telomerase inhibitory activity of LTS0233892, as well
as to elucidate its effects on telomere dynamics,
DNA damage responses, and cancer cell prolifera-
tion. Furthermore, additional work is required to
isolate and quantify this compound from C. hind-
sii, and to evaluate its pharmacological efficacy and
safety in vitro and in vivo. These efforts will be cru-
cial in determining whether LTS0233892 can be ad-
vanced as a viable telomerase-targeted anticancer
agent.
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