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Computer Simulation of Xanthotoxin Interaction with Caspase 3
Chasovskikh N.Yu., Shestakova E.E., Novitsky D.E.

Siberian State Medical University
2 Moskovsky trakt, 634050 Tomsk, Russian Federation

ABSTRACT
Aim. To perform computer modeling and evaluate the interactions between caspase 3 and xanthotoxin.

Materials and methods. The structures of caspase 3 and xanthotoxin were extracted from the PDB protein
database (ID 2J31) and the PubChem chemical compounds and mixtures database (ID 4114), respectively. PyMOL
v. 2.5 was used to prepare the caspase 3 structure for docking, and OpenBabel was used to convert xanthotoxin
to .pdb format. Molecular docking was performed in AutoDock Vina. Molecular dynamics was performed using
GROMACS 2023.3. The CHARMM 36 force field was used to generate the protein topology, and the CHARMM
General Force Field (CGenFF) server was used for the ligand topology. Xmgrace and PyMOL were used to analyze
the results.

Results. Molecular docking of caspase 3 and xanthotoxin resulted in a stable complex with binding energy of -4.83
kcal/mol. The amino acid residues of caspase 3 involved in intermolecular interaction were identified: tyrosine
195 (TYR195), valine 266 (VAL266), lysine 137 (LYS137). The results of the molecular dynamics simulation
confirmed the stability of the complex obtained as a result of docking.

Conclusion. The data obtained indicate the possible role of the studied furocoumarin in the implementation of
programmed cell death and can be used for further experimental studies.
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PE3IOME

].Ie.]]b — OPOBECTH KOMIIBIOTEPHOE MOJACIIMPOBAHUE U OLICHUTDH BSaHMOHeﬁCTBHe KacIta3bl 3 ¢ KCAHTOTOKCHHOM.

Marepuajbl 1 MeToabl. CTPYKTYpHBI Kacmasbl 3 ¥ KCaHTOTOKCHHA M3BJICUEHBI U3 OaHka naHHbIX OenkoB PDB (ID
2J31) n 6a3bl JaHHBIX XUMUYEeCKHX coeauHenuit u cmecerd PubChem (ID 4114) coorBercTBeHHO. 1)1 HOATOTOBKH
CTPYKTYpHI Kacmassl 3 K JokuHry npumensian PyMOL v. 2.5, s koHBepTalu KCaHTOTOKCHHA B (opmat .pdb
ucnons3zoBanu OpenBabel. lokuar npoBoamnu B AutoDock Vina. MonekysipHO-THHAMUYECKOE MOICINPOBAHNE
BBHIMONH:N ¢ ucnonszoBanueM GROMACS 2023.3. Jlns reHepalyy TOMOJIOTHU OeNKa MCIIOJIb30BATIH CHIIOBOE
noae CHARMM 36, s rononoruu nuranga — ceppep CHARMM General Force Field (CGenFF). [l ananuza
pe3yabpTaToB npuMeHsn Xmgrace u PyMOL.
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Pe3yabTaThl. B pe3ynbraTe mpoBeAEHHOr0 MOJIEKYJISPHOTO JOKMHIA Kacnasbl 3 U KCAaHTOTOKCHHA MOJy4YeH CTa-
OMIBHBIN KOMILJICKC C dHEpTHel cBs3bIiBaHUsA —4,83 KKai/MoJib. BhISBICHB aMHHOKHCIOTHBIC OCTATKH Kacmashl 3,
Y4YacTBYIOIIME B MEXMOJIEKYJIIpHOM B3aumoneictsuu: tuposu 195 (TYR195), Banun 266 (VAL266), nu3uH
137 (LYS137). Pe3ynbTaThl NpOBEAEHHON CUMYJISILMU MOJEKYJISPHON AMHAMHMKU MOATBEPAMIM YCTOHUMBOCTD
KOMILIEKCA, ITOJYYeHHOI'0 B pe3yJbTaTe JOKHHIA.

3axumouenne. [lonydeHHbBIC JaHHBIC CBUICTEIBCTBYIOT O BO3MOXKHOU POJTH U3ydaeMoro (ypoKyMapHHa B peain-
3alUK MPOTrPaMMHPYEMOil THOEITH KJIETOK U MOTYT OBITh MCIOJB30BAHbI IS TATGHEWIIMX SKCIIEPUMEHTAIBHBIX
HCCIIEIOBAHUM.

KiroueBbie ciioBa: JOKHUHI', MOJICKYJISIpHAs IWHAMUKaA, Kaclia3a 3, KCAaHTOTOKCHH, aIlOIITO3

KOHq)JIPlKT HHTEPECOB. ABTOpBI JACKIApUPYIOT OTCYTCTBUE SIBHBIX U NOTCHIAAJIBHBIX KOH(l)J'II/IKTOB HHTEPECOB,
CBA3aHHBIX C Hy6J'II/IKaIII/Ieﬁ HaCTOHU.[eﬁ CTaTbHU.

Hcrounuk ¢puHAHCHPOBAHHUA. ABTOPHI 3asBIISIIOT 00 OTCYTCTBHM (\MHAHCHPOBAHUS IIPH NPOBEICHHH HUCCIENO0-
BaHMSI.

s uutupoBanus: Yacosckux H.IO., IllectakoBa E.E., HoBumkuii [.E. KommbloTepHOE MomenupoBaHue
B3aMMOJICHCTBHA KCAaHTOTOKCHHA C Kacma3oit 3. broiemenv cubupckot meouyunvl. 2026;25(2):115-120.
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INTRODUCTION

Socially sensitive diseases, particularly cancer,
are the leading causes of disability and mortality
in Russia. According to the Rosstat data for 2023,
malignant tumors account for 16.4% of all deaths in
Russia [1]. One of the key factors in the development
of'these pathologies is the dysregulation of apoptosis,
which involves the activation or suppression of the
cell death program [2].

Apoptosis is a form of cell death that eliminates
excess or functionally abnormal cells to maintain
tissue homeostasis in the body [3]. The main
pathways that initiate apoptosis are the extrinsic
(death receptor) pathway and the intrinsic
(mitochondrial) pathway. Additionally, there are
granzyme B-dependent, endoplasmic reticulum (ER)
stress, perforin/granzyme, and nuclear apoptosis
pathways. The induction of apoptosis and the
activation of pro-apoptotic proteins trigger a cascade
of caspases [4]. At the first stage of each pathway,
an initiator caspase is activated (caspase 8 in the
extrinsic pathway, caspase 9 in the intrinsic pathway,
and caspase 10 in the perforin — granzyme pathway),
which subsequently activates effector caspase 3.
In the extrinsic (receptor) pathway, following the
binding of a ligand to the corresponding receptor (a
molecule from of the TNFa receptor superfamily) on
the cell surface, a cascade of intracellular reactions
is activated, resulting in the activation of caspases 8
and 10. These caspases then activate caspases 3, 6,
and 7, which facilitate cell death [5].

In the intrinsic (mitochondrial) pathway, in
response to stressors (such as DNA damage or a lack
of growth factors), the mitochondrial protein p53
is activated. In turn, p53 suppresses Bcl-2 and
activates Bax, whose dimeric form activates the
serine protease Ich-1, leading to the induction of
apoptosis and activation of effector caspases [5].
This process ultimately results in the cleavage of
caspase 3, causing DNA fragmentation, degradation
of cytoskeletal and nuclear proteins, formation of
apoptotic bodies, and their subsequent engulfment
by phagocytic cells [4].

Caspase 3 is one of the main effectors of
apoptosis, making molecules that can modify its
activity particularly interesting due to their potential
therapeutic properties. Currently, furocoumarins,
especially xanthotoxin (8-methoxypsoralen), are
actively being studied as such molecules [6-8].
Xanthotoxin exhibits photosensitizing properties and
can induce apoptosis in various tumor cell lines [9,
10]. It is hypothesized that xanthotoxin can activate
caspase 3; however, the exact mechanism remains
unknown [11, 12].

To predict and evaluate interactions between
proteins and molecules with potential therapeutic
properties (including those that can be valuable for
studying apoptosis mechanisms), in silico methods
are currently being used extensively [13, 14].

Given this context, the aim of this study was
to conduct computer simulation and evaluate the
interaction between caspase 3 and xanthotoxin.

116 BlonneteHb cmbupckoint MeguumHbl. 2026; 25 (2): 115-120



Original Articles

MATERIALS AND METHODS

The experimental three-dimensional (3D)
structure of caspase 3 (PDB identifier: 2J31) was
extracted from the Protein Data Bank (PDB)
[15]. The 3D structure of xanthotoxin (PubChem
identifier: 4114) was retrieved from the PubChem
Substance and Compound database [16].

The 3D structure of caspase 3 was cleaned of all
water molecules and ligands, analyzed, and prepared
for further simulation using PyMOL v. 2.5 [17].

The 3D structure of xanthotoxin from the
PubChem database was retrieved in .sdf format and
converted to .pdb format for molecular docking
using the OpenBabel converter [18].

AutoDock Vina [19] was used to conduct the
molecular docking of caspase 3 and xanthotoxin.
AutoDock Vina employs an empirical and
knowledge-based function to predict the binding
affinity of compounds [19]. The dimensions of the
calculation grid for caspase 3 were set to 25 x 25 x
25 A, centered at the coordinates (31.0, 21.0, 55.0).

Molecular dynamics (MD) simulation of the
caspase — xanthotoxin complex was performed using
GROMACS 2023.3 [20]. The protein topology
was generated using the CHARMM36 force field,
while the ligand topology was created using the
CHARMM General Force Field (CGenFF) server
[21]. The complex was solvated in a cubic box
with a dimension of 1.0 nanometer (nm) using the
TIP3P water model, and neutralization was achieved
with CI” ions. Energy minimization was conducted
using the steepest descent method [22]. Equilibrium
state simulations lasting 100 picoseconds (ps) were
carried out using NVT (canonical ensemble, where
N is the number of particles, V is the volume, and T
is the temperature) and NPT (isothermal — isobaric
ensemble, where N is the number of particles, P is
the pressure, and T is the temperature) ensembles.
The parameters for these ensembles were optimized
for a temperature of 300 K and a pressure of 1 bar.
The main phase of MD simulation was conducted
over 50 nanoseconds (ns) with a time step of
2 femtoseconds (fs). The Xmgrace software was
used to generate graphs illustrating the simulation
results [23].

For further analysis of the obtained results, we
evaluated the root mean square deviation (RMSD),
root mean square fluctuation (RMSF), and radius of
gyration (Rg) [24].

RESULTS AND DISCUSSION

Molecular docking of caspase 3 and xanthotoxin
resulted in the most stable complex with a binding
energy of —4.83 kcal/mol. The residues involved
in intermolecular interaction were identified:
tyrosine 195 (TYR195), valine 266 (VAL266), and
lysine 137 (LYS137) (Fig. 1).

The obtained complex is stabilized due to several
types of interactions: n-stacking (or z-7 interactions)
between the ligand and TYRI195, mw-cation
interactions between the ligand and VAL266, and
hydrophobic interactions between the ligand and
both TYR195 and VAL266. n-stacking refers to the
non-covalent interaction between aromatic systems
(benzene rings) that occurs due to the overlap of their
n-electron clouds. m-cation interactions represent a
non-covalent bond between an aromatic system and
a positively charged amino group of the protein.
Hydrophobic interactions are characterized by the
tendency of non-polar molecules to cluster together
in an aqueous environment to minimize the contact
area of their non-polar surfaces with water.

TY VALERE6

Fig. 1. This figure illustrates the amino acids of caspase 3

that are involved in interactions with xanthotoxin. Dashed

lines indicate the following types of interactions: gray dashed

lines represent hydrophobic interactions, green dashed lines

indicate m-stacking, and orange dashed lines denote m-cation
interactions

Subsequently, MD simulations were conducted,
and their characteristics are described below.

RMSD is a commonly used metric for assessing
the stability and conformational changes of a protein
or protein — ligand complex during MD simulations.
Constant RMSD values throughout the simulation
process indicate that the initial conformation and
structural stability of the system are maintained [25].
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In our case, there was a sharp increase in RMSD
during the first 10 ns, followed by values remaining
within the range of 0.2-0.3 nm from 10 to 40 ns,
indicating structural stability (Fig. 2).
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Fig. 2. The root mean square deviation of caspase 3 in complex
with xanthotoxin

The RMSF metric is used to evaluate the mobility
of amino acid residues in a protein and specific
regions of the polypeptide chain. For the caspase 3
and xanthotoxin complex, the maximum RMSF
value of 1.0 nm was observed in the first 30 residues,
indicating high mobility in this region (Fig. 3).
Beyond this point, RMSF values remained at around
0.05-0.15 nm, suggesting stability among these
residues and indicating the presence of secondary
structural elements of the protein (o-helices and
B-sheets) in this zone. Peaks of approximately 0.3 nm
were noted in the regions of amino acid residues
160-190, 200220, and 250-270, indicating flexible
loops.
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Fig. 3. Root mean square fluctuation (RMSF) of caspase 3

The radius of gyration is used to assess the
compactness of the protein — ligand complex during
simulation. A loss of compactness can impact
the stability of the complex by introducing weak
intermolecular interactions.

According to the findings, the radius of gyration
ranged from 1.78 to 1.83 nm, indicating stability and
compactness of the structure (Fig. 4). During the first
10 ns, the protein adopted a stable, compact form;
the radius of gyration fluctuated between 1.74 and
1.78 nm without significant variations.
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Fig. 4. Radius of gyration (Rg)

The findings suggest that a stable xanthotoxin —
caspase 3 complex can form. It can be hypothesized
that this interaction may alter the activity of caspase 3,
which is involved in programmed cell death processes.

Experimental data indicate that programmed cell
death in tumor cells is associated with the activation
of caspase 3 in the presence of xanthotoxin.
Caspase 3 is essential for transmitting apoptotic
signals following exposure to DNA-damaging agents
[26]. A study by G. Viola et al. shows that caspase 3
is activated after irradiation in the presence of
xanthotoxin [12]. Additionally, apoptosis induction
was noted in HepG?2 cell line (a liver cancer cell line)
after treatment with xanthotoxin [11]. However, the
molecular mechanisms underlying this phenomenon
remain unexplored.

CONCLUSION

The computer simulation of the interaction
between caspase 3 and xanthotoxin, conducted
through molecular docking followed by verification
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using molecular dynamics demonstrated the
presence of a stable intermolecular interaction.
The resulting complex features a binding energy of
-4.83 kcal/mol and several types of chemical bonds:
n-stacking and m-m interactions between the ligand
and TYRI195, m-cation interactions between the
ligand and VAL266, and hydrophobic interactions
between the ligand and both TYR195 and VAL266.
The results of molecular dynamics simulation
confirmed the stability of the complex obtained
from docking.

Thus, the findings of this study suggest that
xanthotoxin has the potential to interact with
caspase 3, forming a stable complex. These data
indicate a possible role of the studied furocoumarin
in the process of programmed cell death. Further
experimental studies are necessary to validate the
results of the computer simulation.
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