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Abstract

Nuclear receptor binding set domain protein 2 (NSD2) plays a key role in chromatin regulation and is associated with
different cancers and other developmental problems. Berries are rich in major secondary metabolites with anticancer
properties. Here, we virtually screened 145 berry phytochemicals as putative NSD2 inhibitors via structure-based virtual
screening, molecular docking, MD simulations, and DFT and ADMET analyses. Among them, a-carotene had the
maximum docking score of ¡9.9 kcal/mol, followed by sulfuretin and b-amyrin. MD simulation analysis revealed that
the dynamic behavior of the ligand‒NSD2 complexes was within the limit, indicating no significant changes in the
structural integrity of the ligand upon interaction with the receptor. DFT studies have indicated that a-carotene is the
most stable and reactive molecule, followed by sulfuretin and b-amyrin. These molecules respect the minimum criterif
Lipinski's rule with acceptable ADMET profiles. These data suggest that these phytochemicals may play a role in the
inhibition of the NSD2 protein and associated cancers. The selected phytochemicals a-carotene, sulfuretin and b-amyrin
are abundant in Berberis vulgaris (barberry), Sambucus nigra (elder berry), and Morus alba (white mulberry). Berberis
vulgaris, Sambucus nigra, and Morus alba have shown efficient anticancer properties. Therefore, establishing these
phytoconstituents via in vitro and in vivo experiments could be beneficial for humankind.
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1. Introduction

T he incidence of multiple types of cancer is
increasing rapidly, and resistance to therapies

makes findings inhibitors challenging. Many re-
ceptors, such as KRAS [1] and NSD, are targeted for
inhibitory activities. Nuclear receptor binding set

domain protein 2 (NSD2), also known as WHSC1/
MMSET, is a gene belonging to the family of histone
3 lysine 36 (H3k36) methyltransferases [2]. The NSD
family (NSD1, NSD2, and NSD3) plays an important
role in chromatin regulation and has been impli-
cated in developmental syndromes and numerous
cancers [3]. NSD2 encodes a protein with several
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important domains, such as the proline-tryptophan-
tryptophan-proline (PWWP), plant homeodomain
(PHD), and methyltransferase domains [4]. PWWP1
and PWWP2 are two subtypes with the ability to
bind both DNA and histones. The NSD2 protein is
located on chromosome 4p16 and regulates chro-
matin through H3K36 and H4K20 methylation,
which also promotes the metastatic behavior of
prostate cancer [5]. Although the underlying regu-
latory mechanism is still unknown, its in vitro sub-
strate specificity has been expanded to include
H3K4, H3K9, H3K27, H3K36, H3K79, and H4K20.
The overexpression of NSD2 causes cell division
and changes how gene expression levels are regu-
lated. Abnormal expression of NSD2 is associated
with epithelialemesenchymal transition, cancer cell
metastasis and multiple myeloma due to recurrent
(4; 14) chromosomal translocation. Studies have
shown the direct connection of NSD2 with lung
adenocarcinoma (LUAD) and blood cancer. An
NSD2 variant [NSD2.pGlu1099Lys (p.E1099K) pre-
viously unknown] was identified in a non-
translocated acute lymphoblastic leukemia (ALL)
cell line that shares chromatin. NSD2 interacts with
b-catenin, GTPase-activating protein 1 (IQGAP1),
TIAM Rac1-linked GEF 1, and GTPase-activating
protein 1 (TIAM1). IQGAP1 and TIAM1 are two
functionally interacting proteins [6]. Misexpression
of the variant induced a chromatin characteristic of
NSD2 hyperactivation and promoted trans-
formation. The overexpression of NSD2 is associ-
ated with 15 different cancer types [7]. The
inhibition of NSD2 affects apoptosis and inhibits cell
proliferation. Some natural sources have inhibited
the effects of sinefungin on NSD2. Sinefungin is an
adenosyl derivative of ornithine with antifungal and
antimicrobial properties. This natural nucleoside
is located in Streptomyces and is related to S-
adenosylmethionine. Other NSD2 inhibitors include
SCHEMBL22981317 (PubChem CID 156069450), and
CHEMBL5186268 (PubChem CID 164517136) with
IC50 values of 0.0055 mM, and 0.11 mM, respectively.
Another virtually screened NSD2 inhibitor 7-(5-
methyl-3-(2-methyl-5-(piperidin-1-ylmethyl)phenyl)
isoxazol-4-yl)-2H-benzo[b] [1,4]oxazin-3(4H)-one
has shown good potent activity [8,9]. The use of new
NSD2 inhibitors from natural sources is highly
promising. Many studies have reported the re-
lationships between natural sources and health
benefits. Virtual screening is the process of identi-
fying suitable chemical structures from the mining of
chemical libraries. 9-[2-(4-bromophenoxy)ethyl]-9H-
purin-6-amine showed potent NSD2 inhibition.
Berries from small shrubs and large trees contain
several secondary metabolites that positively impact

human health. Berries contain flavonoids, terpe-
noids, phenol glycosides, vitamins, and antioxidants
in all parts of the plant, whereas some contain these
compounds only in particular parts, such as fruits,
seeds, and leaves [10]. Bioactive compounds from
berries are reported to have positive anti-inflam-
matory and antioxidant effects [11]. The primary
components of the health benefits of these berries
are thought to be flavonoids and phenolics, which
are notable for their ability to prevent cardiovascular
diseases, lower inflammation, enhance immune
system performance, improve neurological function,
and provide resistance against oxidative stress [12].
In this work, we computationally established the role
of phytoconstituents of berries against NSD2 by
computational methods such as molecular docking,
MD simulation, DFT and ADMET analysis. The
experimental framework of the current work is
illustrated in Fig. S1 (https://kijoms.uokerbala.edu.
iq/cgi/editor.cgi?article¼3391&window¼additional_
files&context¼home).

2. Materials and methods

2.1. Protein system preparation

The crystal structure of the histone-lysine N-
methyltransferase PWWP1 domain of the NSD2
protein (PDB ID: 6UE6) in complex with MR837 was
procured from the RCSB protein data bank (www.
rcsb.org). The resolution of the receptor was 2.40.
A Ramachandran plot of the NSD2 protein
confirmed that 113 amino acid residues (97.4%) and
03 amino acid residues (2.6%) are under the most
favored and additional allowed regions, respectively
[13,14]. The RMSD value of the Ca of the NSD2
protein lies within 2. In the structure, 24.05% and
18% of the regions were helix and strand, respec-
tively. There was no overlap between the helix and
strands. Drug discovery Studio Visualizer was used
to determine the key residues within the active sites.
The latter results revealed that the reference co
crystalized molecules interact with ALA 54 by
hydrogen bonding interactions; VAL 14, TYR 17,
TRP 20, PHE 50, and ALA 58 via hydrophobic in-
teractions; and PHE 51, GLY 52, ASP 53, PRO 55,
GLU 56, LEU 102, and GLN 105 by van der Waals
interactions (Fig S2). These residues were used to
determine the grid-box dimensions for the molec-
ular docking procedures.

2.2. Preparation of ligand molecules

An in-house chemical library of 145 key phyto-
chemicals from berries was generated through
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an extensive literature search. Then, Avogadro
software (Table S1) (https://kijoms.uokerbala.edu.
iq/cgi/editor.cgi?article¼3391&window¼additional_
files&context¼home) was used to develop all the
phytochemicals, MR837, and the standard Lem-14
[15]. The MMFF94 force field and steepest descent
techniques were used to optimize the molecules
[16].

2.3. Molecular docking parameters of the molecules
interacting with the receptors

The ligand and receptor molecules were subjected
to Gasteiger charges and then saved in PDBQT
format [17]. The Lamarckian genetic method was
used to identify the best ligand binding site inside
each protein [18]. BioVIA Discovery Studio Visual-
izer 4.5 was utilized to visually represent and
examine the docking data. Center_x ¼ 36.697,
center_y ¼ 66.518, and center_z ¼ 101.463 were the
grid box dimensions for the NSD2 receptor, with
exhaustiveness ¼ 8.

2.4. Molecular dynamic (MD) simulations

The structural and dynamic changes in a ligand
and protein complex can be efficiently determined
via molecular dynamic simulation [19,20]. This
work examined the thermodynamic properties of
the ligandereceptor combination using Schro-
dinger's Desmond program (Schrodinger Release
2019-4: Desmond). In this process, missing loops
and missing side chains are added to the protein-
ligand complex, followed by the deletion of water
molecules [21]. At pH 7.0, all the hydrogen bonds
were assigned within the complex. The OPLS2005
force field was used for the energy minimization
process [22]. The receptoreligand complex was
solvated in a cubic box with a buffer size of 10 Å and
a periodic boundary condition to an infinite system
via the explicit three-point (TIP3) water mo-
del. Table S2 (https://kijoms.uokerbala.edu.iq/cgi/
editor.cgi?article¼3391&window¼additional_files&
context¼home) displays the total quantity of water
molecules and counterions utilized in the neutrali-
zation of the drug-receptor complex. Using the
OPLS-2005 force field, energy minimization of the
complicated system was achieved by the steepest
descent approach. All the molecular dynamics
(MD) simulations were performed with Schro-
dinger's Desmond software, with the OPLS-2005
force field. All systems were minimized using the
steepest descent algorithm and then subjected to a
10 ps NVT equilibration, a 100 ps NPT equilibra-
tion, and a 100 ns NPT production run. A leapfrog

integrator with a 2-fs time step was used
throughout. Using the M-SHAKE technique, the
bond lengths of every hydrogen atom were con-
strained. The RMSD and RMSF graphs were sub-
sequently processed and the amino acid variations
of the receptor following its interaction with the
ligand molecules were computed. Contact calcula-
tions were also performed for protein-ligand
interactions.

2.5. Frontier molecular orbital (FMO) analysis

The electronic characteristics of a-carotene, b-
amyrin, and sulfuretin were estimated using Beck's
(B) three-parameter hybrid model and Lee, Yang,
and Parr's (LYP) correlation functional with the
B3LYP/6-31G (d,p) basis set [23]. A bonding orbital
is denoted by the acronym HOMO, which repre-
sents the highest occupied molecular orbital.
LUMO, on the other hand, stands for the lowest
unoccupied molecular orbital, and it describes or-
bitals that are opposed to bonding [24,25]. The en-
ergies of all bonding orbitals are negative, and the
energies of all antibonding orbitals are positive. This
is due to the definition of zero energy as a
nonbonded state, wherein antibonding orbitals have
a greater energy than zero and bonding orbitals
have a lower energy than zero. Most nonbonding
orbitals have energies that are zero or very close to
zero. An electron acceptor is the leading empty
innermost orbital (LUMO) that is not occupied by
electrons [26]. Here, we used GAMESS software to
conduct an FMO analysis, and WxMacMolPlt
(version 7.7.3) was used to show the results [27]. The
global chemical reactivity was calculated via anal-
ysis of the molecular orbital characteristics using the
following equations.
Gap (DԐ) ¼ 3LUMO� 3HOMO; h ¼ ½3LUMO�3HOMO�

2 ;
S ¼ 1

h; m ¼ ½3LUMOþ3HOMO�
2 ; c ¼ � ½3LUMOþ3HOMO�

2 ; u ¼ m2
2h

where, chemical potential (m), electronegativity (c)
and electrophilicity (u) are related to the HOMO
and LUMO energies (3). hardness (h), and softness
(S).

2.6. Molecular electrostatic potential (MEP)
investigation

MEP map analysis is a potent technique for
comprehending the electronic characteristics of
molecules and forecasting their biological and
chemical activities [28]. The various colors of the
electrostatic potential represent various values. As
the assault zone moves through the colors blue,
green, yellow, orange, and red, its potentiality
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diminishes [29]. The red zone denotes the largest
negative region, where electrophiles can attack
quickly, and the blue zone denotes the entire posi-
tive area, which is appropriate for nucleophilic
attack. Additionally, the green hue indicates that
there are no possible zones. The MEPs of b-amyrin,
sulfuretin, and a-carotene were calculated at the
B3LYP/6-31G(d,p) level of theory using the
GAMESS software (version R2 released on June 30,
2024).

2.7. Calculation of drug likelihood

ADMET data of the phytoconstituents were
calculated using Swiss ADME (www.swissadme.ch/
index.php accessed on 30 May 2024) and Osiris
version 2.9.1, respectively [30,31].

3. Results and discussion

3.1. Molecular docking of phytoconstituents from
berries with the NSD2 protein

A total of 145 phytoconstituents from different
species of berries were screened for the NSD2 pro-
tein. Compared with the standard synthetic het-
erocyclic compounds Lem-14 (Dock score:
�9.9 kcal/mol), a-carotene, sulfuretin and b-amyrin
presented the highest docking scores of �9.9 kcal/
mol, �9.4 kcal/mol, and �9.3 kcal/mol, respectively,
and achieved the top three ranks among all docked
molecules (Table S3) (https://kijoms.uokerbala.edu.
iq/cgi/editor.cgi?article¼3391&window¼additional_
files&context¼home) [32,33]. Our molecular dock-
ing focused on targeting the drug-compatible
NSD2-PWWP1 domain [34].
The key residues lining the active site of the NSD2

protein include PHE51, GLY52, ASP53, LEU102,
GLN105, ALA54, VAL14, TYR17, TRP20, PHE50, and
ALA58. The latter is a known inhibitor of NSD2
with an IC50 of 132 mM [35]. The molecular docking
data for all the bioactive molecules are shown
in Table S4 (https://kijoms.uokerbala.edu.iq/cgi/
editor.cgi?article¼3391&window¼additional_files&
context¼home). Interaction analysis between these
molecules and NSD2 revealed that a-carotene
interacted with several residues within the cavity of
the active site, such as LEU102c, LYS101, ALA58,
PHE50, TYR17, VAL14, TRP20 and ALA54 by hy-
drophobic interactions (Fig. 1A). b-Amyrin interacts
with a network of residues, such as TYR 17, TRP 20,
PHE 50, ALA 54, LEU 102, and VAL14, by hydro-
phobic interactions (Fig. 1B). Sulfuretin interacts
with key amino acids within the active pocket, such
as ALA 54 (distance:2.58) and PHE 51 (distance:6.43)

by hydrogen bonding interactions and VAL 14, TRP
20, PHE 50, and ALA58 by hydrophobic interactions
(Fig. 2A). Lem-14, the reference, interacted with TRP
59 (distance: 4.57) by hydrogen bonding in-
teractions; VAL 14, TYR 17, PHE 50, and TRP 20,
by hydrophobic interactions (Fig. 2B). According
to the Ramachandran plot, VAL14, TYR17, TRP20,
PHE51, ASP53, TRP20, PHE50, and ALA58
amino acid residues are in the most favored region
(Fig. S1) (https://kijoms.uokerbala.edu.iq/cgi/editor.
cgi?article¼3391&window¼additional_files&context
¼home). Among all the considered phytocon-
stituents, a-carotene, b-amyrin, and sulfuretin had
relatively high binding capacities with respect to the
reference Lem-14 according to sequential compu-
tational processes. The common amino acid resi-
dues of a-carotene, b-amyrin, and sulfuretin were
LEU102, ALA54, TRP20, VAL14, TYR17, PHE50,
ALA58; TYR17, PHE50, TRP20, ALA54, LEU102,
VAL14; and ALA58, PHE50, ALA54, TRP20, VAL14,
respectively. These molecules fit well into the
docking active sites of the target protein. a-Carotene
can be found naturally in Corbicula sandai and Alhagi
persarum. This compound is a type of carotenoid that
is known to possess anticancer activity [36]. Sulfur-
etin, on the other hand, is a natural product found in
Passiflora sexflora, Astragalus microcephalus, and Rhus
verniciflua. By activating Fas, Caspase-8, and the
mitochondrial death pathway, sulfuretin was
discovered to trigger apoptosis as a potent cytotoxic
agent. Additionally, sulfuretin contributes to pre-
venting cancer cell invasion by blocking NF-kB and
downregulating the expression of MMP-9 [37]. b-
Amyrin is a triterpenoid with multiple pharmaco-
logical effects. It is obtained naturally from Sambucus
chinensis and Camellia sinensis. It was shown to exert
its cytotoxic action by inducing cell apoptosis and
G2/M cycle arrest in a dose-dependent manner. In
addition, b-amyrin may stimulate the JNK and p38
signaling pathways [38].

3.2. Molecular dynamics simulation data

MD simulations describe various parameters,
such as the RMSD, RMSF and residue contact
analysis, related to drug-receptor interactions. In
the case of a-carotene, this ligand was less stable
during the simulation because the ligand RMSD
was near 8.0 Å (Fig. 3A). The protein structure was
almost stable because its RMSD was within 5.0 Å.
During the simulation, the protein and ligand
intermingled at approximately 10 ns, 40 ns, 80 ns
and 90 ns. The RMSD of the apoenzyme was nearly
2.5 Å, with very few fluctuations during simulation
(Fig. 3B). The protein RMSF plot suggested that
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some residues exceeded 3.0 Å near 100 residues
(Fig. 3C). The green bars near residues 25, 30, 60,
and 100 confirmed that at these points, the protein
interacted with the ligand molecules. During the
simulation, mainly hydrophobic interactions were
observed with VAL 14, TYR 17, TRP 20, PRO 28,

LEU 29, PHE 50, ALA 58, TRP 59, ILE 60, PHE 61,
and LEU 102 (Fig. 3DeF). In the case of a-carotene,
the RMSD of the apoenzyme reached a static value
throughout the analysis without any observable
fluctuations, but when a-carotene interacted with
the receptor, it disrupted the structural integrity of

Fig. 1. Molecular docking mechanism of the interactions of alpha carotene and sulfuretin.
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the protein. PHE 50 and TRP 20 showed maximum
contacts of a-carotene with the 6UE6 receptor. In
the case of a-carotene, VAL 14, TYR 17, TRP 20, and
PHE 50 make strong connections with the receptor
within a 4.5 Å distance. Throughout the simulation,
a total of 40 atoms of a-carotene were almost stable
[39]. Compared with the RMSD of the apoenzyme
shown in Fig. 4A, the RMSD of b-amyrin was stable
during the simulation, as the ligand RMSD was

near 4.0 Å with respect to the RMSD plot for the
apoenzyme shown in Fig. 3B. Furthermore, the
protein structure was stable because its RMSD was
within 4.0 Å. During the simulation, the protein and
ligand were intermingled throughout the process.
In the case of protein RMSF, some residues were
within 3.5 Å throughout the simulation time
(Fig. 4B). The green bars near residue numbers
(10e20), (50e60), and 100 confirmed that at these

Fig. 2. Molecular docking mechanism of the interactions of Beta amyrin and Lem-14.
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points, the protein interacted with the ligand
molecule. The protein-ligand interactions during
the simulation period occurred mostly through
hydrophobic interactions, water bridges and
hydrogen bonding. VAL 14, TYR 17, TRP 20, PHE
50, ALA 58, TRP 59, ILE 60, and LEU 102 interact
with b-amyrin via hydrophobic interactions. LYS

13, SER 15, GLU 56, ARG 57, and TRP 59 interact
with b-amyrin via water bridges. TRP 59 interacted
with b-amyrin via hydrogen bonding. In the overall
interactions, TYR 17, TRP 20 and PHE 50 were the
most interactive amino acids during the simulation
(Fig. 4CeE). In the case of b-amyrin, TYR 17, TRP
20, and PHE 50 are responsible for the most

Fig. 3. MD simulation data of a-carotene interacting with the NSD2 protein (PDB ID: 6UE6). (A) NSD2-alpha-carotene complex RMSD. (B) RMSD
of the NSD2 apoenzyme. (C) RMSF of the a-carotene complex. (D) Types of interactions in the NSD2-a-carotene complex. Analysis of the (E)
timeline and (F) number of NSD2-a-carotene complex contacts.
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favorable interactions with the receptor within a
4.5 Å distance. Among the 31 atoms of b-amyrin,
atoms 4 and 19 presented maximum RMS

fluctuations near 3.0 Å. Sulfuretin was less stable
during the simulation, as shown by the ligand
RMSD values, which almost reached 8.0 Å (Fig. 5A)

Fig. 4. MD simulation data of the interaction of b-amyrin with the NSD2 protein (PDB ID: 6UE6). (A) NSD2-b-amyrin complex RMSD. (B) RMSF
of the b-amyrin complex. (C) Types of interactions in the NSD2-b-amyrin complex. Analysis of the (D) timeline and (E) number of NSD2-b-amyrin
complex contacts.
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with respect to the RMSD plot for the apoenzyme
shown in Fig. 3B. During the simulation, the protein
and ligand intermingled throughout the process
except at approximately 60 ns. The protein RMSF
indicated that some residues were below 4.0 Å
throughout the simulation time (Fig. 5B). The green
bars near residue numbers (10e20), (50e60), and

100 confirmed that, at these points, the protein
interacted with sulfuretin. The protein-ligand in-
teractions during the simulation were via hydro-
phobic, water bridge and hydrogen bond
interactions [40]. SER 12, SER 15, PRO 18, and TRP
20 interact with sulfuretin with hydrophobic in-
teractions. ASP 53, ALA 54, PRO 55, and GLU 56

Fig. 5. MD simulation data of the interaction of sulfuretin with the NSD2 protein (PDB ID: 6UE6). (A) NSD2-sulfuretin complex RMSD.(B) RMSF of
the sulfuretin complex. (C) Types of interactions in the NSD2-sulfuretin complex. Analysis of the (D) timeline and (E) number of NSD2-Sulphuretin
complex contacts.
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interact with sulfuretin through water bridges. PHE
50 interacted with sulfuretin by hydrogen bonding.
In the overall interactions, sulfuretin interacted
with the protein via VAL 14, TRP 20, and PHE 50
using hydrophobic interactions; terminal catechol
hydroxyl groups interacted with ASP 53 via nega-
tive charge interactions. TYR 17, TRP 20 and PHE 50
were the most interactive amino acids during the
simulation (Fig. 5CeE). Remarkably, dynamic
analysis of Lem-14 revealed less stable behavior
during the simulation, as the ligand RMSD value
was near 7.5 Å. In the case of sulfuretin, the RMSD
of the apoenzyme reached a static value throughout
the analysis without any observable fluctuations,
but the interaction of sulfuretin with the receptor
disrupted the structural integrity. PHE 50 and
ASP53 showed maximum contacts of sulfuretin
with the 6UE6 receptor. In the case of sulfuretin,
ASP 53 and PHE 50 are responsible for the most
favorable interactions with the receptor. In contrast,
the RMSD of the ligandeprotein complex was more
stable, with an average RMSD within 4.2 Å (Fig. 6A)
with respect to the RMSD plot for the apoenzyme
shown in Fig. 3B. The latter suggested that the
protein could shift to a more stable conformation as
a result of Lem-14 binding. During the simulation,
the protein and ligand intermingled throughout the
process except at approximately (0e60) ns and
(80e100) ns. The protein RMSF revealed that resi-
dues fluctuated below 4.8 Å throughout the simu-
lation time (Fig. 6B). The green bars near residues
10e20, 50e60, 80, and 100 confirmed that at these
residues, the protein interacted with the standard
Lem-14. The protein-ligand interactions included
multiple hydrophobic, water bridge and hydrogen
bond interactions during the simulation. Lem-14
interacts with protein residues, including LYS 13,
GLY 16, PRO 18, and HIS 47, via hydrophobic in-
teractions. Additionally, it formed water‒salt
bridges with SER 12, VAL 14, TYR 17, LYS 37, PHE
50, ALA 58, ILE 60, PHE 61, and GLN 105. This
ligand was also involved in key hydrogen bonding
with GLY 16 and ALA 58 (Fig. 6CeE). Similarly, the
interactions of Lem-14 with the protein via VAL 14,
PRO 18, TRP 20, PHE 50, and PHE 61 are the most
interactive amino acids during simulation. The
RMSD value reflects the point of interaction be-
tween the drug and the receptor. The steady RMSD
value reflects the perfect coordination between the
drug and the receptor [41]. The structural integrity
was not significantly hampered by the RMS
changes. There is a clear correlation between
structural stability and the radius of gyration. ASP
53 interacted with the catechol hydroxyl group via
negative charge interactions; ARG 57 interacted

with the terminal hydroxyl group via positive
charge interactions; PHE 50 interacted with sulfur-
etin via p-p interactions; and VAL 14 and TRP 20
interacted with the ligand molecule via hydropho-
bic interactions. Among the 20 atoms of sulfuretin,
atom 16 has maximum RMS fluctuations below
1.5 Å [42]. The MD simulation parameters of a-
carotene, b-amyrin, and sulfuretin in complex with
NSD2 are within the limit, which highlights the
good structural integrity of the ligand molecules
upon interaction with the receptor.

3.3. FMO analysis data

FMO analysis of a-carotene, b-amyrin, and sul-
furetin revealed corresponding HOMO orbital en-
ergy (eV) values of �4.59, �6.14, and �5.74,
respectively. For a-carotene, b-amyrin, and sulfur-
etin, the corresponding LUMO orbital energy (eV)
values were �2.23, 0.571, and �2.17, respectively.
The energy gap between the HOMO and LUMO
orbitals reveals the chemical strength and reactivity
of a molecule. By taking into account the B3LYP/6-
31G(d,p) basis sets, the least energy gap between the
HOMO and LUMO orbitals was shown by a-caro-
tene (2.36 eV), followed by sulfuretin (3.57 eV) and
b-amylase (6.71 eV) (Table S5 and Fig. S3) (https://
kijoms.uokerbala.edu.iq/cgi/editor.cgi?article¼3391
&window¼additional_files&context¼home). The
HOMO and LUMO orbitals of a-carotene are situ-
ated on the 3,7,12,16-tetramethyl octadeca �1,3,5,
7,9,11,13,15,17- nonaromatic group (linker part of
both terminal phenyl groups) [43]. The HOMO and
LUMO orbitals of b-amyrin are focused on
3,3,7,8,8a,10a-hexamethyl -8-propyl-1,2,3,4,4a,6,7,8,
8a,9,10,10a-dodecahydrophenanthrene groups. In
the case of sulfuretin, the HOMO and LUMO or-
bitals focus on the (E)-2-(3,4-dihydroxybenzylidene)
benzofuran-3(2H)-one group. FMO analysis
revealed that the compounds were more stable and
reactive in the order of a-carotene > sulfuretin>b-
amyrin. Sulfuretin and a-carotene had the highest
electronegativity and electrophilicity, respectively.
Sulfuretin and a-carotene were shown to be the
most reactive compounds. Chemical hardness is
closely related to the chemical reactivity and kinetic
stability of a molecule [44].

3.4. Molecular electrostatic potential (MEP) data

The various colors of the electrostatic potential
correspond to different values. The attack zone's
potential decreases in the following order: blue,
green, yellow, orange, and red. The entire positive
area is shown in blue, which is appropriate for
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nucleophilic attack, and the maximal negative area
is shown in red, where electrophiles can strike
swiftly [45]. Furthermore, there are no possible
zones shown in green. The contour MEP map of a-
carotene revealed that the total molecule was green
to yellow, which confirmed that there were no po-
tential areas of electrophilic-nucleophilic attack. In
the case of b-amyrin, the maximum structure is
covered by a neutral green contour zone, but only

the hydroxyl group is shaded with a red-colored
zone where an electrophilic attack might occur
[46,47]. In the case of sulfuretin, the maximum
structure is covered by a neutral green contour
zone, and the oxygen atoms present in the struc-
ture are shaded in red, where electrophilic attack
might occur (Fig. S4) (https://kijoms.uokerbala.edu.
iq/cgi/editor.cgi?article¼3391&window¼additional
_files&context¼home) [48,49].

Fig. 6. MD simulation data of Lem-14 interacting with the NSD2 protein (PDB ID: 6UE6). (A) NSD2-Lem-14 complex RMSD. (B) RMSF of the Lem-
14 complex. (C) Types of interactions in the NSD2-Lem-14 complex. Analysis of the (D) timeline and (E) number of NSD2-Lem-14 complex contacts.

S. Saha et al. / Karbala International Journal of Modern Science 11 (2025) 129e143 139

https://kijoms.uokerbala.edu.iq/cgi/editor.cgi?article=3391&window=additional_files&context=home
https://kijoms.uokerbala.edu.iq/cgi/editor.cgi?article=3391&window=additional_files&context=home
https://kijoms.uokerbala.edu.iq/cgi/editor.cgi?article=3391&window=additional_files&context=home
https://kijoms.uokerbala.edu.iq/cgi/editor.cgi?article=3391&window=additional_files&context=home
https://kijoms.uokerbala.edu.iq/cgi/editor.cgi?article=3391&window=additional_files&context=home
https://kijoms.uokerbala.edu.iq/cgi/editor.cgi?article=3391&window=additional_files&context=home
https://kijoms.uokerbala.edu.iq/cgi/editor.cgi?article=3391&window=additional_files&context=home
https://kijoms.uokerbala.edu.iq/cgi/editor.cgi?article=3391&window=additional_files&context=home


3.5. SAR of a-carotene, b-amyrin, and sulfuretin

Alpha-carotene is a carotenoid whose structure is
very similar to that of vitamin A. The LogP value of
alpha carotene is 13.6 without any hydrogen bond
acceptor or donor groups. The nine double bonds
present in alpha carotene are responsible for
hydrophobic interactions, especially piepi in-
teractions. The pentacyclic triterpenoid beta-
amyrin is oleanane with a double bond between
positions 12 and 13 and a hydroxy group
substituting the 3b position. The LogP value of
beta-amyrin is 9.2, with 1 hydrogen bond acceptor
and 1 donor group. The beta-amyrin structure
consists of one hydroxyl group responsible for
drugereceptor interactions, and the oleanane
structure is associated with hydrophobic in-
teractions. Sulfuretin is a benzofuran-3-one deriv-
ative with a LogP value of 2.5, 5 hydrogen bond
acceptors and 3 hydrogen bond donor groups. In
the structure of sulfuretin, the benzofuranone
group is linked with catechol. Three hydroxyl
groups and one ketone group are responsible for
drugereceptor interactions, and the furan oxygen
group also participates in bioactivity.

3.6. Calculation of drug likelihood

a-Carotene, b-amyrin, sulfuretin, and lem-14 all
passed the drugelikeness parameter, with a minimal
oral bioavailability score of 0.55. The permeability
and polar surface area of the Caco-2 cells were used
to determine the bioavailability score (Abbott
bioavailability score) [50]. When the polar surface
area of an ion is larger than 150 Å2, the bioavail-
ability score is 0.11; when the polar surface area is
between 75 and 150 Å2, the bioavailability score is
0.56; and when the polar surface area is less than
75 Å2, the bioavailability score is 0.85. All the other
compounds exhibited good absorption in the
gastrointestinal tract, with the exception of b-amyrin
and a-carotene. All other molecules were found to
be moderately soluble to extremely soluble, with the
exception of a-carotene and b-amyrin. Lem-14 is a
CYP 1A2 inhibitor; CYP 2C19 inhibitors include
sulfuretin and Lem-14. Lem-14 is a CYP 2D6 inhib-
itor (Table S6) (https://kijoms.uokerbala.edu.iq/cgi/
editor.cgi?article¼3391&window¼additional_files&
context¼home). Osiris toxicity prediction data
revealed that a-carotene, b-amyrin, sulfuretin, and
Lem-14 are nonmutagenic, nontumorigenic and
nonreproductive toxins in nature (Table S7) (https://
kijoms.uokerbala.edu.iq/cgi/editor.cgi?article¼3391
&window¼additional_files&context¼home) [51e57].

4. Conclusion

After performing sequential computational
studies using berries that target the NSD2 protein,
we identified a-carotene, b-amyrin, and sulfuretin
as putative anticancer agents. Alpha carotene has
good anticancer activity against lung, liver and skin
cancers. Berberis vulgaris has shown good anticancer
activity against liver, colon, and breast cancer cell
lines. Sambucus nigra extract has good anti-
proliferative effects on ovarian and colorectal can-
cers. Morus alba extract effectively inhibited
RAW264.7 macrophages. Beta amyrin has been
shown to have good antitumor activity against
Hep-G2 liver cancer. Sulfuretin inhibited tumor
necrosis factor in a dose-dependent manner. These
natural molecules showed maximum docking
scores. MD simulation data confirmed that b-
amyrin, sulfuretin, and Lem-14 strongly interact
with the NSD2 protein without hindering its
structural integrity. In conclusion, the bioactive
phytochemicals found in berries have great po-
tential for anticancer effects. These phytocon-
stituents, a-carotene, b-amyrin, and sulfuritin, are
abundantly present in Berberis vulgaris (barberry),
Sambucus nigra (elderberry), and Morus alba (white
mulberry). These berries have good anticancer
properties against lung and prostate cancers,
necessitating their high production and cultivation,
which can be achieved with agricultural and
biotechnological resources. In vitro and in vivo ex-
periments are necessary to understand the thera-
peutic potential of these bioactive molecules as
NSD2 inhibitors.
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