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Abstract

Recent studies have highlighted dulcitol (galactitol), a natural sugar alcohol, as a promising
molecule with emerging anticancer potential. It has been shown that it promotes apoptosis,
modulates oxidative stress and autophagic pathways, and inhibits proliferation, migration, and
metastasis in multiple cancer types, such as glioma, hepatocellular, and triple-negative breast
cancers. Histone deacetylase (HDAC) inhibitors are emerging as key “epigenetic weapons”
against cancer. However, until now none of the studies have explored the role of dulcitol
in epigenetic regulation through inhibition of HDACs. This study, therefore, was designed
to evaluate the epigenetic regulatory role of dulcitol as a multi-target inhibitor of HDAC2,
HDAC3, and HDAC8—key epigenetic modulators overexpressed in cervical cancer—through
in silico analysis. Molecular docking showed that this multi-targeted inhibitor had stronger
binding affinities than that of the FDA-approved inhibitors, interacting with key amino acids
and the Zn** ion in active sites. ADMET analysis confirmed its favorable safety profile,
with no significant hepatotoxicity, carcinogenicity, mutagenicity, immunogenicity or cytotox-
icity. Additionally, molecular dynamics simulations demonstrated very stable HDAC-dulcitol
interactions over 100 ns. This study provides strong in silico evidence for considering this
sugar alcohol as a novel epigenetic therapeutic candidate for cervical cancer, though further
experimental validation is warranted.
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1. Introduction

Histone deacetylase (HDAC) inhibitors have lately emerged as “epigenetic weapons” in the
war of cancer. HDAC inhibitors reverse the abnormal protein acetylation in cancer cells and
can restore the expression of tumor suppressors, leading to cell-cycle arrest, apoptosis, and
suppression of angiogenesis, differentiation and metastasis (L1 and Seto, 2016). Cancer cells
are also reported to be more sensitive to apoptosis induced by HDAC inhibitors in comparison
to normal cells (Ungerstedt et al., 2005)), providing additional therapeutic potential of HDAC
inhibitors and thereby, building a solid rationale for targeting HDACs in cancer therapy. Over-
expression of HDACs has been found to be significantly linked to various human cancers,
making these over expressed proteins a promising target for cancer treatment (Alseksek et al.,
2022).

Recent studies have revealed the over expression of HDAC?2 (Huang et al., 2005; [Lin et al.,
2009), HDAC3 (Zhang et al., 2016; |Sun et al., 2022) and HDACS8 (Vanaja et al., 2018)) in
cervical cancer cell lines. Notably, downregulating HDAC?2 protein expression was shown to
inhibit HeLa cell proliferation and arrest the cell cycle, leading to cervical cancer cell death,
underscoring the importance of its inhibition in cervical cancer (Hua et al., 2012)). Additionally,
HDAC?2 knockdown led to an increase in apoptosis of cervical cancer cells (Huang et al., |2005)
and pharmacological inhibiton of HDAC?2 was found to slow cervical cancer cell growth (Lin
et al., [2009). Elevated HDAC?2 expression has also been observed in cervical dysplasia and
cervical carcinoma, further highlighting its significance in the progression of cervical cancer
(Huang et al., 2005; Lin et al., [2009). Similarly, significant down-regulation of the expression
of mRNA and protein levels of HDAC3 was observed following transfection of the HDAC3
siRNA and a positive association was correlated between HDAC3 protein expression and cer-
vical cancer differentiation, myometrial invasion, and lymph node metastasis (Zhang et al.,
2016)). Furthermore, HDACS8 knockdown via RNA interference inhibited cervical cancer cell
growth and pharmacological inhibition of HDACS significantly decreased the migrational ef-
ficiency and reduced the mitotic phase of cervical cancer cells, highlighting its critical role in
cancer cell proliferation, growth, and migration (Vannini et al., 2004). These findings highlight
the potential of targeting these HDACs in cervical cancer treatment.

Despite advancements in anticancer research, resistance and toxicity issues highlight the
urgent need for novel, effective, and safer therapeutic agents. In this context natural compounds
are increasingly explored as promising sources of anticancer candidates due to their structural
diversity and bioactivity. Among these, polyols, a class of sugar alcohols, have been reported
to influence cancer cell behaviour by modulating oxidative stress, metabolic pathways and
apoptosis, though their precise mechanisms and therapeutic potential remain underexplored.

Dulcitol is extensively used as a herbal medicine in Asia for thousands of years (Sha et al.,
2018). It has multiple biological functions, including anti-inflammatory (Kobayashi et al.,
1997)), antioxidant (Erukainure et al., 2019), and anticancer properties (Zhang et al., 2020; [Lin
et al.l 2020). However, until now none of the studies have explored the role of dulcitol in
epigenetic regulation of cervical cancer progression through inhibition of HDACs. Therefore,
the present in silico study was designed to evaluate the regulatory role of dulcitol targeting
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HDAC:s that are overexpressed in cervical cancer.

2. Materials and Methods

2.1. Dataset preparation

The 3D X-ray crystal structures of multiple HDACs were fetched from the RCSB PDB (https:
/ /www.rcsb.org/) including HDACI1 (PDB ID: 4BKX; resolution: 3.0 A) (Millard et al.,
2013), HDAC2 (PDB ID: 3MAX; resolution: 2.05 A) (Bressi et al., 2010), HDAC3 (PDB ID:
4A69; resolution: 2.06 A) (Watson et al., 2012), HDAC4 (PDB ID: 2VQM; resolution: 1.8 A)
(Bottomley et al., [2008), HDAC6 (PDB ID: SWPB; resolution: 1.55 A) (Harding et al., 2017)
and HDAC8 (PDB ID: 1T64; resolution: 1.90 A) (Somoza et al., 2004). The 3D structures
of five standard FDA-approved HDAC inhibitors were retrieved from the PubChem database
(https://pubchem.ncbi.nlm.nih.gov)in . sdf format.

2.2. Protein preparation and receptor grid box generation

The X-ray crystal structures of multiple PDB IDs of HDACs namely 4BKX, 3MAX, 4A69,
2VQM, 5WPB and 1T64 were prepared using the Protein Preparation Wizard workflow in
Maestro 13.4 (Schrodinger, LLC, New York, NY, 2022—4). During protein preparation, the
protein structures were first cleaned by removing all water molecules to avoid any unnecessary
interactions during docking simulations. Then missing hydrogens and loops were added to the
protein and co-ligand. The energy of the protein—ligand complexes was minimized using the
OPLS_2005 force field until the root-mean-square deviation (RMSD) between the minimized
structure and the initial structure was reduced to 0.30 A(Sastry et al., 2013). This step ensured
that the proteins were in stable conformation before further analysis. For all HDACs except
HDACI, a receptor grid box of 15.0 A cube was constructed by choosing the co-ligand of the
active site. For HDACI, the grid box was generated by selecting the active site amino acid
residues ASP-264, ASP-176, and HIS-178 (Pidugu et al., 2016).

2.3. Ligand preparation

The 3D structures of dulcitol including the five standard HDAC inhibitors were imported in
Maestro. The ligands were geometrically optimized using the LigPrep module of Schrodinger,
with energy minimization performed using the OPLS_2005 force field (Schrodinger, LLC, New
York, NY, 2022-4).

2.4. Molecular docking study and validation of docking

The molecular docking study was performed using the Glide module of Schrodinger, which
utilizes the Emodel scoring function to choose among protein-ligand complexes for a specific
ligand, and the GlideScore function to rank compounds, distinguishing those that bind strongly
(actives) from those that do not (inactives) (Friesner et al., 2004, 2006} Halgren et al., [2004).
Dulcitol and the five standard HDAC inhibitors were first docked with the HDACS grid using
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the Glide XP module. The molecules that achieved XPGS < —9 kcal/mol were further docked
into HDAC1, HDAC2, HDAC3, HDAC4 and HDACS6 using Glide XP (Friesner et al., 2006) to
predict their binding affinities and isoform selectivity. The docking protocol was validated by
computing the root mean square deviation (RMSD) (Taha et al., 2011). The details of validation
of the docked proteins are outlined in our prior studies (Sarkar et al., 2024).

2.5. In silico ADMET filtration

ADMET profiling is a crucial step in drug discovery as it streamlines the drug development
process and accelerates the drug advancement journey by saving time, cost and unavoidable
failures. SwissADME web application (http://www.swissadme.ch/) was used to pre-
dict potential pharmacokinetic properties such as absorption, distribution, metabolism and ex-
cretion (ADME) (Daina et al.|, 2017) while ProTox-II online tool (https://tox—new.
charite.de/protox_II/) (Banerjeeetal.,2018) and pKCSM web application (https:
//biosig.lab.ug.edu.au/pkcsm/prediction) (Pires et al.,2015) were utilized to
evaluate the potential in silico toxicity of drug candidates, assessing factors such as lethal dose
50 (LDsp) value, hepatotoxicity, mutagenicity, carcinogenicity, immunogenicity, cytotoxicity,
and overall toxicity class.

2.6. In silico prediction of cell line cytotoxicity

The potential cytotoxicity of the best hit was assessed using Cell Line Cytotoxicity Prediction
(CLC-Pred 2.0) in the Way2Drug portal (https://www.way2drug.com/clc-pred/)
(Lagunin et al., [2023). The chemical structures were imported in SMILES format, and the
resulting output provided a probability score indicating the likelihood of the compound being
active (Pa) or inactive (P1) against various cancer cell lines.

2.7. Molecular dynamics simulation study

The stability and dynamic behavior of the best hit was evaluated individually with HDAC2,
HDAC3 and HDACS by molecular dynamics simulation using Desmond (D. E. Shaw Research,
New York, NY, 2022—-4). The complexes underwent preliminary processing with the help of
the Protein Preparation Wizard, which included complex optimization and minimization. The
complexes were solvated using the simple point charge (SPC) water model (Mark and Nilsson,
2001) within orthorhombic boundary conditions followed by neutralization at a salt concen-
tration of 0.15 mol/L using Na* and C1~ ions (Jorgensen et al., 1983). Using the OPLS_2005
force field (Bowers et al., [2006), the solvated complex models were relaxed and subjected to
MD simulation for 100 ns using the NPT ensemble at 310 K temperature and 1 bar pressure.
The stability of simulation was examined by analysing RMSD, RMSF, radius of gyration (Rg),
hydrogen bonds, and protein-ligand contacts of the protein and ligand over time.
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3. Results and discussion

Cervical cancer is characterized by the substantial overexpression of HDAC2 (Huang et al.,
2005; |Lin et al., 2009), HDAC3 (Zhang et al.l 2016; Sun et al., 2022) and HDACS8 (Vanaja
et al., 2018). Therefore, the present in silico study was designed to evaluate the regulatory
role of dulcitol targeting and inhibiting HDACsS that are overexpressed in cervical cancer. The
goal of this strategy was to facilitate the development of more effective drugs for the treat-
ment of cervical cancer, offering a potential pathway to improved management and therapeutic
outcomes for patients.

3.1. Molecular docking analysis

Dulcitol and the five standard HDAC inhibitors were initially docked with HDACS grid to
predict the possible binding interactions between them. The highest binding affinity recorded
for HDAC8 among the standard FDA-approved inhibitors was —9.882 kcal/mol. The bind-
ing affinities obtained from the molecular docking study revealed that dulcitol surpassed this
benchmark, indicating that it could potentially serve as more effective HDACS inhibitor than
the current standard drugs. Dulcitol was then further docked with other HDAC isoforms to
predict its respective binding affinities. The validated structures of all HDACs (HDACI, 2, 3,
4, 6 and 8) were used from our prior studies (Sarkar et al.,|2024; Debnath et al.,[2019). Dulcitol
stood out due to its remarkable binding affinities not only for HDACS but also for HDAC2 and
HDACS.

The binding affinity of dulcitol for HDAC2 was —10.172 Kcal/mol, for HDAC3 was —10.683
Kcal/mol and for HDACS8 was —9.689 Kcal/mol. These values exceeded the highest binding
affinities recorded for the standard HDAC inhibitors, which were —9.939 Kcal/mol for HDAC?2,
—8.532 Kcal/mol for HDAC3 and —9.882 Kcal/mol for HDACS. This suggests that dulcitol
might have a broad-spectrum inhibitory effect across the target HDAC isoforms.

The docking scores of dulcitol and the standard HDAC inhibitors against all the HDAC
isoforms are provided in Table[I] The fact that dulcitol exhibited higher binding affinities than
all standard FDA-approved HDAC inhibitors for HDAC2, HDAC3 and HDACS, underscores
its potential as a more potent multi-targeted inhibitor.

Interestingly, when docked with other off-target HDAC isoforms, dulcitol exhibited sig-
nificantly lower binding affinities for HDAC1, HDAC4, and HDACS6, indicating that it was
less likely to inhibit these off-target HDACs. This selectivity was crucial because it reduced the
likelihood of off-target effects, which could otherwise lead to unwanted side effects. Therefore,
the ability of dulcitol to selectively inhibit HDAC2, HDAC3, and HDACS, while sparing other
HDAC isoforms, presented a significant advantage in developing multi-targeted epigenetic ther-
apies for diseases like cervical cancer, where these specific HDACs are notably overexpressed.

HDAC?2 consists of a highly conserved catalytic domain containing a lipophilic tube fol-
lowed by a deep catalytic site housing its Zn?* cofactor as well as an internal ‘foot pocket’
(Haberland and Henning, 2009). The hydrophobic tube that joins the opening rim to the
catalytic site is composed of GLY-154, PHE-155, HIS-183, PHE-210 and LEU-276 residues
(Bressi et al., 2010; [Hou et al., 2011). The catalytic site is composed of HIS-145, HIS-146,
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Table 1: Docking score of dulcitol and the standard HDAC inhibitors against different HDAC
isoforms

Name HDAC2 HDAC3 HDAC8 HDAC1 HDAC4 HDAC6
Dulcitol -10.172 -10.683 -9.689 5475 -8.907 5412
Panobinostat -8.812 -8.532 -9.882 -8.548 -8.168 -3.397
Vorinostat -9.939 7584 -9.179 8272 -6967 -2.535
Pracinostat -8.357 -8.778 -8.976 8306 -7.587 -4.318
Belinostat -6.568 —4.673 -7.812 -5.689 -7.936 -4.032

Romidepsin  —4.040 4704 -1969 4425 -2809 -3.231

TYR-308, ASP-181, HIS-183, and ASP-269, while residues like TYR-29, MET-35, ARG-39,
PHE-114, and LEU-144 comprise the internal foot pocket (Bressi et al., 2010; |[Hou et al., 2011}
Zhou et al.l 2017). Interactions with these key residues within the HDAC2 catalytic domain
in different combinations play crucial role in HDAC?2 inhibition (Tateing and Suree, 2022).
The docking analysis of dulcitol with HDAC2 showed that the majority of the hydrogen bonds
occurred with GLY-154 and GLY-143. Conventional hydrogen bond was predominant in the
interaction between dulcitol and GLY-154 and GLY-143 residues of HDAC2. The hydroxyl
group of dulcitol interacted with the Zn?* ion in the active site of HDAC2 pocket (Fig. a)).

The active site of HDAC3 was situated between dimer A and C. The residues involved in
interactions with HDAC3 were HIS-17, ALA-20, GLY-21, HIS-22, LYS-25, ARG-265, VAL-
300, ARG-301, and TYR-331 in dimer A, and LYS-449, TYR-470, TYR-471, LYS-474, and
LYS-475 in dimer C (Watson et al., 2012). The docking analysis of dulcitol with HDAC3
showed that the majority of the hydrogen bonds occurred with TYR-298, GLY-143 and HIS-
135. The hydroxyl group of dulcitol interacted with the Zn>* ion in the active site of HDAC3
pocket (Fig. [T[b)).

On the other hand, the HDACS active site consists of two pockets, one immediately adjacent
to another. The first catalytic pocket consists of a long, narrow, hydrophobic tunnel leading to
a cavity where its Zn>* cofactor is located. The tunnel measures about 11 A and while it is
formed by PHE-152, PHE-208, HIS-180, GLY-151, MET-274 and TYR-306, the Zn?" binding
area is formed by HIS-142, HIS-143, TYR-306. The second pocket measures about 14 A
and is lined by ARG-37, TYR-100, TYR-111, PHE-152 and TYR-306 (Somoza et al., 2004;
Sarkar et al., 2024). In this study, the docking analysis of dulcitol with HDACS showed that the
majority of the hydrogen bonds occurred with HIS-142 and HIS-143 which indicated that most
of the hits bind to the catalytic pocket of HDACS. The hydroxyl group of dulcitol interacted
with the Zn* ion in the active site of HDACS (Fig.[I](c)).

Therefore, the protein—ligand interaction analyses revealed that dulcitol interacted with cru-
cial amino acid residues and the Zn*" ion present in the active site of all the target histone
deacetylases (HDAC2, HDAC3, and HDACS) which, in turn, indicates its potential affinity for
these target receptors. The intermolecular interactions of dulcitol with HDAC2, HDAC3 and
HDACS are represented in Fig. [T}

The docking analysis of the standard HDAC inhibitors with HDAC?2 revealed that most
of the inhibitors, amidst other additional interactions, notably formed hydrogen bonds with
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(c)

Figure 1: 2D (left) and 3D (right) ligand interaction diagram of dulcitol with (a) HDAC2 (b)
HDAC3 (c) HDACS In 2D, hydrogen bonds are shown as purple lines, pi—pi interactions are
shown in green lines and coordination of the zinc ion as black lines. In 3D, side chains of active
site residues are shown as red wires and ligand as spectrum stick. The zinc ion is depicted as
cyan ball. Hydrogen bonds are shown as yellow dashed lines and coordination of the zinc ion
as cyan—dashed lines.
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GLY-154 and interacted with Zn?* ion, both of which are located in the active site of HDAC?2.
Similarly, for HDAC3, the standard inhibitors formed a metal coordination bond with the Zn?*
ion and a hydrogen bond with GLY-143, which are part of the HDAC3 active site. Additionally,
most standard HDAC inhibitors interacted with the Zn** ion and the amino acid residues HIS-
142 and HIS-143 through hydrogen bonds, in addition to other interactions, in case of HDACS.
These interactions of the known standard HDAC inhibitors with the target HDACs align with
those observed in case of the selected hit, dulcitol, reinforcing its potential as a multi-target
inhibitor of HDAC2, HDAC3, and HDACS. The 2D protein-ligand interaction diagram of all
the standard HDAC inhibitors with HDAC2, HDAC3 and HDACS are provided in Fig[2] - Fig
4l

3.2. Insilico ADMET analysis

The ADMET prediction was carried out to assess the absorption, distribution, metabolism, ex-
cretion and toxicity of dulcitol. For a drug to be effective, it must be well-absorbed, properly
distributed to its target, metabolized in a way that enhances its activity, and excreted safely
without causing harm (Zrieq et al., 2021). According to the ADMET results, dulcitol passed all
the ADME criteria except for the GI absorption, which could be optimized through appropriate
drug delivery vehicle and/or via structural modification. In addition, in silico toxicity predic-
tion revealed dulcitol as a “non—toxic” with an LD50 value of 13,500 mg/kg with no active
hepatotoxicity, carcinogenicity, mutagenicity, immunogenecity and cytotoxicity. Additionally,
dulcitol showed negative results in the AMES mutagenesis test, indicating it is not mutagenic.
It also demonstrated no inhibition of the human ether-a-go-go related gene (hERG), which is
associated with cardiac toxicity, and did not cause skin sensitization. These findings high-
light the overall safety profile of dulcitol, positioning it as a highly promising lead compound
for further drug development. An overview of the physicochemical properties, drug-likeness,
pharmacokinetics, and toxicity properties of dulcitol, along with a bioavailability radar, are
summarized in Table 2]

Table 2: Physicochemical properties, drug—likeness, bioavailability, pharmacokinetics and tox-
icity parameters of dulcitol

Physicochemical properties Dulcitol
Molecular weight (g/mol) 182.17
Number of heavy atoms 12
Number of aromatic heavy atoms 0
Fraction Csp3 1.00
Number of rotatable bonds 5
Number of H-bond acceptors 6
Number of H-bond donors 6
Molar refractivity 37.93
TPSA (A?) 121.38

Continued on next page
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Physicochemical properties Dulcitol
Drug likeness

Lipinski Yes
Veber Yes
Egan Yes
Bioavailability score 0.55

Bioavailability radar

INSCLL

Pharmacokinetics

GI absorption Low
BBB permeability No
CYPI1A2 inhibitor No
CYP2C19 inhibitor No
CYP2C9 inhibitor No
CYP2D6 inhibitor No
CYP3A4 inhibitor No
Toxicity

AMES toxicity No
hERG I inhibitor No
hERG II inhibitor No
Skin sensitization No
Hepatotoxicity No
Carcinogenecity No
Mutagenicity No
Immunogenecity No
Cytotoxicity No
Toxicity class 6 (Non toxic)
LD50 value (mg/kg) 13500

TPSA: Topological polar surface area, AMES: Salmonella/microsome mutagenicity assay,
hERG: human ether—a—go—go-related gene, LD50: Lethal dose 50

3.3. In silico prediction of cell line cytotoxicity

The cytotoxicity of selected hit, dulcitol was assessed by predicting its Pa and Pi values against
cancer cell lines. The results indicated that dulcitol exhibited significant cytotoxicity against
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(e)

Figure 2: 2D protein-ligand interaction of HDAC2 and (a) Panobinostat (b) Vorinostat (c)
Pracinostat (d) Belinostat (e) Romidepsin
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Figure 3: 2D protein-ligand interaction of HDAC3 and (a) Panobinostat (b) Vorinostat (c)
Pracinostat (d) Belinostat (¢) Romidepsin
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Figure 4: 2D protein-ligand interaction of HDACS and (a) Panobinostat (b) Vorinostat (c)
Pracinostat (d) Belinostat (e) Romidepsin
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multiple cancer cell lines with Pa values greater than 0.5 which in turn, underscores dulcitol’s
potential as a potent anti-cancer agent. The prediction of cell line cytotoxicity of dulcitol for
cancer cells (Pa > 0.5) is shown in Table 3.

Table 3: In silico cytotoxicity prediction of dulcitol on cancer cell line by CLC—pred

Name Cell line Cell line full name Tissue Tumor type Pa Pi
SN12C Renal carcinoma Kidney Carcinoma 0.921 0.003
UACC-62 Melanoma Skin Melanoma 0.916 0.003
SF-539 Glioblastoma Brain Glioblastoma 0.916 0.004

Non-small cell lung .
HOP-62 ) Lung Carcinoma 0.909 0.004
carcinoma
Ovari d i-
OVCAR-3 = orianadenocarel - oo ium  Adenocarcinoma 0.819  0.005
noma
HCT-116  Colon carcinoma Colon Carcinoma 0.812 0.005
DU-145 Prostate carcinoma  Prostate Carcinoma 0.782  0.006
MCF7 Breast carcinoma Breast Carcinoma 0.777 0.012

Dulcitol SF-268 Glioblastoma Brain Glioblastoma 0.730 0.005
Hs 683 Oligodendroglioma  Brain Glioma 0.613  0.023
A2058 Melanoma Skin Melanoma 0.554 0.005

1 i-

HeT s Colon adenocarci- Lo 4 denocarcinoma 0.555 0,015
noma

SK-OV-3 Opvarian carcinoma Ovarium  Carcinoma 0.540 0.017
Ovarian adenocarci- . .

OVCAR-5 Ovarium  Adenocarcinoma 0.514 0.021
noma
Ovarian adenocarci- . .

OVCARH4 Ovarium  Adenocarcinoma 0.511 0.019

noma

Overall, molecular docking, ADMET analysis and in silico prediction of cytotoxicity for
dulcitol revealed a promising profile. Although poor GI absorption remained a limiting factor, it
could be optimized through the use of appropriate drug delivery systems. Nonetheless, the ab-
sence of mutagenic, hepatotoxic, carcinogenic, immunogenic, and cytotoxic effects positioned
dulcitol as a potentially safe therapeutic candidate which was subsequently subjected to molec-
ular dynamics (MD) simulation studies to assess its stability and flexibility within biological
systems.

3.4. Molecular dynamics simulation analysis

Molecular dynamics (MD) simulations were conducted to assess the stability of the bound
conformation of the best hit within the binding cavities of HDAC2, HDAC3, and HDACS met-
alloproteins. To evaluate the conformational stability and flexibility of the dulcitol-HDAC?2,
HDAC3, and HDACS8 complexes, the systems were simulated for 100 ns. From the simu-
lation trajectories, thermodynamic parameters such as root mean square deviation (RMSD),
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root mean square fluctuation (RMSF), radius of gyration (Rg), hydrogen bonds (H-bonds), and
protein-ligand contacts were generated.

The stability of the systems was investigated by computing their RMSD from the 100
ns MD simulation trajectories. The RMSD evaluates the deviations of the Co atoms of the
residues, thus reflecting the stability of the protein-ligand system. The protein Cae RMSD
values of apo-proteins and that of the protein-ligand complexes were calculated from the MD
simulation trajectories and plotted against time (Fig[5)). It was observed that the average RMSD
values of the Ca atoms of the apo-proteins HDAC2, HDAC3 and HDACS were 1.43 A, 1.80 A
and 1.70 A respectively. In contrast, the average RMSD values of dulcitol bound to HDAC2,
HDAC3 and HDACS were 3.55 A, 2.04 A and 2.33 A respectively. Both the protein RMSD
and ligand RMSD for all the three targeted HDACs thus exhibited deviations close to 3.00 A,
which signify good convergence and stable conformation.

For HDAC2-dulcitol complex, the protein RMSD started around 0.3 A at the beginning of
the simulation, and gradually increased, stabilizing around 2.01 A after about 20 ns. The protein
RMSD appeared to be fairly consistent, fluctuating between 0.86 A and 2.73 A, indicating
that the protein structure was relatively stable with minor conformational adjustments during
the simulation. The ligand RMSD stabilized around 3.55 A, with some fluctuations which
suggested that upon binding, dulcitol underwent some movement to accommodate itself within
the active site of the HDAC2 protein, though does not appear to completely unbind or move
out of the binding pocket.

For HDAC3-dulcitol complex, both the protein and ligand RMSD values stabilized after
the initial equilibration phase, indicating that the complex was stable throughout the simulation.
The low and stable RMSD values for both HDAC3 (1.60 A) and dulcitol (2.04 A) suggested that
upon binding to dulcitol, the HDAC3-dulcitol complex was stable and maintained its overall
structure, reinforcing the reliability of the molecular docking results.

For HDACS8-dulcitol complex, the protein RMSD stabilized around 1.54 A after about 20
ns. The ligand RMSD, on the other hand, exhibited some initial fluctuations up to 20 ns but
eventually got stabilized around 2.74 A with a dip in RMSD observed during the last 10 ns of
the simulation. This decrease toward the end of the simulation might suggest a tighter binding
conformation or a possible reorganization of dulcitol within the binding pocket of HDACS.
Therefore, investigating the HDAC-dulcitol complexes, it was observed that all the three com-
plexes were quite stable and exhibited negligible alterations throughout the simulation in com-
parison to their corresponding free states. RMSF analysis provides significant insights into
the behavior of individual amino acid residues within the protein, indicating the flexibility and
movement of individual amino acid residues within a protein during molecular dynamics simu-
lation. Higher the RMSF values, higher is the flexibility of the protein and hence stronger is the
propensity of the amino acid residue of the protein to interact with the ligand. The Cae RMSF
value of the ligand-protein complex system was calculated from 100 ns MD trajectory and plot-
ted against residue number (Figl6)). In this study, the comparison between apo or unbound and
dulcitol-bound states of HDAC2, HDAC3, and HDACS proteins revealed minimal differences
in flexibility. As observed from Figle] the apo HDAC2 protein exhibited an average RMSF
value of 0.827 A while the system complexed with dulcitol presented an average value of 0.991
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Figure 5: Time-dependent RMSD plots of C'aw atoms of (a) HDAC2-dulcitol (b) HDAC3-
dulcitol and (c) HDACS8-dulcitol systems calculated from 100 ns MD simulation trajectories
where protein RMSD is shown in black and RMSD of dulcitol is shown in red
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Figure 6: Protein RMSF calculated from 100 ns MD simulation trajectories for (a) HDAC2-
dulcitol (b) HDAC3-dulcitol (c) HDACS8-dulcitol systems

A. With HDACS3 protein system, the apo HDAC3 protein displayed an average RMSF of 0.900
A while in complex with dulcitol, presented an average Rg of 0.878 A. In case of HDACS
protein system, the apo HDACS protein exhibited an average RMSF value of 0.771 A while the
system complexed with dulcitol presented an average value of 0.739 A. Overall, these RMSF
values suggested that the targeted proteins maintained more or less similar levels of flexibility
in both their unbound and bound states. This could indicate that dulcitol binds in a way that sta-
bilizes the targeted HDACs’ existing structures without inducing major conformational changes
or altering the flexibility of specific regions. The radius of gyration (Rg) plot further verified the
stability of the ligand (dulcitol)-protein (HDAC2, HDAC3, and HDACS8) complexes. The Rg
values were calculated and plotted over the 100 ns atomistic MD simulation trajectory (Fig[7).
This parameter provides valuable information about the compactness of the proteins throughout

© Debra Thana Sahid Kshudiram Smriti Mahavidyalaya (Autonomous) 43



Journal of Contemporary Studies in Science and Innovation (JCSSI) Vol. 1 (2025)

- =
- 223 |
o 208 o
= e
T - 22
€ 208 5
= = 27 1
m i
T 204 5
] O 220
B 2 B 219
i Lk
3 3
o M0 T aqa
I 0
& T
19.8 + 21.7 4 . |
v] i 40 &) ] 100 i 20 40 B0 T 100
Tirme {ns) Tirme (ns)
(@) (b)
<
o 202
= 201
§
® e
T,
{n 199 “
E 19.4
3
T 197
o
1856 v
i 20 & 60 B0 10
Tirme (ns)
(<)

Figure 7: Radius of gyration (Rg) plots of C'aw atoms of (a) HDAC2-dulcitol (b) HDAC3-
dulcitol (c) HDACS-dulcitol systems calculated from 100 ns MD simulation trajectories

the simulation period. Higher Rg values correspond to less compact structures, while lower Rg
values indicate more compact structures. According to the graphs, the apo-proteins HDAC?2,
HDAC3, and HDACS had average Rg values of 20.23 A,22.19 A, and 19.99 A, respectively. In
contrast, the dulcitol-bound HDAC2, HDAC3, and HDACS8 complexes had average Rg values
of 20.41 A, 22.11 A, and 19.94 A, respectively. These values showed steady behavior of the
targeted proteins throughout the simulation in both their unbound and dulcitol-bound forms.
This suggested that the binding of dulcitol was likely favorable and did not cause the targeted
HDAC:s to undergo large-scale folding or unfolding, thereby avoiding any significant destabi-
lization of the protein structure. This stability further vouched for the effectiveness of dulcitol
as a therapeutic agent, as it implied that the structure of the protein was maintained across the
apo and ligand-bound states over the 100 ns simulation period for all the three target proteins
HDAC2, HDAC3, and HDACS. This study also performed an in-depth analysis of hydrogen
bond formation within biomolecular systems. The analysis of hydrogen bond formation be-
tween the protein-ligand complexes over the 100 ns MD trajectory highlighted the significant
role of hydrogen bonds in maintaining the stability and integrity of the complexes. The num-
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Figure 8: Formation of hydrogen bonds in (a) HDAC2-dulcitol (b) HDAC3-dulcitol (c)
HDACS-dulcitol systems

ber of hydrogen bonds formed between protein-ligand complexes was determined from a 100
ns MD trajectory and plotted over time (Fig[8). The hydrogen bonds between the protein and
ligand signify substantial interaction and stability of the complex. For the dulcitol-HDAC?2 and
dulcitol-HDACS8 complexes, an average of two hydrogen bonds was consistently maintained
throughout the simulation. Notably, the dulcitol-HDAC3 complex demonstrated even greater
stability with the formation of four hydrogen bonds over the entire 100 ns. The steady hydrogen
bond formation observed from 0 to 100 ns for all three HDAC-dulcitol complexes suggested
that dulcitol remained consistently bound within the binding pockets of HDAC2, HDAC3, and
HDACS, aligning well with prior analyses regarding the stability, flexibility, and compactness
of the systems. Having established the impact of dulcitol on the conformations and structural
changes of the proteins, we aimed to uncover the events driving these changes by examining the
protein-ligand interactions between dulcitol and the residues of the targeted HDACs during the
simulation period. The protein-ligand interactions during the simulation were represented by
stacked bar charts, categorized into hydrogen bonds, hydrophobic interactions, water bridges,
and 1onic interactions (FigED. For the dulcitol-HDAC2 complex, the simulation interaction di-
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agram showed hydrogen bonds with GLY-154 (75%) and GLY-307 (90%), in line with the
docking results. It also formed ionic interactions with ASP-181 (180%), HIS-183 (100%),
ASP-269 (100%), and water bridge interactions with ASP-274 (70%). These interactions
highlight the significance of hydrogen bonds, ionic interactions and water-bridge contacts in
maintaining the integrity of the complex. In the dulcitol-HDAC3 complex, primary hydrogen
bonds were with HIS-134 (110%), HIS-135 (60%), GLY-143 (90%), ASP-170 (90%), and
TYR-298 (100%). It also formed ionic interactions with ASP-170 (210%), HIS—-172 (100%),
ASP-259 (110%), and water bridges with GLY-297 (60%). This interaction pattern confirmed
the docking results, especially with HIS-135, GLY-143, and TYR-298, indicating that the
predicted docking interactions were also well-maintained throughout the simulation. The sim-
ulation interaction diagram of dulcitol with HDACS displayed H-bonds with GLY-140 (90%),
GLY-151 (30%), GLN-263 (40%) and GLY-305 (50%). Additionally, it also formed ionic
interactions with ASP-178 (150%), HIS-180 (100%), ASP-267 (110%), GLY-303 (80%) and
water bridge interactions with ARG-37 (30%). All these protein-ligand interactions illustrated
that dulcitol formed consistent and stable interactions across all three HDAC complexes, par-
ticularly through hydrogen bonds and ionic interactions. Furthermore, Fig[I0] shows dulcitol
within the binding pockets of HDAC2, HDAC3 and HDACS at different timeframes throughout
the 100 ns MD simulation indicating that dulcitol remained consistently bound within the active
site of all the three target proteins throughout the simulation. The alignment with docking anal-
yses, especially in critical residues, also confirmed the reliability of the initial docking studies
and emphasized the significance of these interactions in ensuring the stability and efficacy of
the protein-ligand complexes.

Taken together, all these findings suggested that dulcitol was stable and well-bound within
the binding pockets of HDAC2, HDAC3, and HDACS throughout the entire period of simula-
tion, contributing to its potential as a multi-targeted inhibitor and highlighting its novel avenue
in epigenetic cancer therapy although further in vitro and in vivo studies are warranted.

4. Conclusion

The present study identified dulcitol as a promising multi-targeted inhibitor of HDAC2, HDAC3,
and HDACS, which are overexpressed in cervical cancer. Molecular docking and dynamics
simulations demonstrated dulcitol’s high binding affinity and stable interactions with these tar-
get HDACs as compared to standard FDA-approved HDAC inhibitors. The compound exhib-
ited favorable ADMET properties and a good safety profile. The selectivity of dulcitol for the
target HDACs over other isoforms suggested its potential for reduced off-target effects. How-
ever, further in vitro and in vivo studies are necessary to fully evaluate the efficacy and safety
of dulcitol at cellular and molecular levels. Overall, this study paved the way for developing
dulcitol as a new epi-therapeutic agent for treating cervical cancer.
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Figure 9: Protein-ligand contacts in (a) HDAC2-dulcitol (b) HDAC3-dulcitol (c) HDACS-
dulcitol systems
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(c)

Figure 10: Superimposed snapshots of (a) HDAC2- (b) HDAC3- and (c) HDACS- docked with
dulcitol at different time frames of simulation (0 ns: wheat, 20 ns: pale green, 40 ns: light blue,
60 ns: light pink, 80 ns: yellow, 100 ns: deep teal)
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