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Abstract

Background: Histone deacetylase 1 (HDAC1) is a critical epigenetic regulator involved in chromatin remodeling and transcriptional
repression, making it a valuable target for cancer therapy. Selective inhibition of HDAC1 represents a promising approach to cancer treat-
ment, as it modulates gene expression and induces apoptosis in tumor cells. Methods: Two novel hydroxamate-based HDAC1 inhibitors,
compounds 4 and 6, were designed and evaluated using molecular docking, molecular dynamics (MD) simulations, and enzymatic in-
hibition assays. Molecular docking assessed binding interactions, while MD simulations evaluated the stability of the ligand–protein
complexes. Enzymatic inhibition assays were used to determine the IC50 values and evaluate the potency of the compounds. Results:
Molecular docking revealed that both compounds exhibited significant interactions with HDAC1, including hydrophobic contacts, hy-
drogen bonding, and zinc coordination. Compound 4 demonstrated a stronger binding affinity (–6.2 kcal/mol) compared to compound 6
(–5.7 kcal/mol). The MD simulations confirmed that compound 4 exhibited greater stability, with divalent zinc coordination (4.3 Å and
4.8 Å), whereas compound 6 showed weaker monovalent coordination (4.4 Å). Enzymatic assays demonstrated that compound 4 had an
IC50 of 2.96± 0.4 µM, while compound 6 exhibited an IC50 of 4.76± 0.5 µM; thus, compound 4 possesses superior inhibitory potency.
Conclusions: Compound 4 exhibits enhanced binding affinity, stability, and enzymatic inhibition compared to compound 6, suggesting
that this compound may serve as a promising lead for the development of selective HDAC1 inhibitors.
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1. Introduction
Histone deacetylases (HDACs) are key epigenetic reg-

ulators that control gene expression by removing acetyl
groups not only from histone but also from non-histone
proteins. This deacetylation leads to chromatin condensa-
tion and transcriptional repression, influencing various bi-
ological processes, including cell proliferation, differenti-
ation, and apoptosis [1–3]. HDACs are broadly classified
into four classes based on sequence homology and cofac-
tor dependency: Class I (histone deacetylase 1 (HDAC1),
2, 3, and 8), Class II (HDAC4, 5, 6, 7, 9, and 10), Class
III (sirtuins, which require NAD+ for activity), and Class
IV (HDAC11) [4,5]. Class I HDACs, particularly HDAC1,
play a crucial role in chromatin remodeling and onco-
genic transformation [6,7]. HDAC1, a nuclear-localized
deacetylase, is an integral component of transcriptional co-
repressor complexes such as Sin3, NuRD, and CoREST
[8]. It regulates chromatin structure by deacetylating his-
tone tails, thereby repressing gene transcription [9]. Aber-

rant expression or activity of HDAC1 has been implicated
in various cancers, including leukemia, breast cancer, and
prostate cancer, where it silences tumor suppressor genes
and promotes cell cycle progression [10,11]. Given its role
in tumorigenesis, HDAC1 has emerged as a promising ther-
apeutic target for cancer treatment.

Several HDAC inhibitors (HDACis) have been
developed, with five Food and Drug Administration
(FDA)-approved drugs—Vorinostat (SAHA), Romidepsin,
Panobinostat, Belinostat, and Pracinostat—primarily used
for hematologic malignancies [12,13]. Recent reviews
have particularly highlighted the potential of dual-targeting
HDAC inhibitors designed to selectively inhibit specific
HDAC isoforms, enhancing therapeutic efficacy while re-
ducing side effects [14]. Additionally, the evolving role of
isoform-selective HDAC inhibitors as epigenetic modula-
tors in cancer immunotherapy, especially in combination
with immune checkpoint inhibitors, has been increasingly
recognized [15]. Chidamide, approved in China for periph-
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eral T-cell lymphoma (CHOP) [16], has recently demon-
strated promising efficacy in combination with CHOP
chemotherapy regimen, which consists of four drugs: cy-
clophosphamide, doxorubicin, vincristine, and prednisone.
This combination was tested in patients with previously
untreated peripheral T-cell lymphoma of the T follicular
helper phenotype (PTCL-TFH) subtype and achieved an
overall response rate of 85.7% and a complete response rate
of 71.4% [17]. These inhibitors function by chelating the
Zn2+ ion within the active site of HDACs, thereby blocking
their enzymatic activity and promoting histone acetylation,
which can lead to apoptosis and differentiation in cancer
cells [18,19]. HDAC1, a key member of the HDAC fam-
ily, plays a fundamental role in cancer progression by regu-
lating gene expression in cell cycle control, differentiation,
and apoptosis. Aberrant HDAC1 activity has been linked to
tumorigenesis, as its overexpression is often associatedwith
aggressive cancer phenotypes and poor prognosis [20,21].
HDAC inhibitors have demonstrated significant therapeutic
potential by targeting HDAC1 and other HDAC isoforms
to modulate oncogenic gene expression. However, chal-
lenges remain due to the broad-spectrum activity of most
approved HDACis, which target multiple HDAC isoforms
and lead to off-target effects such as hematological toxic-
ity, fatigue, gastrointestinal disturbances, and cardiotoxic-
ity [20,21]. Additionally, tumor resistance to HDACis has
been reported, likely due to compensatory activation of al-
ternative oncogenic pathways or upregulation of drug ef-
flux mechanisms [22,23]. A recent study highlights resis-
tance mechanisms involving specific molecular alterations
in key pathways, such as the E2F1/Rb/HDAC1 axis, in-
fluencing drug efficacy [24]. Additionally, the emerging
role of isoform-specific HDAC inhibitors and combination
therapies has been suggested to potentially overcome such
resistance mechanisms, as evidenced by investigations in
hematologic malignancies such as diffuse large B-cell lym-
phoma [25]. Given the critical role of HDAC1 in cancer
biology, further research into HDAC-targeted therapies is
essential for improving clinical outcomes while minimiz-
ing adverse effects.

Hydroxamate-based inhibitors have gained promi-
nence due to their strong Zn2+-chelating ability, which en-
hances their potency as HDAC inhibitors [26]. Structurally,
hydroxamate HDACis possess a pharmacophoric frame-
work comprising a Zn2+-binding group (ZBG), a linker,
and a surface recognition cap [27]. This configuration al-
lows selective binding to the catalytic pocket of HDAC1
while maintaining specificity [28]. Moreover, hydroxa-
mate inhibitors exhibit favorable pharmacokinetics, mak-
ing them suitable candidates for drug development [20].
This study aims to explore the inhibitory potential of novel
dihydroxamate-based compounds against HDAC1 by eval-
uating their binding interactions, stability, and enzymatic
activity through molecular docking, molecular dynamics
simulations, and enzymatic inhibition assays. The findings

may identify promising candidates for selective HDAC1 in-
hibition, contributing to the development of epigenetic can-
cer therapies.

2. Materials and Methods
2.1 General Procedures

All reagents, including chemicals and enzymes, were
obtained from Sigma-Aldrich (St. Louis, MO, USA)
or other reputable suppliers, with detailed information
provided where applicable. Compounds 4 (N-Hydroxy-
3-[6-(hydroxyamino)-6-oxohexyloxy]benzamide) and
6 (N-hydroxy-4-(7-(hydroxyamino)-7-oxoheptyl)-3-
methoxybenzamide) were initially dissolved in dimethyl
sulfoxide (DMSO) and subsequently diluted to the required
concentrations for enzyme activity assays.

2.2 Molecular Docking
Ligand Preparation: The crystal structure of HDAC1

(PDB ID: 4BKX) served as the receptor template. Avo-
gadro software (version 1.95, Pittsburgh, PA, USA), utiliz-
ing theGeneral Amber Force Fields (GAFF), was employed
to build and energy-minimize the structures for Compounds
4 and 6 [29]. Docking Setup: Molecular docking of each
ligand was conducted with AutoDock Vina (version 1.2.7,
La Jolla, CA, USA), allowing full ligand flexibility while
keeping the receptor rigid [30]. The docking grid was es-
tablished around the HDAC1 active site, with center coor-
dinates set (–46.756, 16.290, –7.785). Simplified docking
parameters were chosen for clarity. Interaction Analysis:
The lowest-energy docking poses for each ligand under-
went subsequent molecular dynamics simulations. Protein-
ligand interactions derived from both the docking results
and the final molecular dynamics structures were analyzed
using the Protein-Ligand Interaction Profiler (PLIP) online
platform [31].

2.3 Molecular Dynamics Simulations
All molecular dynamics (MD) simulations were

executed using GROMACS software (version 2021.4,
Stockholm, Sweden). The simulations employed the
AMBER99SB-ILDN force field, which was further ad-
justed with recently reported parameters specific for
zinc(II)-binding residues [32,33]. These adjustments were
essential for accurately modeling the zinc ion coordina-
tion in the active site, enhancing metalloprotein stability
during MD runs. The SPC/E water model was utilized
for solvation, and ligand topologies compatible with GRO-
MACS were generated using ACPYPE software (version
v2022.7.27, Cambridge, UK) [34]. Each simulation sys-
tem was initially solvated, followed by charge neutraliza-
tion through the addition of three chloride ions. Sub-
sequently, energy minimization was performed using the
steepest descent algorithm for 500,000 steps. Equilibra-
tion occurred in two sequential stages: first, a 100-ps NVT
ensemble run stabilized the system temperature at approxi-
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mately 300 K using the leap-frog integrator. This was fol-
lowed by another 100-ps NPT equilibration, also employ-
ing the leap-frog integrator, stabilizing the system’s pres-
sure at roughly 1 bar. During both equilibration phases,
positional restraints were applied to the receptor and ligand
atoms. Temperature control was maintained by the Berend-
sen velocity-rescale thermostat, and pressure control uti-
lized the Parrinello-Rahman barostat. The final MD pro-
duction run lasted 100 ns without positional restraints. Two
independent replicates for each HDAC1-inhibitor complex
were carried out using distinct initial velocity conditions.
These replicates facilitated the identification of consistent
dynamical behaviors across systems, enabling selection of
the most representative simulation for subsequent inhibitor
comparisons and analyses. The root mean square deviation
(RMSD) values for ligand trajectories relative to the pro-
tein backbone were determined using the RMSD calcula-
tion module of GROMACS. Additionally, RMSD values of
the protein backbone relative to the complex was performed
to provide insight into the protein stability throughout the
simulations.

2.4 Inhibition Tests
The purified HDAC1 enzyme was obtained from

Abcam (Cambridge, UK) and used for substrate activ-
ity assays. The enzyme was added at a final concen-
tration of 10 µg/mL to reaction solutions containing 10
to 500 µM Boc-Lys(Ac)-pNA (N-Boc-Lysine acetyl-p-
nitroaniline, Abcam, Cambridge, MA, USA) in 50 mM
TBS buffer (Sigma, St. Louis, MI, USA, pH 7.0). Reac-
tions were conducted in a 96-well plate with a final vol-
ume of 100 µL and incubated at 37 °C for 1 hour. Fol-
lowing incubation, reactions were terminated by adding 10
µL of color developer (trypsin, Sigma), followed by thor-
ough mixing. The plate was further incubated at 37 °C
for 30 minutes, after which absorbance readings were ob-
tained at 405 nm using a 96-well plate reader (Bio-Tek
ELx808, Winooski, VT, USA). Enzymatic activity was
monitored by measuring the increase in absorbance at 405
nm, corresponding to the release of p-nitroaniline (ε = 8800
M−1·cm−1). All experiments were performed in triplicate.
For IC50 determination, enzymatic assays were conducted
under the same conditions, with the reaction mixture pre-
incubated for 1 hour with varying concentrations of Com-
pounds 4 and 6 prior to initiation with a fixed substrate con-
centration. A separate set of assays was performed at fixed
inhibitor concentrations (0–100 µM for Compounds 4 and
6), where the substrate concentration was varied from 0.1
to 0.4 mM. All experiments were conducted in triplicate to
ensure reproducibility.

3. Results
3.1 Synthesis of Compound 4 and 6

The synthesis of compounds 4 and 6 is essential
for developing effective HDAC1 inhibitors, as these com-

pounds contain hydroxamic acid functional groups known
to chelate the zinc ion in the active site of HDAC enzymes.
The design and synthesis of these molecules aim to opti-
mize their structural features for enhanced binding affinity,
stability, and inhibitory potency, as supported by molecu-
lar docking and dynamics simulations. Fig. 1 depicts the
synthetic pathway for N-Hydroxy-3-[6-(hydroxyamino)-6-
oxohexyloxy]benzamide (4). The synthesis begins with
3-hydroxybenzoic acid (1), which undergoes etherifica-
tion with 6-bromohexanoyl hydroxylamine (2) in the pres-
ence of a suitable base, yielding the intermediate 3-(6-
bromohexyloxy)benzoic acid (3). Subsequent nucleophilic
substitution with hydroxylamine hydrochloride results in
the formation of the target compound 4. This reaction
sequence involves key transformations, including esterifi-
cation, halogen displacement, and hydroxylamine incor-
poration, ensuring the selective introduction of hydrox-
amic acid functionality. Fig. 2 illustrates the synthetic
strategy for N-Hydroxy-4-methoxy-3-[6-(hydroxyamino)-
6-oxohexyloxy]benzamide (6). The synthesis commences
with 4-methoxy-3-hydroxybenzoic acid (5), which un-
dergoes etherification with 6-bromohexanoyl hydroxy-
lamine under basic conditions to generate 4-methoxy-3-
(6-bromohexyloxy)benzoic acid. Subsequent nucleophilic
substitution with hydroxylamine hydrochloride affords the
final hydroxamic acid derivative 6. By synthesizing and
characterizing these compounds, their inhibitory potential
against HDAC1 can be experimentally validated, support-
ing their potential as lead compounds.

3.2 Molecular Docking

Understanding the molecular interactions of com-
pound 4 with HDAC1 is critical for elucidating its inhibi-
tion mechanism and guiding structure-based drug design.
Molecular docking analysis revealed that compound 4 en-
gages in hydrophobic interactions, hydrogen bonding, and
π-stacking within the HDAC1 active site. Two hydropho-
bic interactions involving Phe150, at distances of 3.62 Å
and 3.83 Å, contribute to ligand stabilization. Addition-
ally, five hydrogen bonds were identified: His141 (3.58 Å),
His178 (3.81 Å and 2.83 Å), Gly149 (2.81 Å), and Phe205
(3.19 Å), reinforcing binding stability. π-Stacking interac-
tions further stabilize the complex, with His178 forming a
T-shaped π-stacking interaction at 5.29 Å and Phe205 en-
gaging in a parallel π-stacking interaction at 3.98 Å. Co-
ordination with the Zn2+ ion, at a binding distance of 3.7
and 4.4 Å, plays a crucial role in ligand stabilization. These
findings indicate that compound 4’s binding is mediated by
a combination of non-covalent interactions and zinc coor-
dination, which enhance its inhibitory potential. The bind-
ing conformation of compound 4 within the HDAC1 active
site is depicted in Fig. 3A. Similar to compound 4, com-
pound 6 interacts with HDAC1 through hydrophobic con-
tacts, hydrogen bonding, and metal coordination. Molec-
ular docking analysis identified hydrophobic interactions
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Fig. 1. The scheme for synthesis of compound 4: N-Hydroxy-3-[6-(hydroxyamino)-6-oxohexyloxy]benzamide. Synthesis of com-
pound 4 via etherification of compound 1 and 2, followed by hydroxylamine substitution to yield N-Hydroxy-3-[6-(hydroxyamino)-6-
oxohexyloxy]benzamide. MW, microwave.

Fig. 2. The scheme for synthesis of compound 6: N-Hydroxy-4-methoxy-3-[6-(hydroxyamino)-6-oxohexyloxy]benzamide. Syn-
thesis of compound 6 from 4-methoxy-3-hydroxybenzoic acid via etherification and hydroxylamine substitution.

involving Phe205, Pro29, Phe150, and Leu271, with dis-
tances ranging from 3.55 Å to 3.73 Å, anchoring the ligand
within the active site. Six hydrogen bonds were observed,
with His28, His141, Asp99, and Gly149 contributing to lig-
and stabilization. Asp99 formed two hydrogen bonds with
distances of 2.35 Å and 2.94 Å, indicating electrostatic sta-
bilization. The Zn-ligand coordination, at a distance of 3.5
and 5.3 Å, suggests a slightly weaker interaction compared
to compound 4. The binding mechanism of compound 6
is primarily governed by hydrophobic interactions and hy-
drogen bonding, with zinc coordination playing a stabiliz-
ing role. The binding conformation of compound 6 within
the HDAC1 active site is shown in Fig. 3B. AutoDock Vina
binding affinities and molecular dynamics simulations pro-
vide quantitative insights into ligand stability. Compound
4 exhibited a binding affinity of –6.2 kcal/mol, while com-
pound 6 showed a slightly weaker binding affinity of –5.7
kcal/mol. The Zn-ligand binding distances, 3.7 and 4.4 Å
for compound 4 and 3.5 and 5.3 Å for compound 6, sug-
gest that compound 4 forms a more stable interaction with
HDAC1. These values are summarized in Table 1. The
binding of both inhibitors toHDAC1 is driven by hydropho-
bic interactions, hydrogen bonding, and π-stacking, with

Zn coordination playing a key role in stabilizing the com-
plexes. Compound 4 exhibits a stronger binding affinity
and a shorter Zn-ligand distance, indicating a more sta-
ble coordination within the active site. Although experi-
mental isoform profiling was not performed, we conducted
comparative molecular docking simulations with HDAC2
(PDB ID: 3MAX), a closely related Class I isoform. The
results show that compound 4 exhibits a reduced binding
affinity for HDAC2 (–5.4 kcal/mol) compared to HDAC1
(–6.2 kcal/mol), suggesting a degree of target selectiv-
ity. Structural analysis further revealed that compound 4
adopts a more favorable binding conformation within the
HDAC1 active site, potentially due to unique interactions
with residues such as Phe205 and His178. These findings
provide insights into the molecular basis of HDAC1 inhibi-
tion and inform future optimization strategies for develop-
ing potent inhibitors.

3.3 Molecular Dynamics Simulations

Molecular docking provides an initial assessment of
the binding affinity and interactions between ligands and
target proteins. However, docking alone does not account
for protein flexibility, solvent effects, and the dynamic na-
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Fig. 3. Molecular docking conformations obtained by AutoDock Vina. (A) Binding mode of compound 4 with histone deacetylase
1 (HDAC1). (B) Binding mode of compound 6 with HDAC1. Numbers indicate distances (in Å) for critical interactions between the
inhibitors and HDAC1 active site residues.

Table 1. The Autodock binding affinities for each selected conformation, and the end-state free energies of the molecular
dynamics simulations.

Inhibitor Autodock binding affinity (kcal/mol) End-state free energy of the molecular dynamics (kcal/mol)

Compound 4 –6.2 –7.7
Compound 6 –5.7 –7.3
CI994 –6.3 –7.8

ture of ligand binding. To refine these insights, MD sim-
ulations were conducted to examine the stability, confor-
mational changes, and binding interactions of compounds
4 and 6 with HDAC1 over time. These simulations help
validate docking results and provide a more realistic repre-
sentation of molecular interactions within a biological sys-
tem. Fig. 4A shows the complex between compound 4 and
HDAC1, where the ligand is stabilized through multiple
interactions, including hydrogen bonding and coordination
with a metal ion, likely a zinc ion, given HDAC1’s known
active site structure. Critical residues, including His178,
Tyr303, Tyr204, and Phe205, contribute to the stabiliza-
tion of the ligand. The hydrogen bonding network, particu-
larly with Gly143, and π-π stacking with aromatic residues
suggest a strong binding affinity. The interaction of zinc
in the active site of HDAC1 and compound 4 is a diva-
lent covalent coordinate, with distances of 4.3 Å and 4.8
Å, indicating strong coordination that enhances ligand sta-
bility. Hydrophobic interactions were observed with key
residues such as Phe150, Phe205, and Leu271, with dis-
tances ranging from 3.29 to 3.93 Å. MD analysis also re-
vealed significant hydrogen bonds with His141, Gly149,
His178, Tyr204, Phe205, and Tyr303, with distances be-
tween 2.19 and 3.44 Å. As shown in Table 1, the docking
results showed an initial binding affinity of –6.2 kcal/mol,
which improved to –7.7 kcal/mol after MD simulations, in-
dicating enhanced stabilization in the binding pocket. In
contrast, Fig. 4B illustrates the complex between compound

6 and HDAC1, where fewer stabilizing interactions are ob-
served. The key residues, Tyr287 and Gly143, contribute
to hydrogen bonding, but the ligand-metal ion distance is
slightly increased to 4.5 Å, whichmay reduce binding affin-
ity. The interaction of zinc in the active site of HDAC1 and
compound 6 is a monovalent covalent coordinate, with a
distance of 4.4 Å, suggesting a weaker coordination com-
pared to compound 4. Hydrophobic interactions were ob-
served with Phe144 and Phe199, with distances of 3.82 and
3.73 Å, respectively. The hydrogen bonding network in-
cluded Gly143 and Tyr297, with distances ranging from
1.76 to 3.04 Å, with Tyr297 forming two hydrogen bonds,
reinforcing some level of stability in the binding pocket. As
shown in Table 1, the docking results indicated an initial
binding affinity of –5.7 kcal/mol, which improved to –7.3
kcal/mol in MD simulations. However, the higher distance
from the active site and fewer stabilizing interactions sug-
gest slightly less stable binding compared to compound 4.
The MD simulations confirm that compound 4 exhibits a
more stable and favorable interaction with HDAC1, char-
acterized by a robust hydrophobic interaction network, a
well-defined hydrogen bonding network, and stronger zinc
coordination (divalent covalent coordination at 4.3 Å and
4.8 Å). This is further supported by the improved bind-
ing free energy from docking (–6.2 kcal/mol) to MD (–7.7
kcal/mol), as reported in Table 1. In contrast, compound 6
shows weaker binding, with an increased metal-ligand dis-
tance, fewer stabilizing contacts, and weaker zinc coordina-

5

https://www.imrpress.com


Fig. 4. Representative snapshots from molecular dynamics simulations illustrating inhibitor interactions within the HDAC1
active site. (A) HDAC1-compound 4 complex. (B) HDAC1-compound 6 complex. Structures represent equilibrated conformations
after 100 ns simulations.

tion (monovalent covalent coordination at 4.4 Å), leading to
a lower overall improvement in free energy (–5.7 kcal/mol
to –7.3 kcal/mol). These results suggest that compound 4
is a stronger HDAC1 inhibitor, making it a better candidate
for further optimization in HDAC-targeted drug develop-
ment.

Further confirmation of these stability differences
is shown in Fig. 5, which presents the RMSD analysis
of the protein-ligand complexes and the ligands them-
selves. Fig. 5A shows the protein backbone RMSD
for the HDAC1:compound 4 complex in black and the
HDAC1:compound 6 complex in green. The lower fluctu-
ations in the green curve suggest that compound 6 induces
less structural stability in the complex. Fig. 5B shows the
RMSD of compound 4 in black and compound 6 in red,
plotted as running averages for visual clarity. The greater
fluctuations in the red curve indicate that compound 6 expe-
riences more conformational instability, further supporting
the observation that compound 4 forms a more stable and
favorable interaction with HDAC1.

3.4 Inhibition Tests

To evaluate the inhibitory effects of compounds 4 and
6 on HDAC1, concentration-response experiments were
conducted. These inhibition tests are essential to deter-
mine the potency of each compound in suppressingHDAC1
activity, which is crucial for validating computational and
structural predictions. The IC50 values obtained provide
quantitative insight into the effectiveness of each compound
as an HDAC1 inhibitor. Fig. 6A illustrates the inhibition
profile of compound 4, showing a sigmoidal curve with
a steep decline in remaining HDAC1 activity as the com-
pound concentration increases. The calculated IC50 value
for compound 4 is 2.96 ± 0.4 µM, indicating strong in-
hibitory potency. In contrast, Fig. 6B represents the inhi-

bition curve for compound 6, which exhibits a similar sig-
moidal shape but with a more gradual decline. The IC50

value for compound 6 is 4.76± 0.5 µM, suggesting weaker
inhibitory efficiency compared to compound 4. As summa-
rized in Table 2, the lower IC50 value of compound 4 indi-
cates that it is a more potent HDAC1 inhibitor than com-
pound 6. This result aligns with the MD simulations and
binding affinity data, which showed that compound 4 forms
stronger interactions with HDAC1, including a more stable
hydrogen bonding network, stronger hydrophobic interac-
tions, and a more favorable zinc coordination. The higher
IC50 value for compound 6 suggests that it requires a higher
concentration to achieve the same inhibitory effect as com-
pound 4, reinforcing the conclusion that compound 4 is the
superior HDAC1 inhibitor. These findings confirm that
compound 4 is amore effective HDAC1 inhibitor than com-
pound 6, making it a better candidate for further drug de-
velopment targeting HDAC1-mediated pathways. A two-
tailed unpaired Student’s t-test was performed to compare
the IC50 values of compounds 4 and 6. The analysis yielded
a statistically significant difference (p < 0.01), confirming
that compound 4 exhibits significantly stronger inhibitory
potency than compound 6.

Table 2. The inhibition effectiveness of compounds 4 and 6 by
inhibitory potency (IC50).

Inhibitor IC50 with HDAC1

Compound 4 2.96 µM
Compound 6 4.76 µM

4. Discussion
HDAC1 plays a crucial role in chromatin remodeling

and gene expression regulation, making it a valuable target
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Fig. 5. Root mean square deviation (RMSD) analyses from molecular dynamics trajectories. (A) Protein backbone RMSD for
HDAC1 bound to compound 4 (black) and compound 6 (green). (B) Ligand RMSDs for compound 4 (black) and compound 6 (red)
within the HDAC1 active site. Data are presented as running averages for improved visual clarity. The system reached equilibration after
10 ns.

Fig. 6. Concentration-response curves for HDAC1 inhibition by dihydroxamate derivatives. (A) Compound 4. (B) Compound 6.
Data points represent mean± standard deviation (SD) from three independent experiments. Statistical significance between IC50 values
was determined using a two-tailed unpaired Student’s t-test (p < 0.01).

for cancer therapy. Given the limitations of current HDAC
inhibitors, including off-target effects and the emergence of
resistance, this study aimed to develop novel hydroxamate-
based HDAC1 inhibitors with improved selectivity and po-
tency. Through a combination of molecular docking, MD
simulations, and enzymatic inhibition assays, we provide
a comprehensive evaluation of two candidate inhibitors,
compounds 4 and 6. However, it is important to recognize
several limitations in our study upfront. First, the molec-
ular dynamics simulations were conducted in a simplified
aqueous environment, which may not fully capture the dy-
namic complexity of intracellular systems. Second, our en-
zymatic inhibition assays utilized purified HDAC1, without
accounting for factors such as cellular uptake, membrane
permeability, or metabolic stability. The absence of cellu-

lar assays represents a significant limitation; therefore, find-
ings should be interpreted cautiously until validated in more
physiologically relevant systems. We note that HDAC1
features a tetrahedral zinc coordination geometry involv-
ing histidine and aspartate residues. The zinc parameters
used in this study [20,28] were originally validated for tetra-
hedral coordination environments with histidine and cys-
teine ligands and represent the most current and accurate
force field modifications available for metalloprotein sim-
ulations. Although the ligand atom types differ slightly, the
tetrahedral geometry is maintained, and these parameters
were selected as the closest and most appropriate choice for
modeling the HDAC1 active site. Nevertheless, coordina-
tion geometries were interpreted with caution, recognizing
the minor differences in ligand chemistry.
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Our approach enabled structural and energetic profil-
ing of inhibitor interactions with HDAC1. Molecular dock-
ing revealed that both compounds form critical hydropho-
bic and hydrogen bonding interactions with the active site
of HDAC1. Compound 4 demonstrated stronger binding
affinity (–6.2 kcal/mol) than compound 6 (–5.7 kcal/mol),
correlating with its enhanced structural fit. MD simulations
further substantiated these results, with compound 4 main-
taining a more stable binding conformation, as shown by its
consistent zinc coordination distances (4.3 and 4.8 Å), com-
pared to the weaker and less stable coordination observed
for compound 6 (4.4 Å). RMSD analyses also indicated re-
duced fluctuations for compound 4, suggesting greater con-
formational stability within the HDAC1 binding pocket.

To contextualize these findings within the broader
landscape of HDAC inhibitors, we included CI-994—
a clinically studied HDAC1-selective compound—as a
benchmark. CI-994 exhibited comparable binding param-
eters (AutoDock affinity: –6.3 kcal/mol), closely matching
those of compound 4 (–6.2 kcal/mol). This similarity sug-
gests that compound 4 shares structural and energetic prop-
erties with known isoform-selective inhibitors, reinforcing
its potential as a lead compound with HDAC1-preferential
characteristics.

Selectivity toward HDAC1 over other isoforms is a
critical factor for reducing off-target toxicity associated
with pan-HDAC inhibition. To explore this, we con-
ducted comparative docking simulations of compound 4
with HDAC2 and HDAC8. These studies revealed re-
duced binding affinities for HDAC2 (–5.4 kcal/mol) and
HDAC8 (–5.1 kcal/mol), suggesting a degree of specificity
for HDAC1. These results support the structural basis for
preferential HDAC1 inhibition and warrant further investi-
gation into isoform selectivity in cellular systems.

Enzymatic inhibition assays further validated the su-
perior potency of compound 4, yielding an IC50 of 2.96
µM compared to 4.76 µM for compound 6. This finding
is consistent with prior structure–activity relationships of
hydroxamate-basedHDAC inhibitors, where enhanced zinc
coordination and hydrogen bonding networks correlate with
stronger inhibition. The differential activity also points to
the importance of the linker and cap group modifications;
compound 4’s hydroxyl-substituted aromatic cap likely fa-
cilitates more optimal interactions with key residues such
as Phe205 and His178, while the methoxy substitution in
compound 6 may introduce steric hindrance or alter hydro-
gen bonding geometry. The observed difference in potency
between compounds 4 and 6 was statistically validated by a
two-tailed unpaired Student’s t-test (p < 0.01), supporting
the conclusion that compound 4 is the more potent HDAC1
inhibitor.

Although these results are promising, the limita-
tions noted earlier highlight the need for additional stud-
ies in physiologically relevant conditions. Future inves-
tigations will be conducted using cell-based models to

comprehensively evaluate the biological activity of com-
pounds 4 and 6. These studies may include apoptosis as-
says, histone acetylation analysis, gene expression profiling
(western blotting, qPCR, and chromatin immunoprecipita-
tion), and cytotoxicity and proliferation assays in HDAC1-
overexpressing cancer cell lines. Further characterization
through in vivo pharmacokinetic analyses and isoform-wide
enzymatic testing will be critical to fully understand the
therapeutic potential and selectivity of these candidates.

5. Conclusion
This study highlights the potential of compound 4 as

a highly stable and potent HDAC1 inhibitor, outperform-
ing compound 6 in binding affinity, stability, and enzymatic
inhibition. These findings contribute to the ongoing devel-
opment of selective HDAC inhibitors and provide a foun-
dation for future drug optimization efforts. By refining the
structural properties of these compounds, wemove closer to
developing effective epigenetic therapies with reduced tox-
icity and enhanced clinical efficacy. However, given the
inherent caveats in computational and in vitro studies, fur-
ther validation through advanced biological models is war-
ranted.
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