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Abstract: A series of novel 2H-benzo[e][1,2,4]thiadiazin-3(4H)-one-1,1-dioxides (BTDs) as hCA Xll inhibitors with remarkable activities have been
reported recently. In this study, a three-dimensional quantitative structure-activity relationship (3D-QSAR), molecular docking, ADMET and
drug-likeness analyses were conducted on the reported BTDs to gain deeper insight into the key pharmacological features of hCA XlI inhibitors
and identify new potential compounds. The constructed 3D-QSAR models demonstrated reliable predictability with satisfactory validation
parameters. Including Q> =0.660, R? = 0.957 and R%pred = 0.701 in COMFA model, and Q% = 0.685, R? = 0.969 with R%yreq = 0.829 in CoMSIA model.
Molecular docking provides further insights into the binding modes of these BTDs with the CA XII protein. The results indicated that key residues
Thr199, Thr200, GIn92, Asn62 and Leu198 could interact with BTDs by hydrogen bonds or hydrophobic interactions, which might be significant
for the activity. The information obtained will be very helpful for designing new derivatives with high anti-hCA XlI activity.
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INTRODUCTION

c arbonic anhydrases (CAs) play a crucial role in catalyz-
ing the hydration of CO, to bicarbonate and protons,
alongside other hydrolytic reactions.l! The hydration of
carbon dioxide is essential in several physiological
processes, including respiration, pH regulation, CO,
balance, fat synthesis, sugar production, and tumor
formation.l2l As of the current date, researchers have
identified a total of seven distinct genetic families of
carbonic anhydrases (a, 8, y, 6,  n and 9). The human
carbonic anhydrases (hCAs) are classified under the a-class
of carbonic anhydrases, which comprises fifteen isoforms
(hCA I — hCA XV).B3]
The active site of carbonic anhydrase (CA) is located
in a deep cavity of 15 A, at the bottom of this cavity a crucial
Zn?* ion is coordinated by three histidine residues (His94,

His96, His119) and one water molecule or hydroxide anion.
The catalytic site consists of distinct hydrophilic and
hydrophobic regions.[¥! The three conserved histidine
residues and zinc, along with Thr 199, facilitate the binding
of CA inhibitors specially sulfonamides and related
structures (sulfamates, sulfamides). The inhibitors
coordinate with zinc through a negatively charged nitrogen
atom, while the remaining hydrogen forms a hydrogen
bond with the hydroxy group of Thr 199.5]

Human carbonic anhydrases (hCAs) Xll is commonly
found in various healthy tissues like the endometrium,
colon, kidney, and eye.l9! Its significant involvement in ad-
vancing tumor growth, invasiveness, metastasis, and
resistance to standard cancer treatments often leads to
poor patient outcomes. Inhibitors targeting CA Xl have
demonstrated effectiveness in curtailing primary tumor
development, invasion, metastasis, and reducing the
amount of cancer stem cells.l”] Several of these inhibitors
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Figure 1. Structure of clinically used carbonic anhydrase inhibitor drugs.

have been evaluated as potential anticancer drug candi-
dates, including SLC-0111, Sulofenur, Indisulam, and
Pozapanib (Figure 1), and are currently undergoing
anticancer clinical trials.(®!

Computer-aided drug design (CADD) has significantly
enhanced the efficacy of drug design and offered innova-
tive solutions for treating persistent ailments.[®! It has been
developed and widely used for anticancer, anti-HCV, anti-
inflammatory, and anti-AIDS drugs.[10]

The three-dimensional quantitative structure-
activity relationship (3D-QSAR) methodology is widely
considered one of the most efficient CADD approaches for
understanding the mechanisms of drug action and
developing new drugs, it involves a quantitative correlation
between the molecular structures or properties and the
changes in biological activity.l'*] Furthermore, molecular
docking serves as a powerful tool to compute protein ligand
interactions and generate 3D graphical representations,
aiding in a more profound understanding of the molecular
binding mechanism.[*2 Currently, 3D-QSAR approaches,
such as comparative molecular field analysis (COMFA) and
comparative molecular similarity indices analysis (CoMSIA)
studies are extensively utilized to understand the pharma-
cological properties of compounds under investigation and
for developing new drugs. 3D-QSAR analyses elucidate both
favorable and unfavorable zones affecting biological
activity.[*3] Moreover, molecular docking provides diverse
orientations of ligands inside the active region, which helps
researchers to develop potential hypotheses about the
probable receptor-ligand interactions.[14]

In recent years, several studies have focused on the
prediction of novel carbonic anhydrase inhibitors, to
identify effective compounds that can modulate the
activity of this vital enzyme. Researchers use advanced
techniques and Computer-Aided Drug Design (CAAD)
methodologies such as virtual screening, multiD-QSAR,

Hologram QSAR (HQSAR), Topomer-CoMFA, DFT,
molecular docking, ADMET and molecular dynamic
simulations to enhance the accuracy of their predictions
and to discover new therapeutic options.[*5] In this context,
many important results have been achieved using 3D-QSAR
methods such as CoMFA and CoMSIA, along with
molecular docking and ADMET analyses, by many
researchers including Nilewar,[16] Abdizadeh,[17] Singh, (18]
and others.[19.20]

Nilewar's group reported molecular modeling
studies on aromatic acid esters for carbonic anhydrase
inhibitory activity using several computational techniques
(CoMFA, CoMSIA, Topomer COMFA, and HQSAR). The team
conducted a thorough 2D (HQSAR) and 3D (CoMFA and
CoMSIA) analysis of the dataset, and based on the results,
they established a structure-activity relationship.[!6] In
2024, Saravanan and his team developed pharmacophore
modeling-based in silico analysis to find selective
chemotypes acting as hCA inhibitors that could be used in
cancer treatment. The results obtained demonstrate
outstanding potential for hCA IX inhibitory action.[6]

In this study, we utilized twenty BTD compounds to
develop an accurate 3D-QSAR model. Our aim was to
understand the inhibitory activity of these compounds by
examining their structural features. The creation of contour
maps allowed us to visualize the relationships between
these features and the inhibit ory activity. Overall, our
findings revealed the intricate connections between
structural features and inhibitory activity. The interactions
between the newly designed compounds with higher
predicted activities and receptor protein was investigated
using molecular docking. Finally, the inhibitors were
selected by ADMET and bioavailability prediction. This
study serves as a crucial reference and guide for the future
emergence and advancement of innovative, wide-ranging,
and highly potent carbonic anhydrase inhibitors.

Croat. Chem. Acta 2025, 98(1)

DOI: 10.5562/ccad128



ROATICA
CT
A

A. NAOURI et al.: 3D-QSAR, Molecular Docking and ADMET Studies ...

(not final pg. Ne) 3

EXPERIMENTAL

Data Sets and Biological Activities

The optimal minimum number of compounds required for
the effective construction of a 3D-QSAR model, utilizing
methods such as COMFA and CoMSIA, is approximately 15
molecules.[?122] Based on this guideline, a significant
number of researchers have successfully employed
datasets with less than twenty compounds to create
models with respectable predictive power.[23-25] |n this
study, we have carefully chosen 20 benzothiadiazin-3-one
1,1-dioxides derivatives (BTDs) as novel inhibitors of
Carbonic Anhydrase XIlI (CA Xll) with known inhibition
constants (Ki) values ranging from 15.5 to 764 nM. These
molecules were selected from published literature reports
for the present molecular simulation.2¢! The inhibitory

Table 1. Chemical structures and anti-CA XII activities of
BTDs derivatives.
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Code R R1 Ki/ nM pKi
1% H H 53.1 7.27
2 5-CHs H 69.3 7.16
3 7-CHs H 74.3 7.13
4% 5,7-diCHs H 38.3 7.42
5 5,8-diCHs H 458.7 6.34
6 6,8-diCHs H 764 6.12
7 5-F H 42.7 7.37
8* 7-F H 249 7.60
9 5-Cl H 42.5 7.37
10 7-Cl H 70.8 7.15
11 5-Br H 75.8 7.12
12 7-Br H 96.6 7.02
13 7-OCHs H 64.5 7.19
14 5,6-Benzo H 104.9 6.98
15 H CHs 181.5 6.74
16 7-Cl CHs 325.7 6.49
17 5-CH>-CHs H 247.2 6.61
18 5-COOH H 27 7.57

19%* 7-COOH H 15.5 7.81
20 7-OH H 34.6 7.46
* test set

activity (Ki) was initially converted to negative logarithmic
units (pki) for analysis. Moreover, 3D-QSAR models were
developed using the proposed molecules; 16 compounds
were chosen randomly to create a quantitative model
(training set), while the remaining four compounds were
used to assess the model's accuracy (test set). The
structures of the 20 compounds along with their biological
activity can be found in Table 1.

Molecular Modelling and Alignment

All proposed compounds were modeled using SYBYLX 2.0
software package (Tripos Inc, Saint Louis, MO, USA.
https://www.tripos.com/), on windows 10.0, 64 bits
workstation. The sketched benzothiadiazin-3-one 1,1-
dioxides derivatives (BTDs) module was minimized using
the Tripos force field and by applying Gasteiger-Huickel
charges. The maximum number of iterations was 1000, and
the gradient energy convergence value was set to
0.005 kcal mol-1 A.[27)

In Figure 2, twenty compounds of benzothiadiazin-3-
one 1,1-dioxides derivatives were aligned by the distilling
alignment technique available in SYBYL to the common
core utilizing molecule 19 (the most active molecule in the
data set) as a template.[28]

Construction of COMFA and CoMSIA
Models

The local physical and chemical properties influencing the
ligand-receptor interaction have been examined through
3D-QSAR techniques. CoMFA fields were computed
utilizing sp3 carbon probe with +1 charge to evaluate steric
field energies and electrostatic fields. In addition, it figures
out similarity indices for each compound in the dataset that
has been aligned using specific methods. CoMSIA employs
a Gaussian-like distance dependence function between the
probe and the molecule’s atoms to prevent singularities at
atomic positions and excessive potential energy
fluctuations for grids.[2°!

Partial Least Squares (PLS) Analysis

The PLS analyses are implemented using two techniques:
cross-validation leave-one-out and non-cross-validation.
In the first stage, PLS analysis uses a cross-validation leave-
one-out technique to determine the cross-validation
correlation coefficient (Q2) and the optimal number of
components (ONC).

In the second step, the PLS analysis uses the non-
cross-validation technique to determine the coefficient of
determination (R2), standard error of estimation (SEE) and
Fischer statistical test value (F). A model is eligible to be
selected for further analysis if the following requirements
are satisfied: Q2 > 0.5, ONC < 10, R? > 0.6, SEE << 1 and
F >>10.[2%

DOI: 10.5562/ccad128
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Figure 2. Alignment of dataset: (a) The common substructure (red) used in database alignment; (b) The alignment result based
on the common substructure of compound 19. Molecules are colored in white for common C, blue for N, red for O, yellow for

S, cyan for H, green for F and Cl.

Validation of COMFA and CoMSIA
Models

The primary objective of employing a 3D-QSAR model is to
estimate the activity of non-synthetic compounds based on
their predictive power and robustness. For this reason, the
recommended models have been submitted to additional
validation. Four compounds have been employed in the
external validation approach as test set molecules. Similarly
to the training set, these molecules were sketched and
optimized by the same method. The pK; of the four studied
molecules used in the validation process was calculated
using the recommended models. The prediction capacity of
the elaborated models was investigated by determining the
predictive correlation coefficient R%,eq Of test set as
external validation parameter. As a rule, R%yeq > 0.6 show
the 3D-QSAR models have an excellent external predictive
ability.30

Molecular Docking

Molecular docking is a widely used computational
approach in studying the potential interaction between
candidate drugs and the active site of a protein or
enzyme.BU The crystal structure of human carbonic
anhydrase Xl (hCA XII) protein in complex with
acetazolamide (PDB ID: 1JD0) was downloaded from RCSB
Protein Data Bank (https://www.rcsb.org/). The process of
molecular docking ligand-receptor involves three main
steps: preparation of the protein and ligand, creation of the
receptor grid, and the molecular docking process.32 We
used AutoDock Vina 1.1.2 software for conducting
molecular docking investigations.®3] The grid was
positioned with center coordinates x (-14.293), y (-6.726),
and z (20.795), with grid spacing set at 25 A using standard
docking parameters.[34]

Furthermore, BIOVIA Discovery Studio Visualizer was
employed for the visualization and assessment of the 2D
and 3D interactions within the protein-ligand complexes
(https://www.3ds.com/products/biovia/discovery-studio/visualization).

ADMET and Drug-likeness Prediction

The physicochemical and biological properties of a small
molecule play a main role in determining the potential
efficacy of a candidate drug.l3°! By incorporating Lipinski's
rules and utilizing the ADMETIab 3.0 web server
(http://admetlab3.scbdd.com/), we can effectively
evaluate the usability of the molecule.l*®] The admetSAR
web server (https://Immd.ecust.edu.cn/admetsar2) was
utilized to determine the pharmacokinetic (oral
bioavailability) and ADMET (absorption, distribution,
metabolism, excretion, and toxicity) parameters of selected
drugs.l37! Criteria for assessing oral absorption charac-
teristics include molecular weight (My) < 500, logP of 5,
hydrogen bond donors (DBL) of 5, number of hydrogen
bond acceptors (HBA) < 10, and topological polar surface
area (TPS) 140. Meeting these criteria indicates oral
bioavailability.[38]

RESULTS AND DISCUSSION

Analysis of COMFA and CoMSIA Model

CoMFA and CoMSIA models are built using different
subsets of training and test compounds. The computational
outcomes derived from the application of Partial Least
Squares (PLS) analysis on these models are summarized in
Table 2. The stability of the COMFA and CoMSIA models can
be evaluated by Q% R% ONC, F, SEE and RZyreq values. It is
generally considered that models with Q2 > 0.5 and
R2> 0.6 have good internal validation ability, and those with
RZpred > 0.6 have good external prediction ability. The best
models were also evaluated using low optimal number of
component ONC and low standard error estimate values.[3°

In the present study, the generated COMFA-S model
shows the best parameters compared to CoMFA-SE and
CoMFA-E models with the highest internal validation
coefficients (Q2 = 0.660 and R? = 0.957) and good external
prediction coefficient (R%yreq = 0.701). In addition, the
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Table 2. The statistic results of COMFA and CoMSIA models.

Parameters
Descriptors

Q? R? SEE ONC F R2pred
CoMFA S 0.660 0.957 0.101 4 42.249 0.701
CoMFA E 0.216 0.641 0.269 2 8.447 0.319
CoMFA S E 0.536 0.961 0.097 4 22.161 0.552
CoMSIA S 0.594 0.891 0.161 4 38.169 0.680
CoMSIA E 0.301 0.652 0.265 2 10.460 0.368
CoMSIA H 0.685 0.969 0.087 4 87.298 0.829
CoMSIA D 0.012 0.467 0.341 3 12.668 0.413
CoMSIA A 0.029 0.255 0.388 2 6.817 0.275
CoMSIA S E 0.352 0.755 0.222 2 17.243 0.489
CoMSIA S H 0.669 0.979 0.071 4 80.198 0.817
CoMSIA S D 0.385 0.914 0.143 4 56.704 0.759
CoMSIA S A 0.483 0.935 0.125 4 93.117 0.838
CoMSIA E H 0.522 0.949 0.113 4 51.982 0.743
CoMSIA E D 0.297 0.514 0.302 1 11.952 0.399
CoMSIA E A 0.315 0.657 0.263 2 15.020 0.455
CoMSIA H D 0.533 0.952 0.107 4 86.227 0.827
CoMSIA H A 0.615 0.954 0.104 4 96.746 0.843
CoMSIA D A 0.009 0.282 0.367 1 6.965 0.279

S = Steric field, E = Electrostatic field, H = Hydrophobic field, D = Hydrogen bond donor field, A = Acceptor field, Q% = Leave one out
(LOO) cross-validated correlation coefficient, R? = Non-cross validated correlation coefficient, SEE = Standard error of estimation,
ONC = number of optimum components, F = Fischer-test value, R%yq = Predictive correlation coefficient of test set (external validation
parameter). Note: Bold line indicates best significant optimized model.

CoMFA-S model describing carbonic anhydrase inhibitors
possesses a low standard error estimate (SEE) value of
0.101 with an optimum number of components (ONC) of
four. All validation parameters of the CoMFA-S model are
eligible and indicating that the model has good statistical
significance.

In order to find the optimum CoMSIA, different
models were constructed by the combination of the steric
field (S), electrostatic field (E), hydrophobic field (H),
hydrogen bond donor field (D) and acceptor field (A) and
the statistical values are listed in Table 2.

Among the possible field combinations, the COMSIA-
H model stood out with the highest Q2 value (Q2 = 0.685)
with RZ = 0.969 and an outstanding external prediction
parameter (R%yeq = 0.829). Furthermore, the CoMSIA-H
model demonstrates strong predictive ability and
credibility with validation data indicating SEE = 0.087, and
ONC = 4. CoMSIA-H was identified as the most optimal
CoMSIA model and selected for further analysis.
The calculated pK; values of compounds with the obtained
CoMFA-S and CoMSIA-H models are listed in Table 3.

The relationships between the experimental pK;
values vs. calculated pKi values are plotted in Figure 3. Most
compounds in the COMFA-S and CoMSIA-H models align at
or near the trend line, this alignment demonstrates a strong
fit between the compound's actual and predicted activities,
as reflected by pKi values.

CoMFA and CoMSIA Contour Maps

The contour map of the COMFA model is shown in Figure 4,
with compound 19 as reference. In the CoOMFA steric field,
the green surfaces indicate that adding bulky groups would
enhance biological activity, while the yellow surfaces
suggest that adding bulky groups might not be favorable.
A wide green surface is located near the 5 and 6 groups,
indicating that the presence of a bulky group in those
positions could potentially enhance the activity. This is
confirmed by the following activity order: Compound 2 with
methyl group at 5 (pKi = 7.16) > compound 3 with methyl
group at 7 (pK; = 7.13) and compound 14 (with a benzene
ring at 5 and 6) (pKi = 6.98) > compound 6 (with dimethyl at
6 and 8) (pKi=6.12).

DOI: 10.5562/ccad128
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Table 3. Experimental and predicted pK; with errors of the training and test sets using COMFA and CoMSIA models.

8

7 \\S/iNH
R
6 N/go
R,
Predicted Activity (pKi)
CoMFA-S CoMSIA-H
Code R R1 PKicp

PKipreq Error PKipreq Error
1 H H 7.27 7.37 0.10 7.29 0.02
2 5-CH3 H 7.16 7.02 -0.14 7.02 -0.14
3 7-CH3 H 7.13 7.08 -0.05 7.18 0.05
4 5,7-diCH3 H 7.42 6.72 -0.69 6.79 -0.63
5 5,8-diCH3 H 6.34 6.35 0.01 6.32 -0.02
6 6,8-diCH3 H 6.12 6.11 -0.01 6.14 0.02
7 5-F H 7.37 7.40 0.03 7.29 -0.08
8 7-F H 7.60 7.35 -0.25 7.25 -0.35
9 5-Cl H 7.37 7.38 0.01 7.27 -0.10
10 7-Cl H 7.15 7.19 0.04 7.13 -0.02
11 5-Br H 7.12 7.28 0.16 7.25 0.13
12 7-Br H 7.02 7.16 0.15 7.04 0.03
13 7-OCH3 H 7.19 7.13 -0.06 7.29 0.10
14 5,6-Benzo H 6.98 7.01 0.03 6.98 0.00
15 H CH3 6.74 6.73 -0.01 6.68 -0.06
16 7-Cl CH3 6.49 6.54 0.06 6.51 0.02
17 5-CH2-CH3 H 6.61 6.59 -0.01 6.69 0.08
18 5-COOH H 7.57 7.55 -0.02 7.61 0.04
19 7-COOH H 7.81 7.05 -0.76 7.45 -0.36
20 7-OH H 7.46 7.28 -0.18 7.41 —-0.05

CoMFA_S Model CoMSIA_H Model
8 8
e et
76 7.6 .
g72 . % g72 .'.. —* =
6.4 e g o4 . g
6 : ¢ 6 6.4 6.8 7.2 7.6 8

7.2

Experimental pKi

Experimental pKi

Figure 3. The plot of the correlation between the experimental and predicted activity based on QSAR model of training and

test set.
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Figure 4. Steric contours of COMFA based on compound 19.

Figure 5. Hydrophobic contour of CoMSIA based on
compound 19.

Summary of contour maps

a) produced by COMFA
Rso_ o
R, 357
SNH

Rg I;/go
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Figure 5 displays the contour maps of the CoMSIA model.
In general, a hydrophobic substitution would be favorable
for the activity on the yellow surface and unfavorable for
the white surface. Clearly, placing a hydrophobic group
near the 5 group enhances inhibitory activity, as indicated
by the following activity order: Compound 7 with Fluorine
group at 5 (pKi = 7.37) > compound 3 with methyl group
at 5 (pKi = 7.13) and compound 10 with a Chloro at 7
(pKi = 7.15) > compound 3 with methyl at 7 (pKi = 7.13).

Design of New BTD Derivatives

The summary of the structure-activity relationship (SAR)
Figure 6 provides a comprehensive abstraction of all the
information obtained from the CoMFA and CoMSIA
contour maps results. This information is extremely
valuable as it helps in identifying the specific regions that
are responsible for either enhancing or reducing the
activity. This will guide us in creating new BTDs compounds
with stronger effects. As noted in Figure 6, the addition of
bulky groups at the sixth position, hydrophobic groups at
the seventh position and bulky hydrophobic groups at the
fifth position will enhance the activity of the proposed
compounds.

The chemical structure of four new inhibitors and
their predicted activity values are illustrated in Table 4.
In general, most proposed inhibitors show potent predicted
activity, and are therefore considered to be good inhibitors.

Molecular Docking Study
In the current research, we conducted molecular docking
analysis to examine the binding pattern of the designed
inhibitors BTD (1-4) with CA XII (PDB: 1JDO0), a key mediator
of several signaling pathways that are involved in cancer

Summary of contour maps
b) " produced by CoMSIA

R¢o o
R, \Y(NH
R, N /go
s R

)

Hydrophobic substituents will increase the activity

R,

Bulky groups required Rg Q
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R¢o. o
AN

2
~NH

N (6]

},

Figure 6. Suggested structural modifications of BTD derivatives for designing of more potent and selective CA Xl inhibitors.
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Table 4. Structures of new molecules and their pKi obtained by COMFA and CoMSIA model.

Predicted activity (pKi)

Code CoMFA-S CoMSIA-H
BTD-1 7.85 7.24
BTD-2 7.97 7.64
BTD-3 8.22 7.79
BTD-4

N=

5
/?/\ :@: 7.96 7.56

Figure 7. Crystal structure of human carbonic anhydrase
XIl complexed with AAZ (PDB: 1JDO0).

development. Our aim was to compare these inhibitors
with the well-known drug for carbonic anhydrase
treatment acetazolamide (AAZ), and the most potent
compound in the studied molecules compound 19.

The binding affinities and interactions resulting from
docking the CA Xl receptor with the reference ligand AAZ,
compound 19, and four (BTD) derivatives are provided in
Table 5.

Our findings reveal that the complexes formed
between the CA XIl receptor and our specially designed
compounds exhibit good stability compared to those
formed with the reference ligand AAZ (binding energy of
-9.14 kcal mol?), and compound 19 (-7.60 kcal mol-1).
Consequently, these novel molecules show promise
inhibitory efficacy against the CA XII enzyme ranging from
-8.40 to —9.10 kcal mol.

Table 5. Docking findings of the reference molecule AAZ, compound 19 and the newly designed drug-candidates.

Compounds Estimated Free Bin(%ing Residues Involve_d in H-Bond _ Residues.lnvolved .
Energy / kcal mol™ Interactions in Hydrophobic Interactions
AAZ (Acetazolamide) (Ref. ligand) -9.14 Thr199, Thr200, GIn92, Asn62 Vall121, Val143, Leul98, Trp209

compound 19 -7.60 Thr199, Thr200, GIn92 Vall121, Leu198, His94
BTD-1 -8.50 Thr199, Thr200, GIn92,Asn62 Alal31, Val121, Glu106, Leu198, His96
BTD-2 -8.40 Thr199, Thr200, GIn92,Asn62 Leu198, His96, His94
BTD-3 -9.00 Thr199, Thr200, GIn92,Asn62 Trp5, Vall21, Pro202, Leu198, His96
BTD-4 -8.40 Thr199, Thr91, GIn92 Leu198, His94,Lys67

Croat. Chem. Acta 2025, 98(1)
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Figure 8. Molecular docking results: (a) 3D view of binding site interactions; (b) 2D view of the binding conformation.

The 2-D and 3-D binding interactions of the refer-
ence ligand AAZ, compounds BTD-(1-4) and compound 19
with the CA XlI receptor (PDB: 1JDO0) are illustrated in Figure
8 and 9. When compared to AAZ and compound 19, com-
pounds BTD-(1-4) demonstrated similar H-bond inter-
action profiles with amino acid residues Thr199 and GIn92
as well as hydrophobic interactions with Leu198.

The most active designed compound BTD-3 (pK; =
8.22) stabilized in the cavity of the receptor (PDB code:
1JD0) by six hydrogen bond interactions with Thr199,
Thr200, GIn92 and Asn62 similar to AAZ as a standard drug
of CA XII.

The three compounds BTD-1, BTD-2, and BTD-4
interact with the CA XIl receptor through a network of
hydrogen bonds with (Thr199, Thr200, GIn92 and Asn62),
(Thr199, Thr200, GIn92 and Asn62) and (Thr199, Thr91 and
GIn92), respectively. Moreover, compounds BTD-1 to
BTD-4 exhibit hydrophobic interactions with residue
Leu198 similar to the co-crystalized ligand (AAZ).

This means that the presence of these amino acids is
essential for inhibiting CA XIl. Based on the results obtained
from molecular docking, compounds BTD (1-4) show
potential as effective inhibitors of carbonic anhydrase XII
when compared to standard drugs like AAZ.
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Figure 9. Molecular docking results: 3D view of binding site interactions and 2D view of the binding conformation.
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ADMET Analysis

ADMET (Absorption, Distribution, Metabolism, Excretion,
and Toxicity) is currently at the forefront of innovative
pharmaceutical research and development.*0] The ADMET
analysis is very important during the early stages of drug
development as it aims to improve the pharmacokinetic
properties of ineffective compounds.l*! In our study, all the
compounds show positive results for blood brain barrier
(BBB) criteria and human intestinal absorption values. As
shown in Table 6, all of the drugs pass the human intestinal
CACO-2 cell monolayer assay (in vitro model).

According to the literature, inhibiting p-glycoprotein
can interfere with the drug permeability, absorption,
metabolism, and retention.[*2l P-glycoprotein serves as an
efflux transporter that plays a main role in pumping the
drug back into the gut lumen.l*3! When P-glycoprotein is
induced, it will decrease the bioavailability of the drug, and
vice versa. All the analogues in this study were found to be
p-glycoprotein non-inhibitors. Furthermore, all compounds
showed non-carcinogenic properties, falling within Class IlI
acute oral toxicity.[44

It is important to note that the inhibition of the
human Ether-a-go-go Related Gene (hERG) potassium
channel by these analogues could potentially lead to a
prolonged QT interval. [45] Fortunately, all of the derivatives

Table 6. ADMET prediction of newly designed compounds.

showed only weak inhibitory effects on hERG. Moreover,
all the compounds are metabolized by CYP4502C9
isoenzymes. The CYP4502C9 isoenzymes are important for
about 90 % of oxidative metabolic reactions. Thus, most of
the derivatives have shown a good oral bioavailability.[46]

Lipinski’s Rule Prediction

The drug-likeness criteria of Lipinski’s rule of five (M, <
500, logP < 5, H-bond donors <5 and H-bond acceptors <
10, and rotatable bonds < 10) were shown in Table 7.REF
Lipinski’s rule of five is strictly followed by the four
compounds, demonstrating their robust drug-like charac-
teristics. 38

In assessing the drug-likeness of the novel BTD
derivatives, parameters of the
molecules are usually related to some filter variants.

the physicochemical

Therefore, relevant physicochemical parameters generated
from the ADMETIab 2.0 web server were assessed using
numerous drug-likeness rules such as Lipinski’s rule, Pfizer’s
rule, GSK’s rule, and Golden triangle rule as presented in
Figure 10.

The physicochemical properties for the four
compounds BTD (1-4) are within the upper limit (brown)
and lower limit (red) as presented in the radar charts
accordingly.

Absorption Distribution Metabolism Toxicity

Name HIA c2p BBB P-Gpl P-GpS CYZPC4950 hERG Carcinogen AOT
AAZ +(0.92) +(0.78) +(0.94) NI (0.93) 0.84 1(0.91) W1 (0.99) NC (0.80) Il

19 +(0.66) +(0.63) +(0.69) NI (0.99) 0.68 1(0.57) WI (0.99) NC (0.78) Il
BTD-1 +(0.88) +(0.69) +(0.85) NI (0.97) 0.64 1(0.61) W1 (0.99) NC (0.80) I
BTD-2 +(0.89) +(0.66) +(0.80) NI (0.97) 0.53 1(0.62) WI (0.99) NC (0.74) Il
BTD-3 +(0.98) +(0.59) +(0.81) NI (0.68) 0.63 1(0.52) W1 (0.94) NC (0.65) I
BTD-4 +(0.99) +(0.58) +(0.74) NI (0.88) 0.55 1(0.51) WI(0.97) NC (0.67) Il

HIA = Human intestinal absorption, C2P = CACO-2 permeability, BBB = Blood brain barrier, P-Gpl = P-glycoprotein inhibitor, PGpS =
P-glycoprotein substrate, CYP450 2C9 = Cytochrome P450 2C9, hERG = human Ether-a-go-go Related Gene, AOT = Acute oral toxicity,

| = inhibitor, NI = non-inhibitor, WI = weak inhibitor, NC = non-carcinogen.

Table 7. Lipinski validation of the newly designed drug-candidates.

Molecular

Compounds weight / log(P / mol L) H-bond H-bond donors Rotatable bonds
o acceptors
g mol

Lipinski Rule <500 <5 <10 <5 <10 Validation
BTD-1 397.02 1.65 8 4 3 Accepted
BTD-2 365.05 1.69 8 4 4 Accepted
BTD-3 484.00 0.93 12 4 5 Accepted
BTD-4 494.50 0.77 13 4 7 Accepted

* If two properties are out of range, a poor absorption or permeability is possible, one is acceptable.
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MW = Molecular Weight; nRing = Number of rings; fChar = Formal charge; nHet = Number of heteroatoms; MaxRing =
Number of atoms in the biggest ring; nRig = Number of rigid bonds; nRot = Number of rotatable bonds; TPSA = Topological
Polar Surface Area; nHD = Number of hydrogen bond donors; nHA = Number of hydrogen bond acceptors; logD = LogP at
physiological pH 7.4; logS = Log of the aqueous solubility; logP = Log of the octanol/water partition coefficient.

Figure 10. Physicochemical radar chart of the predicted compounds.

CONCLUSION

In this study, various computational techniques including
3D-QSAR, molecular docking, and ADMET were utilized to
investigate BTDs inhibitors. COMFA and CoMSIA methods
were utilized to establish reliable and predictive 3D-QSAR
models. The resulting contour mapsiillustrate the structure-
activity relationship of the inhibitors, which are capable of
predicting the activity of the external compounds in a
reliable manner.

Molecular docking results indicated that key
residues Thr199, Thr200, GIn92, Asn62 and Leu198 could
interact with BTDs by hydrogen bonds, m—mt stackings, or

hydrophobic interactions. These interactions might be
essential for their affinity with the CA XII protein.

The study utilized 3D-QSAR techniques with
molecular docking analysis to create four novel compounds
BTD (1-4) with good anti-carbonic anhydrase properties.
These compounds, displaying improved kinetics, promising
in silico ADMET and drug-likeness evaluations emerge as
strong candidates for new CA XII treatments.
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