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ABSTRACT
A novel library of diazo and pyrazole-carboxamide-linked molecules containing the sulfonamide pharmacophore was devel-

oped and synthesized, yielding selective inhibitors of clinically relevant carbonic anhydrase (CA) isoforms. The synthesis

method involved the production of diazonium salts from 4- and 3-aminobenzenesulfonamide precursors, followed by cycliza-

tion and further functionalization to yield structurally diverse pyrazole derivatives. All compounds were evaluated for their

inhibitory efficacy against hCA I and II (cytosolic isoforms) and the tumor-associated isoenzymes hCA IX and XII; also, cyto-

toxicity and molecular modeling studies were conducted for the compounds. The newly synthesized hybrid compounds dis-

played extensive inhibitory activity, with most derivatives showing significant potency and selectivity for cancer-associated

isoforms. More specifically, para-substituted analogs exhibited enhanced inhibitory properties relative to their meta-substituted

counterparts. Compound 5f, with a 3,4-dichloro motif, exhibited the highest activity with a very low KI value of 1.8 nM against

hCA IX, greatly surpassing the reference drug acetazolamide. Electron-withdrawing substituents improved inhibitory efficacy,

whereas electron-donating groups often reduced activity. Furthermore, compounds 5f (A549: 41.17 μM; HCT116: 4.47 μM) and

6c (A549: 14.64 μM; HCT116: 4.03 μM) showed the lowest IC50 values in both cell lines. The findings emphasize diazo- and

pyrazole-carboxamide-linked benzenesulfonamides as promising scaffolds for advancing isoform-selective carbonic anhydrase

inhibitors.

1 | Introduction

Carbonic anhydrases (CAs; EC 4.2.1.1) make up a ubiquitous fam-
ily of metalloenzymes, all zinc-dependent, that catalyze the revers-
ible hydration of carbon dioxide (CO2) to bicarbonate (HCO3

−)
and a proton (H+) [1–3]. The reaction occurs via a zinc-bound
hydroxide nucleophile to maintain homeostasis in acid–base

balance, CO2 transport, and ionic regulation across all domains
of life [4]. So far, eight evolutionarily distinct families named α,
β, γ, δ, ζ, η, θ, and ι have been characterized and are known in
both prokaryotic and eukaryotic organisms [5–7]. Their resem-
blances include diverged tertiary structures and active-site struc-
tures, which are the result of evolution toward specialized
biochemical and physiological functions in these families.
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In humans, a total of 15 catalytically active and three catalytically
inactive carbonic anhydrase-related proteins (CARPs VIII, X, and
XI) belong to the α-class of CAs [8–11]. These isoforms are highly
diversified with respect to catalytic activity, tissue-specific expres-
sion patterns, and subcellular localization, in line with their
multidimensional physiological functions [12]. Intracellular pH
regulation and metabolic homeostasis are mainly involved with
cytosolic isoforms, such as CA I, II, III, VII, and XIII [13, 14].
Conversely, membrane-bound isoforms including CA IV, IX,
XII, XIV, and XV promote acid–base balance outside the cell;
facilitate the transport of epithelial fluids; and support intercel-
lular communication [15–17]. Because of the mitochondrial iso-
forms VA and VB, the mitochondrial isoform of CA contributes
to the delivery of bicarbonate ions in many vital biosynthetic
reactions, especially gluconeogenesis and ureagenesis, indicating
its role in the cellular intermediary metabolism [18]. The only
secreted isoform is called CA VI, which is localized in salivary
releases and has been related to the modulation of sensation,
especially taste sensations and natural defense at the oral cavity
[19]. Even though CARPs are not active enzymes because they
lack the presence of zinc-coordinating histidine residues, it is
increasingly becoming evident that they are involved in neuro-
developmental mechanisms and that they may be scaffolding fac-
tors or regulate synaptic signaling [20].

Human CAs exhibit structural heterogeneity and compartmen-
talized distribution, making them targets for pharmacological
intervention. Abnormal CA activity has been connected to many
pathological processes, such as glaucoma, epilepsy, metabolic

alterations such as obesity, and other oncogenic mechanisms
[21, 22]. To this end, the rational identification of isoform-
selective CA inhibitors has proven to be a beneficial therapeutic
approach [23]. The purpose of such inhibitors is to take advan-
tage of isoform-selective differences in active-site architecture
and peripheral binding domains and, therefore, increase selectiv-
ity and reduce off-target activation [24].

CA IX and XII, membrane-bound isoforms of the carbonic anhy-
drase enzyme family, exhibit elevated expression levels in malig-
nant tissues [25, 26]. Their upregulation is a hallmark of hypoxic
tumor microenvironments and plays a pivotal role in maintain-
ing intracellular pH homeostasis under conditions of intensified
metabolic activity [26]. These membrane-associated isoforms
function synergistically with the cytosolic carbonic anhydrase
variants, particularly CA I and CA II, to neutralize excess proton
accumulation resulting from both aerobic and anaerobic glyco-
lytic flux.

The glycolytic metabolism of cancer cells makes excessive
amounts of protons (H+) as metabolic waste products [27].
Protons inside cells combine with bicarbonate ions (HCO3

−)
to make carbonic acid (H2CO3), which is then changed into water
(H2O) and carbon dioxide (CO2) by cytosolic carbonic anhydrases
(CAs) (Figure 1). The CO2 released readily diffuses through the
plasma membrane and interacts with the extracellular catalytic
domains of membrane-bound carbonic anhydrase isoforms IX
and XII, which are often overexpressed in hypoxic tumor micro-
environments [28]. These tumor-associated isoenzymes speed up

FIGURE 1 | Schematic representation of acidosis in hypoxic tumors due to hypoxia, displaying the increase of glycolysis and the pivotal involvement

of carbonic anhydrases in managing intracellular pH and the acidification of the external tumor environment.
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the rapid hydration of CO2, which provides bicarbonate and H+

ions in the extracellular environment [29]. Chloride/bicarbonate
exchangers, especially anion exchanger 2 (AE2), then reabsorb
the bicarbonate that was made outside the cell, restoring the
cell’s ability to buffer. At the same time, an accumulation of
H+ ions outside the cells makes the tumor microenvironment
more acidic, which is a sign of aggressive cancer types. The dual
regulation of pH enables neoplastic cells to maintain intracellular
pH homeostasis during metabolic acidosis, promoting cellular
proliferation, inhibiting apoptosis, and enhancing metastatic
potential. The characteristics of CA IX and XII in these processes
demonstrate their importance as pharmaceutical targets. Targeted
inhibition of these isoforms may disrupt pH control, increase
tumor cell vulnerability to acidic stress, and prevent tumor devel-
opment. The design and development of isoform-specific carbonic
anhydrase inhibitors signify a viable therapeutic strategy in oncol-
ogy, particularly within the context of enzyme-targeted drug
discovery.

Compounds containing diazenyls, mostly characterized as
aromatic azo and diimide derivatives, are characterized by an
-N═N-bond between two aromatic or heterocyclic moieties
[30–32]. This π-conjugation of a system allows a great deal of
electron delocalization, which gives it strong chromogenic prop-
erties and allows it to interact with many noncovalent species
(e.g., hydrogen bonding and coordination with metal ions). The
various pharmacological effects witnessed in this classification,
such as antimicrobial, antifungal, antiviral, antidiabetic, and
antineoplastic effects, are based on these physicochemical prop-
erties [33–36]. The diazenyl sulfonamide analog Prontosil was
the first effective antibacterial chemotherapeutic agent in the his-
tory of predominantly targeted bacterial infections; its efficacy
against streptococcal infections was an incentive to discover sulfa
drugs and solidified azo-linked frameworks as working pharma-
cophores in medicinal chemistry. Recent study evidence indi-
cates that heterocyclic azo dyes are increasingly favored for
their dual functionality as an imaging system for drug delivery
and as a therapeutic option [37]. They have been effectively
exploited as photoresponsive and brightly colored materials to cre-
ate multifunctional probes for diagnostic and therapeutic applica-
tions. Additionally, the aminopyrazole structure has emerged as a
prominent heterocyclic framework in pharmaceutical chemistry
[38–40]. The remarkable versatility of its architecture, along with
its advantageous physicochemical properties, including superior
lipophilicity, hydrogen bond formation capability, and metabolic
stability, makes it very suitable for drug development.

The pyrazole rings are a significant system in the pharmaceutical
research because they provide an influential scaffold, as pyra-
zoles naturally occur and have been used in various pharmaceu-
tical applications. This type of 5-membered heterocycle has been
integrated with several bioactive molecules with antiviral, anti-
tumor, antidepressant, anti-inflammatory, and antioxidant prop-
erties [38–47]. Their ability to target a wide range of biological
targets makes it very adaptive to regulate various physiological
mechanisms. A pyrazole group is often essential to enhance
the efficacy of commercial therapeutics and increase the binding
affinity and metabolic stability. This trend means that the pyra-
zoles have been incorporated into medicinal chemistry, espe-
cially in the design of molecules that can regulate enzyme
activity or receptor occupancy [40, 41]. Compounds derived

from aminopyrazole exhibit diverse bioactivities, encompassing
antihyperglycemic, anti-inflammatory, antibacterial, antifungal,
anticancer, antiviral, antitubercular, and antidiabetic effects
[41–44]. Several classes of such substances have demonstrated
considerable inhibition of carbonic anhydrase isoforms, indicat-
ing possible therapeutic applications in glaucoma, epilepsy, and
cancer [45]. The pyrazole ring can be systematically altered to
provide precise modifications to target affinity and selectivity,
hence facilitating drug discovery and high-throughput screening.
A recent study identified aminopyrazoles as ATP-competitive
inhibitors of cyclin-dependent kinase 2 (CDK2) in conjunction
with Cyclin E, a crucial regulator of the cell cycle [46].
Derivatives of 4-arylazo-3,5-diaminopyrazole have demonstrated
promising biochemical properties, positioning them as potential
lead compounds in kinase treatments targeting cancer [47].

The suggested diazenyl-layered chromophoric systems coupled
with aminopyrazole-pointed structures have become a promising
method for the methodical creation of multifunctional pharma-
ceuticals [48, 49]. It is a hybridization that makes use of the stable
pi-conjugation of diazenyl groups/metal-binding properties and
the pharmacophoric capacity, as well as the outstanding physi-
cochemical properties of aminopyrazoles [50]. With synthetic
accessibility potential, structural plasticity, and bioactivity signa-
tures, they are highly attractive to drug development targeting
enzymatic pathways and receptor-mediated pathways. This
research synthesizes a novel class of benzenesulfonamides via
diazo and pyrazole-carboxamide linkages. The objective of these
molecules is to exploit the synergistic effects of sulfonamide-
based pharmacophores that exhibit favorable binding to several
isoforms of carbonic anhydrase. Initial biological investigations
have demonstrated significant and specific inhibitory character-
istics, particularly against tumor-associated enzymes hCA IX and
XII, hence emphasizing the potential for cancer-related drug
development using this scaffold combination.

2 | Results and Discussion

2.1 | Chemistry

Our benzenesulfonamide functionality derivatives with new
diazo and pyrazole carboxamide linkages were made using a
commandingly refined and reproducible preparation series, as
shown in Scheme 1. This procedure is based on a prior reported
procedure, which we have improved in our laboratory [51–53]. In
brief, the synthesis begins with diazotization of 4,3-aminobenze-
nesulfonamides (1a and 1b). The resulting diazonium products
are then reacted with malononitrile to produce hydrazone inter-
mediates (3a and 3b) that serve as the building blocks in the con-
struction of pyrazole rings. These hydrazones are then cyclized
with hydrazine monohydrate to produce pyrazole cores (4a and
4b) in unswervingly good yields in accordance with prior reports
[54–59]. These pyrazoles are, in the last step, reacted with substi-
tuted isocyanates to give the desired compounds 5(a–f ) and
6(a–f ). The coloration of the products was intense, which implies
that azo coupling was successful. Simple filtration and diethyl
ether washing were used to purify and isolate the crude com-
pounds to obtain well-defined materials that could be used in
further pharmacological studies.
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2.2 | Biological Evaluation

2.2.1 | Carbonic Anhydrase Inhibition Results

The rational design of novel pyrazole derivatives with enhanced
selectivity and potency remains an active field of research due to
their clinical significance. Modifying these compounds to inhibit
CAs specifically presents promising strategies for treating cancer
and other diseases associated with CA isoforms in pathophysiol-
ogy. The ongoing investigation of pyrazole-derived structures is
expected to produce next-generation therapeutics characterized
by improved specificity and diminished off-target effects.

The present investigation performed a systematic evaluation of
twelve sulfonamide-based compounds 5(a–f ) and 6(a–f ) to

determine their inhibitory properties against four representative
hCA isoforms: hCA I and II (cytosolic), and hCA IX and XII
(tumor-associated transmembrane variants). Acetazolamide
(AAZ), a well-known pan-inhibitor of hCAs, was used as a stan-
dard to compare both the potency and selectivity of the new
derivatives (Table 1).

(i) A detailed structure–activity relationship (SAR) analysis
demonstrated that both the spatial orientation of the sul-
fonamide pharmacophore and the electronic characteris-
tics of substituents at positions R1 and R2 substantially
influenced inhibitory efficacy. It is important to note that
compounds with para-substituted sulfonamide groups
5(a–f ) consistently showed stronger inhibition of all
tested isoforms than their meta-substituted counterparts

TABLE 1 | Inhibition data of hCA I, II, IX, and XII with diazo and pyrazole-carboxamide containing compounds 5(a–f ) and 6(a–f ) reported here

and the standard sulfonamide inhibitor acetazolamide (AAZ) by a stopped flow CO2 hydration assay.

Compounds SO2NH2 R1 R2

KI, nM
a

hCA I hCA II hCA IX hCA XII

5a p CH3 H 1604 50.9 35.0 100.3

5b p F H 629.3 26.2 12.1 60.4

5c p Cl H 449.3 73.2 28.9 49.1

5d p H CH3 904.2 94.8 24.7 11.6

5e p H Cl 684.8 44.0 6.5 15.0

5f p Cl Cl 518.3 32.6 1.8 9.3

6a m CH3 H 5489 599.3 80.4 148.6

6b m F H 6974 627.0 165.5 389.2

6c m Cl H 5072 272.8 107.8 205.1

6d m H CH3 9568 417.4 89.2 325.0

6e m H Cl 8612 319.6 302.8 219.7

6f m Cl Cl 12 100 754.0 413.2 158.7

AAZ — — — 250 12.0 25.0 5.7
aMean from 3 different assays, by a stopped flow technique (errors were in the range of ±5%–10% of the reported values).

SCHEME 1 | General synthetic procedure of new diazo and pyrazole-carboxamide-linked benzenesulfonamides.
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6(a–f ). This trend is probably due to improved steric
compatibility and electronic complementarity with the
active site architecture, thereby making binding interac-
tions more favorable.

(ii) Electron-withdrawing substituents, particularly
chlorine and fluorine, were positively correlated with
inhibitory potency. Compound 5f (R1 = Cl, R2 = Cl)
emerged as one of the most potent derivatives against
the tumor-associated isoform hCA IX, exhibiting a KI

value of 1.8 nM, which is substantially lower than that
of the reference inhibitor AAZ (KI = 25.0 nM). Against
hCA XII, compound 5f also displayed strong inhibitory
activity (KI = 9.3 nM); however, it was slightly less
potent than AAZ (KI = 5.7 nM). Similarly, compound
5e (R1 =H, R2 = Cl) showed remarkable inhibition of
hCA IX with a KI value of 6.5 nM. Overall, the presence
and appropriate positioning of halogen substituents,
particularly in the para orientation, appear to contribute
favorably to potency and selectivity toward the tumor-
associated carbonic anhydrase isoforms. In contrast,
derivatives bearing electron-donating methyl groups,
such as 5a, 5d, and 6d, generally exhibited reduced
inhibitory activity. Compound 5a (R1 = CH3, R2 =H)
was among the least active members of the para-
substituted series, suggesting that methyl substituents
may not provide optimal interactions within the
enzyme active site.

(iii) Selectivity screenings showed that the majority of the
compounds exhibited little activity against hCA I and
selectively inhibited the tumor-related hCA IX and
hCA XII. Compound 5f was the strongest hCA IX inhib-
itor known, which outperforms its reference drug AAZ.
Additionally, both compounds 5b and 5e were shown
to exhibit great efficacy against hCA IX and, at the
same time, maintain good selectivity. Among all the
meta-substituted analogs, 6a (R1=CH3, R2=H) and
6d (R1=H, R2=CH3) were moderately active against
hCA IX and XII but were significantly less active against
hCA I and II. The following observations contribute to
the hypothesis that meta-substitution reduces the
performance of binding because of inefficient spatial
positioning.

(iv) The SAR data demonstrate that para-substitution is
essential to promote an increase in inhibitory potential
in the presence of electron-withdrawing groups, in
particular, halogens, to oncogenic carbonic anhydrase
isoforms. Compound 5f, which is very specific and potent
against specific isoforms, is an ideal starting point for
designing new anticancer therapeutics against hCA IX
and XII.

2.2.2 | Cytotoxicity Results

The MTT assay revealed that the compounds in question
decreased the cellular viability in a concentration-dependent
fashion. IC50 determination of compounds 5c, 5e, 5f, 6a, 6c,
and 6e showed strong cytotoxicity of compounds on the two cell
lines. The IC50 values of these substances ranged between 14.64
and 49.80 μM in an A549 cell line and 3.82 and 14.31 μM in an

HCT-116 cell line, thus showing that the induction of cell death
was over 50% in both cell lines. Table 2 gathers the data on the
IC50 of these compounds.

In comparative evaluation, several compounds exhibited lower
IC50 values than the reference compounds. SLC-0111 showed
moderate cytotoxic activity in HCT-116 cells (IC50= 21.12 μM),
while no significant effect was observed in A549 cells
(IC50> 100 μM). Cisplatin did not exhibit significant cytotoxicity
under the tested conditions in either cell line. The lowest IC50

values were recorded for compounds 5f (A549: 41.17 μM;
HCT116: 4.47 μM) and 6c (A549: 14.64 μM; HCT116: 4.03 μM),
indicating their status as the most potent cytotoxic agents.
The findings suggest that the six compounds were selected to
improve practicality, particularly in the HCT116 colorectal car-
cinoma cell line, and these compounds may serve as viable
options for anticancer drug development. Figure 2A–G illustrates
the effects of the tested compounds on cell viability in A549 and
HCT-116 cell lines.

2.3 | Molecular Docking Study

Molecular docking analysis within the active site of hCA IX
reveals a conserved primary anchoring mechanism for all evalu-
ated compounds, driven by the sulfonamide nitrogen establish-
ing a direct coordination bond with the catalytic zinc ion
(Zn 264). This metal center is strictly maintained by the canonical
histidine triad consisting of His-94, His-96, and His-119
(Figure 3). While the reference inhibitor acetazolamide secures
its position through localized hydrogen bonding with Thr-200
and Thr-201 alongside minor hydrophobic contacts with
Val-121 and Gln-92, the synthesized pyrazole derivatives
(5d, 5e, and 5f ) adopt a significantly more extended

TABLE 2 | IC50 (μM) values of the tested compounds in A549 and

HCT-116 cell lines as determined by MTT analysis.

IC50, μM
A549 HCT-116

5a 66.16 17.53

5b 66.97 17.23

5c 46.37 14.31

5d 70.55 21.12

5e 46.24 14.26

5f 41.17 4.47

6a 28.99 8.52

6b 81.71 13.77

6c 14.64 4.03

6d 75.80 4.86

6e 49.80 3.82

6f 62.16 6.02

SLC-0111 >100 21.12

Cisplatin >100 >100

Note: The best compounds from the series were shown as a bold for thested 2
cell lines.
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conformation within the binding cleft (Figure 3). This structural
elongation allows the pyrazole scaffold to maintain the
critical hydrogen bonds with Thr-200 and Thr-201 while estab-
lishing an additional interaction with Pro-202. More importantly,

the extended aromatic system of these derivatives deeply pene-
trates a neighboring lipophilic pocket, engaging in robust
π–π stacking and hydrophobic interactions with Trp-9 and
His-68. This extensive engagement of the active site boundaries

FIGURE 2 | Evaluation of the cytotoxic effects of the selected compounds on A549 and HCT-116 cell lines byMTT analysis. Panels show the cell viability

results of compounds (A) 5c, (B) 5e, (C) 5f, (D) 6a, (E) 6c, (F) 6e, and (G) SLC-0111, respectively. A significant decrease in cell viability was observed with

increasing concentrations, and notably, compounds 5f and 6c exhibited the strongest cytotoxic effects in both cell lines. Statistical analysis was performed

relative to the control group, where *p< 0.05 and **p< 0.001 indicate statistically significant differences. Data are presented as mean ± SD (n= 3).
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provides a clear structural rationale for the marked enhancement
in binding affinities observed for the pyrazole series (−7.72 to
−7.74 kcal/mol) relative to acetazolamide (−5.56 kcal/mol)
(Table 3).

A parallel structural paradigm dictates the binding behavior
within the hCA XII isoform. The primary pharmacophore again
acts as a classic metal-acceptor, coordinating the Zn 301 ion,
which is stabilized by the localized triad of His-97, His-99,
and His-123 (Figure 4). Acetazolamide relies on a dense
hydrogen bond network involving Thr-204 and Thr-205,
complemented by localized hydrophobic packing against
Leu-203. In contrast, compounds 5d, 5e, and 5f project their
rigid frameworks across the active site to secure a broader
footprint. They anchor via explicit hydrogen bonds with
Thr-204 and Ser-139, while the central aromatic features are
effectively sandwiched between the aliphatic side chains of
Val-125 and Leu-203. This optimal spatial orientation facilitates
strong π–alkyl interactions that stabilize the core of the molecules
(Figure 4). The transition from the highly localized binding
mode of the reference drug to a broader network of distributed
polar and π-driven hydrophobic contacts ultimately translates
to the superior predicted binding energies of the pyrazole deriv-
atives (−6.43 to −6.57 kcal/mol) compared to acetazolamide
(−5.16 kcal/mol) (Table 3).

3 | Conclusions

The current study presents the high potential of a new generation
of diazo-pyrazole hybrids incorporating a sulfonamide pharma-
cophore that is suggested through their rational development and
chemical synthesis. It is expected that these compounds will
selectively block carbonic anhydrase isoforms in oncogenesis.
Derivatives containing a 4-aminobenzenesulfonamide core were
always the most active, and para-substituted derivatives the most
strongly active. A 3,4-dichloro substitution of the inhibitory con-
stant (KI) of compound 5f against hCA IX was established to be
1.8 nM, which is significantly stronger than the reference drug,
acetazolamide. It was shown that compound 5e had strong dual
activity as an inhibitor of hCA IX and hCA XII. The SAR analysis
showed that the effect of electron-withdrawing substituents sig-
nificantly increased the inhibitory potency and that the effect of
electron-donating substituents reduced the activity; in addition,
para-substitutions always performed well in comparison to
meta-substitutions. The findings suggest that diazo-pyrazole
sulfonamide hybrids serve as an appropriate foundation for
the advancement of the subsequent generation of carbonic anhy-
drase inhibitors. They establish an adequate basis for future
research on cancer therapies, encompassing examinations of
mechanisms and comprehensive assessments in both in vitro
and in vivo settings.

FIGURE 3 | 3D binding poses of the synthesized pyrazole derivatives 5d (A), 5e (B), 5f (C), alongside the reference drug acetazolamide (D), within

the active site of hCA IX (PDB ID: 5FL4).
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4 | Materials and Methods

4.1 | Chemistry

4.1.1 | General Chemical Tecniques

All chemicals and anhydrous solvents were procured from
Sigma–Aldrich, Merck, Alfa Aesar, and TCI, and used
without any additional purification. Melting points (mp) were

determined using an SMP30 melting point apparatus in open
capillaries. FT-IR spectra were recorded using a Perkin Elmer
Spectrum 100 FT-IR spectrometer. Nuclear Magnetic Resonance
(1H-NMR and 13C-NMR) spectra of the compounds were
acquired using a Bruker Advance III 300MHz spectrometer in
DMSO-d6 with TMS as an internal standard. The 1H-NMR
operated at 300MHz, while the 13C-NMR operated at 75MHz.
Thin-layer chromatography (TLC) was conducted on Merck
silica gel 60 F254 plates.

TABLE 3 | Binding energies and interactions of pyrazole derivatives 5d, 5e, 5f, and acetazolamide against hCA IX (PDB ID: 5FL4) and hCA XII (PDB

ID: 8CO3).

Compound Target
Binding affinity,

kcal/mol
Amino acid residue/Metal

interaction Type of interaction

AAZ CA IX −5.56 -Zn 264
-THR 200
-THR 201
-VAL 121
-GLN 92

-Metal-acceptor
-H-bond
-H-bond
-Hydrophobic
-Hydrophobic

5d CA IX −7.72 -Zn 264
-THR 200
-THR 201
-PRO 202
-TRP 9
-HIS 68

-Metal-acceptor
-H-bond
-H-bond
-H-bond
-π–π stacking
-π–π stacking/Hydrophobic

5e CA IX −7.65 -Zn 264
-THR 200
-THR 201
-PRO 202
-TRP 9
-HIS 68

-Metal-acceptor
-H-bond
-H-bond
-H-bond
-π–π stacking
-π–π stacking/Hydrophobic

5f CA IX −7.74 -Zn 264
-THR 200
-THR 201
-PRO 202
-TRP 9
-HIS 68

-Metal-acceptor
-H-bond
-H-bond
-H-bond
-π–π stacking
-π–π stacking/Hydrophobic

AAZ CA XII −5.16 -Zn 301
-THR 204
-THR 205
-LEU 203

-Metal-acceptor
-H-bond
-H-bond
-Hydrophobic

5d CA XII −6.43 -Zn 301
-THR 204
-SER 139
-VAL 125
-LEU 203

-Metal-acceptor
-H-bond
-H-bond
-π-Alkyl
-π-Alkyl

5e CA XII −6.55 -Zn 301
-THR 204
-SER 139
-VAL 125
-LEU 203

-Metal-acceptor
-H-bond
-H-bond
-π-Alkyl
-π-Alkyl

5f CA XII −6.57 -Zn 301
-THR 204
-SER 139
-VAL 125
-LEU 203

-Metal-acceptor
-H-bond
-H-bond
-π-Alkyl
-π-Alkyl
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4.1.2 | Chemical Synthesis

4.1.2.1 | General Synthetic Procedure for the Synthesis of Diazo
and Pyrazole-Carboxamide-Linked Benzenesulfonamides 5(a–f )
and 6(a–f ). Two sulfonamide-based anilines (sulfanilamide and
metanilamide) were transformed into their corresponding diazo-
nium salts and then condensed with malononitrile. The overall
strategy followed modified versions of methods previously opti-
mized in our laboratory [51–53]. Briefly, the selected sulfon-
amide derivative (10 mmol) was suspended in distilled water
and acidified with HCl. The mixture was cooled to 0°C–5°C
and stirred magnetically until a clear solution was obtained.
After 15–20 min of equilibration at this temperature, an ice-cold
aqueous solution of sodium nitrite (15 mmol) was added drop-
wise, maintaining the temperature below 5°C. The formation of
the diazonium salt normally took about 30 minutes to be com-
plete. Then, drop by drop, malononitrile (10 mmol) previously
dissolved in ethanol was added to the diazonium solution, and
constant cooling (5°C) was kept. A saturated solution of sodium
acetate was then added gradually at that point to bring the pH to
5–6. After the addition, the reactive mixture was left to equili-
brate at ambient temperature for 24 h. The precipitates formed
were filtered, carefully washed with cold water to get rid of inor-
ganic traces, and recrystallized through methanol or ethanol.
The advancement of the reaction and purity during the process
were checked using TLC and infrared (IR) spectroscopy.

The separated condensation products were then converted into the
desired pyrazole derivatives by cyclizing them with hydrazine
and subsequently modifying them with different isocyanates.
The changes were made in line with updated literature guidelines

[51–53]. During the cyclization phase, the diazo–malononitrile
intermediates (3a and 3b) (8mmol) were refluxed with hydrazine
monohydrate (10mmol) in ethanol (20mL). To help the ring close,
a small amount of piperidine (2–3 drops) was added. After 1–2 h of
refluxing, the reaction produced the pyrazole-containing inter-
mediates (see Scheme 1 for compounds 4a and 4b). To obtain
the final urea-type derivatives, each cyclized intermediate (1mmol)
was combined with the appropriate isocyanate (1.1mmol) in ace-
tonitrile (5mL). The reaction mixture had been stirred all night at
room temperature. TLC and FT-IR studies were used to ensure that
the reaction was complete. After filtering, washing with the right
solvents, and recrystallizing, the solid products were ready. All final
compounds underwent thorough structural characterization.

4.1.2.1.1 | 3,5-diamino-4-((4-sulfamoylphenyl)diazenyl)-N-
(p-tolyl)-1H-pyrazole-1-carboxamide (5a).

N
N

N
N

NH2

H
N

O
H2N

H2NO2S

5a

Yield: 72%; Color: light orange;Melting Point: 233°C–234°C; FT-IR
(cm−1): 3381, 3322, 3268, 3243 (NH2), 1701 (C=O), 1615, 1338,
1147 (symmetric) (S=O), 1091; 1H NMR (DMSO-d6, 300MHz,
δ ppm): 9.74 (s, 1H, -NH-), 7.95 (d, 2H, J= 4.2, Ar-H), 7.84 (d,
2H, J= 4.2, Ar-H), 7.68 (d, 2H, J= 4.2, Ar-H), 7.38 (s, 2H, -
SO2NH2), 7.33 (d, 2H, J= 4.2, Ar-H), 6.34 (br.s, 2H, -NH2), 6.10
(br.s, 2H, -NH2):

13C NMR (DMSO-d6, 75MHz, δ ppm): 154.3,

FIGURE 4 | 3D binding interactions of the pyrazole derivatives 5d (A), 5e (B), 5f (C), and acetazolamide (D) localized within the active site of hCA

XII (PDB ID: 8CO3).
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149.5, 139.4, 133.7, 127.5, 126.5, 124.7, 121.2, 120.0, 113.5, 21.6;
Anal. Calcd for C17H18N8O3S (414.44): C, 49.27; H, 4.38; N,
27.04. Found: C, 49.16; H, 4.25; N, 27.26.

4.1.2.1.2 | 3,5-diamino-N-(4-fluorophenyl)-4-((4-sulfamoyl-
phenyl)diazenyl)-1H-pyrazole-1-carboxamide (5b).

N
N

N
N

NH2

H
N

O
H2N

H2NO2S F

5b

Yield: 72%; Color: light orange; Melting Point: 211°C–213°C; FT-
IR (cm−1): 3450, 3404, 3345, 3297 (NH2), 1701 (C=O), 1618,
1338, 1153 (symmetric) (S=O), 1091; 1H NMR (DMSO-d6,
300MHz, δ ppm): 9.72 (s, 1H, -NH-), 7.97 (d, 2H, J= 4.2, Ar-
H), 7.89 (d, 2H, J= 4.2, Ar-H), 7.70 (q, 2H, Ar-H), 7.39 (s, 2H,
-SO2NH2), 7.21 (t, 2H, Ar-H), 6.35 (br.s, 2H, -NH2), 6.10 (br.s,
2H, -NH2):

13C NMR (DMSO-d6, 75MHz, δ ppm): 159.9, 158.3,
155.5, 150.74, 142.8, 134.1, 127.1, 123.0, 121.6, 115.7 (d, J= 144),
115.0; Anal. Calcd for C16H15FN8O3S (418.41): C, 45.93; H, 3.61;
N, 26.78. Found: C, 45.96; H, 3.55; N, 26.81.

4.1.2.1.3 | 3,5-diamino-N-(4-chlorophenyl)-4-((4-sulfamoyl-
phenyl)diazenyl)-1H-pyrazole-1-carboxamide (5c).

N
N

N
N

NH2

H
N

O
H2N

H2NO2S Cl

5c

Yield: 68%; Color: light orange; Melting Point: 222°C–224°C; FT-
IR (cm−1): 3392, 3359, 3278, 3260 (NH2), 1703 (C=O), 1617,
1336, 1148 (symmetric) (S=O), 1093; 1H NMR (DMSO-d6,
300MHz, δ ppm): 9.79 (s, 1H, -NH-), 7.96 (d, 2H, J= 4.2, Ar-
H), 7.88 (d, 2H, J= 4.2, Ar-H), 7.73 (d, 2H, J= 4.5, Ar-H), 7.42
(d, 2H, J = 4.5, Ar-H), 7.38 (s, 2H, -SO2NH2), 6.42 (br.s, 2H, -
NH2), 6.11 (br.s, 2H, -NH2):

13C NMR (DMSO-d6, 75MHz,
δ ppm): 154.4, 149.5, 141.7, 135.8, 128.0, 127.2, 126.0, 121.58,
120.4, 114.0; Anal. Calcd for C16H15ClN8O3S (434.86): C, 44.19;
H, 3.48; N, 25.77. Found: C, 44.16; H, 3.41; N, 25.85.

4.1.2.1.4 | 3,5-diamino-4-((4-sulfamoylphenyl)diazenyl)-N-
(m-tolyl)-1H-pyrazole-1-carboxamide (5d).

N
N

N
N

NH2

H
N

O
H2N

H2NO2S

5d

Yield: 79%; Color: light orange;Melting Point: 202°C–203°C; FT-IR
(cm−1): 3409, 3363, 3287, 3256 (NH2), 1691 (C=O), 1622, 1318,
1160 (symmetric) (S=O), 1090; 1H NMR (DMSO-d6, 300MHz,
δ ppm): 9.46 (s, 1H, -NH-), 7.97 (d, 2H, J= 4.2, Ar-H), 7.87 (d,
2H, J= 4.2, Ar-H), 7.53 (s, 1H, Ar-H), 7.43 (d, 1H, J= 4.2, Ar-
H), 7.38 (s, 2H, -SO2NH2), 7.24 (t, 1H, Ar-H), 6.95 (d, 1H,
J= 4.2, Ar-H), 6.47 (br.s, 2H, -NH2), 6.10 (br.s, 2H, -NH2), 2.31

(s, 3H, -CH3):
13C NMR (DMSO-d6, 75MHz, δ ppm): 155.5,

150.5, 142.7, 138.5, 137.6, 129.1, 127.08, 125.2, 121.6, 117.9,
115.0, 21.6; Anal. Calcd for C17H18N8O3S (414.44): C, 49.27; H,
4.38; N, 27.04. Found: C, 49.20; H, 4.28; N, 27.18.

4.1.2.1.5 | 3,5-diamino-N-(3-chlorophenyl)-4-((4-sulfamoyl-
phenyl)diazenyl)-1H-pyrazole-1-carboxamide (5e).

N
N

N
N

NH2

H
N

O
H2N

H2NO2S

Cl
5e

Yield: 73%; Color: light yellow; Melting Point: 218°C–219°C; FT-IR
(cm−1): 3465, 3355, 3332, 3281 (NH2), 1719 (C=O), 1622, 1356,
1151 (symmetric) (S=O), 1090; 1H NMR (DMSO-d6, 300MHz, δ
ppm): 9.85 (s, 1H, -NH-), 7.97 (d, 2H, J= 4.5, Ar-H), 7.89 (d, 2H,
J= 4.2, Ar-H), 7.87 (s, 1H, Ar-H), 7.64 (d, 1H, J= 4.2, Ar-H),
7.38 (s, 2H, -SO2NH2), 7.18 (d, 1H, J= 4.5, Ar-H), 6.42 (br.s, 2H,
-NH2), 6.12 (br.s, 2H, -NH2):

13C NMR (DMSO-d6, 75MHz, δ
ppm): 155.5, 150.6, 142.8, 139.5, 133.5, 130.8, 127.1, 124.1, 121.5,
120.4, 119.4, 115.0; Anal. Calcd for C16H15ClN8O3S (434.86): C,
44.19; H, 3.48; N, 25.77. Found: C, 44.12; H, 3.39; N, 25.86.

4.1.2.1.6 | 3,5-diamino-N-(3,4-dichlorophenyl)-4-((4-sulfamoyl-
phenyl)diazenyl)-1H-pyrazole-1-carboxamide (5f ).

N
N

N
N

NH2

H
N

O
H2N

H2NO2S Cl

Cl
5f

Yield: 76%; Color: light orange; Melting Point: 208°C–210°C; FT-
IR (cm−1): 3397, 3388, 3284, 3246 (NH2), 1705 (C=O), 1617, 1378,
1155 (symmetric) (S=O), 1091; 1H NMR (DMSO-d6, 300MHz, δ
ppm): 10.01 (s, 1H, -NH-), 8.10 (s, 1H, Ar-H), 7.97 (d, 2H, J= 4.5,
Ar-H), 7.88 (d, 2H, J= 4.5, Ar-H), 7.71 (d, 1H, J= 4.2, Ar-H), 7.62
(d, 1H, J= 4.2, Ar-H), 7.38 (s, 2H, -SO2NH2), 6.39 (br.s, 2H, -NH2),
6.10 (br.s, 2H, -NH2):

13C NMR (DMSO-d6, 75MHz, δ ppm): 155.5,
150.6, 142.8, 138.3, 131.4, 131.0, 127.1, 126.0, 122.2, 121.5, 121.1,
115.0; Anal. Calcd for C16H14Cl2N8O3S (469.31): C, 40.95; H, 3.01;
N, 23.88. Found: C, 40.90; H, 3.05; N, 23.92.

4.1.2.1.7 | 3,5-diamino-4-((3-sulfamoylphenyl)diazenyl)-N-
(p-tolyl)-1H-pyrazole-1-carboxamide (6a).

N
N

N
N

NH2

H
N

O
H2N

H2NO2S

6a

Yield: 86%; Color: light yellow; Melting Point: 228°C–230°C; FT-IR
(cm−1): 3439, 3409, 3348, 3290 (NH2), 1707 (C=O), 1615, 1351,
1160 (symmetric) (S=O), 1086; 1H NMR (DMSO-d6, 300MHz,
δ ppm): 9.42 (s, 1H, -NH-), 8.22 (s, 1H, Ar-H), 8.03 (d, 1H,
J= 4.2, Ar-H), 7.74 (d, 1H, J= 4.2, Ar-H), 7.63 (t, 1H, Ar-H),
7.54 (d, 2H, J= 4.5, Ar-H), 7.40 (s, 2H, -SO2NH2), 7.17 (d, 2H,
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J= 4.5, Ar-H), 6.30 (br.s, 2H, -NH2), 6.14 (br.s, 2H, -NH2), 2.28 (s,
3H, -CH3):

13C NMR (DMSO-d6, 75MHz, δ ppm): 153.7, 150.5,
145.6, 135.2, 133.6, 130.0, 129.6, 124.8, 123.8, 120.9, 119.0, 114.6,
20.9; Anal. Calcd for C17H18N8O3S (414.44): C, 49.27; H, 4.38;
N, 27.04. Found: C, 49.22; H, 4.27; N, 27.16.

4.1.2.1.8 | 3,5-diamino-N-(4-fluorophenyl)-4-((3-sulfamoyl-
phenyl)diazenyl)-1H-pyrazole-1-carboxamide (6b).

N
N

N
N

NH2

H
N

O
H2N

H2NO2S

F

6b

Yield: 89%; Color: light yellow; Melting Point: 199°C–200°C; FT-IR
(cm−1): 3456, 3372, 3346, 3311 (NH2), 1703 (C=O), 1614, 1347,
1163 (symmetric) (S=O), 1089; 1H NMR (DMSO-d6, 300MHz, δ
ppm): 9.70 (s, 1H, -NH-), 8.22 (s, 1H, Ar-H), 8.03 (d, 1H, J= 4.2,
Ar-H), 7.74 (d, 1H, J= 4.2, Ar-H), 7.70 (q, 1H, Ar-H), 7.63 (d,
2H, J= 4.2, Ar-H), 7.40 (s, 2H, -SO2NH2), 7.21 (t, 2H, Ar-H),
6.38 (br.s, 2H, -NH2), 6.15 (br.s, 2H, -NH2):

13C NMR (DMSO-
d6, 75MHz, δ ppm): 159.9, 158.3, 153.7, 150.8, 145.6, 134.2,
130.0, 124.8, 123.8, 123.1, 119.1, 115.8 (d, J= 45), 114.6; Anal.
Calcd for C16H15FN8O3S (418.41): C, 45.93; H, 3.61; N, 26.78.
Found: C, 45.87; H, 3.56; N, 26.84.

4.1.2.1.9 | 3,5-diamino-N-(4-chlorophenyl)-4-((3-sulfamoyl-
phenyl)diazenyl)-1H-pyrazole-1-carboxamide (6c).

N
N

N
N

NH2

H
N

O
H2N

H2NO2S

Cl

6c

Yield: 72%; Color: light yellow; Melting Point: 206°C–207°C; FT-
IR (cm−1): 3426, 3365, 3332, 3309 (NH2), 1705 (C=O), 1617,
1344, 1151 (symmetric) (S=O), 1089; 1H NMR (DMSO-d6,
300MHz, δ ppm): 8.86 (s, 1H, -NH-), 8.11 (s, 1H, Ar-H), 7.89
(d, 1H, J = 4.2, Ar-H), 7.64 (d, 1H, J= 4.2, Ar-H), 7.56 (t, 1H,
Ar-H), 7.49 (d, 2H, J = 4.5, Ar-H), 7.31–7.35 (m, 3H, Ar-H ve -
SO2NH2), 6.40 (br.s, 2H, -NH2), 5.99 (br.s, 2H, -NH2):

13C
NMR (DMSO-d6, 75MHz, δ ppm): 154.4, 152.6, 145.4, 139.0,
129.8, 129.1, 126.0, 123.9, 123.3, 120.3, 118.0, 115.5; Anal.
Calcd for C16H15ClN8O3S (434.86): C, 44.19; H, 3.48; N, 25.77.
Found: C, 44.23; H, 3.42 N, 25.86.

4.1.2.1.10 | 3,5-diamino-4-((3-sulfamoylphenyl)diazenyl)-N-(m-
tolyl)-1H-pyrazole-1-carboxamide (6d).

N
N

N
N

NH2

H
N

O
H2N

H2NO2S

6d

Yield: 74%; Color: light yellow; Melting Point: 189°C–191°C;
FT-IR (cm−1): 3422, 3358, 3328, 3301 (NH2), 1712 (C=O),
1614, 1348, 1161 (symmetric) (S=O), 1086; 1H NMR (DMSO-
d6, 300MHz, δ ppm): 9.45 (s, 1H, -NH-), 8.24 (s, 1H,
Ar-H), 8.04 (d, 1H, J = 4.2, Ar-H), 7.75 (d, 1H, J= 4.2, Ar-H),
7.64 (t, 1H, Ar-H), 7.53 (s, 1H, Ar-H), 7.44 (d, 1H, J = 4.2,
Ar-H), 7.41 (s, 2H, -SO2NH2), 7.24 (s, 1H, Ar-H), 6.95
(d, 1H, J= 4.2, Ar-H), 6.33 (br.s, 2H, -NH2), 6.15 (br.s, 2H,
-NH2), 2.31 (s, 3H, -CH3):

13C NMR (DMSO-d6, 75MHz, δ
ppm): 152.6, 149.4, 144.5, 137.5, 136.5, 129.6, 129.0, 124.8,
123.8, 120.9, 119.0, 114.6, 20.9; Anal. Calcd for C17H18N8O3S
(414.44): C, 49.27; H, 4.38; N, 27.04. Found: C, 49.23; H,
4.31; N, 27.15.

4.1.2.1.11 | 3,5-diamino-N-(3-chlorophenyl)-4-((3-sulfamoyl-
phenyl)diazenyl)-1H-pyrazole-1-carboxamide (6e).

N
N

N
N

NH2

H
N

O
H2N

H2NO2S Cl
6e

Yield: 72%; Color: light yellow; Melting Point: 198°C–199°C; FT-
IR (cm−1): 3436, 3375, 3342, 3295 (NH2), 1707 (C=O), 1618,
1345, 1160 (symmetric) (S=O), 1088; 1H NMR (DMSO-d6,
300MHz, δ ppm): 9.56 (s, 1H, -NH-), 8.22 (s, 1H, Ar-H), 8.06
(d, 1H, J = 4.2, Ar-H), 7.78 (d, 1H, J= 4.2, Ar-H), 7.69 (t, 1H,
Ar-H), 7.51 (s, 1H, Ar-H), 7.48 (d, 1H, J= 4.2, Ar-H), 7.40 (s,
2H, -SO2NH2), 7.26 (s, 1H, Ar-H), 7.01 (d, 1H, J= 4.2, Ar-H),
6.38 (br.s, 2H, -NH2), 6.12 (br.s, 2H, -NH2):

13C NMR (DMSO-
d6, 75MHz, δ ppm): 155.5, 150.4, 144.6, 138.3, 136.4, 130.1,
128.7, 125.7, 123.4, 121.1, 119.2, 115.3; Anal. Calcd for
C16H15ClN8O3S (434.86): C, 44.19; H, 3.48; N, 25.77. Found: C,
44.11; H, 3.41; N, 25.88.

4.1.2.1.12 | 3,5-diamino-N-(3,4-dichlorophenyl)-4-((3-sulfa-
moylphenyl)diazenyl)-1H-pyrazole-1-carboxamide (6f ).

N
N

N
N

NH2

H
N

O
H2N

H2NO2S Cl

Cl

6f

Yield: 78%; Color: light yellow; Melting Point: 193°C–195°C;
FT-IR (cm−1): 3442, 3350, 3338, 3278 (NH2), 1710 (C=O),
1630, 1348, 1162 (symmetric) (S=O), 1089; 1H NMR (DMSO-
d6, 300MHz, δ ppm): 10.01 (s, 1H, -NH-), 8.24 (s, 1H, Ar-H),
8.09 (s, 1H, Ar-H), 8.04 (d, 1H, J= 3.9, Ar-H), 7.75 (d, 1H,
J= 3.9, Ar-H), 7.71 (d, 1H, J= 3.9, Ar-H), 7.60–7.65 (m, 2H,
Ar-H), 7.41 (s, 2H, -SO2NH2), 6.38 (br.s, 2H, -NH2), 6.20
(br.s, 2H, -NH2):

13C NMR (DMSO-d6, 75MHz, δ ppm): 151.5,
148.5, 143.5, 136.1, 129.3, 128.8, 127.9, 123.9, 122.7, 121.7,
120.1, 118.9, 117.1, 112.4; Anal. Calcd for C16H14Cl2N8O3S
(469.31): C, 40.95; H, 3.01; N, 23.88. Found: C, 40.89; H, 3.08;
N, 23.95.
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4.2 | CA Inhibition

To evaluate the catalytic/inhibitory activity of different CA
isozymes, an SX.18MV-R Applied Photophysics (Oxford, UK)
stopped-flow instrument was used [60]. We used Phenol Red
as an indicator at a concentration of 0.2 mM and an absorbance
peak of 557 nm. The buffer solution contained 10mM Hepes
(pH 7.4) and 0.1 M Na2SO4 or NaClO4 to maintain a stable ionic
strength. At this concentration, these anions did not stop the
reaction. For 5–10 s, the CA-catalyzed CO2 hydration reaction
was watched. We used saturated CO2 solutions in water at
25°C as substrates.

We made stock solutions of inhibitors at 10mM (in DMSO-
water 1:1, v/v) and then diluted them to 0.01 nM in the assay
buffer we have previously discussed. Before the assay, the
inhibitor and enzyme solutions were mixed together and left
at room temperature for 10 min to form the E–I complex.
To determine the inhibition constant, at least 7 different
inhibitor concentrations were used. We tested each inhibitor
concentration three times, and the numbers you see here are
the averages of those three tests. We used the Cheng–Prusoff
equation and nonlinear least-squares methods to estimate the
inhibition constants, which were averaged across at least 3
separate tests. The CA isozymes employed in this study were
recombinant proteins previously acquired by our research group
[18, 61–66].

4.3 | Cytotoxic Activity Analysis of Test
Compounds

4.3.1 | Cell Lines and Culture

In cytotoxic activity experiments, the human nonsmall cell lung
cancer cell line (A549) and the human colorectal carcinoma cell
line (HCT116), obtained from the American Type Culture
Collection (ATCC), were used. Cells were cultured in RPMI-
1640 cell culture medium containing 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin and maintained in a
CO2 incubator at 37°C.

4.3.2 | MTT Cell Viability Analysis

For the study, cells were plated at a density of 6 × 105 cells/mL.
When the cells reached 80% confluence, they were exposed to test
compounds prepared at concentrations of 120, 60, 30, 15, 7.5,
and 3.75 μM for 24 h. All test compounds were dissolved in
DMSO, and the highest DMSO concentration was used as a
negative control. In this study, Cisplatin (dissolved in PBS)
and SLC-0111 (dissolved in DMSO) were included as reference
compounds for comparative evaluation rather than as positive
controls. The MTT (3-[4,5-dimethylthiazol-2-yl]−2,5-diphenyl
tetrazolium bromide) test was used to assess cell viability. In this
test, MTT is reduced to formazan via cellular enzymatic
reactions, forming insoluble particles that are later dissolved
in DMSO. The prepared MTT solution (1 mg/mL) was added
to the cells, which were incubated at 37°C for 45 min.
Subsequently, absorbance was measured at 550 nm using a
microplate spectrophotometer.

4.4 | Molecular Docking Analysis

The high-resolution X-ray crystal structures of hCA IX (PDB ID:
5FL4) [67] and XII (PDB ID: 8CO3) [68] were retrieved from the
Protein Data Bank. Prior to docking simulations, the receptor
structures were meticulously prepared to ensure accurate bind-
ing environment representation [69]. This preparation involved
the removal of all water molecules, native co-crystallized ligands,
and nonessential heteroatoms. Crucially, for the hCA IX model
(5FL4), the co-crystallized glycerol molecule (Gol 271) was
explicitly deleted; as a recognized cryoprotectant crystallization
artifact, its removal was strictly necessary to prevent artefactual
hydrogen bonding and the subsequent skewing of calculated
binding affinities. Following the purification of the coordinate
files, polar hydrogens were added, and standard atomic charges
were assigned to generate the final receptor models.

Simultaneously, the 3D structures of the synthesized pyrazole
derivatives (5d, 5e, 5f ) and the reference inhibitor acetazolamide
(AAZ) were constructed, subjected to geometry optimization, and
prepared with fully assigned rotatable bonds. Molecular docking
experiments were subsequently executed utilizing AutoDock
Vina [69, 70]. To facilitate targeted docking, the search space
was defined by generating grid boxes strictly centered around
the catalytic zinc ion of each isoform (x= 7.167; y=−25.410;
z= 57.347, and X= 0.033; y= 0.456; z= 4.186 for hCA IX and
hCA XII, respectively). These grid dimensions were calibrated
to encompass the conserved histidine coordination triad along-
side the adjacent active site cleft, thereby allowing for compre-
hensive conformational sampling of the extended pyrazole
scaffolds. The grid box volumes were set to be 22 Å × 22 Å ×
22 Å. pH and exhaustiveness were set to be 7.4 and 20,
respectively.

Following the docking runs, the generated ligand conformations
were ranked according to their predicted binding free energies.
The optimal, lowest-energy binding poses were extracted and
subjected to rigorous post-docking structural analysis using
the PyMOL Molecular Graphics System, version 3.0.0. PyMOL
3.0.0 [71] was specifically employed to render the 3D binding
geometries, visually validate the primary metal-acceptor coordi-
nation with the catalytic zinc, and map the complex networks of
hydrogen bonding, π–π stacking, and hydrophobic contacts driv-
ing the interactions within the active sites of both hCA IX and
hCA XII.
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and V. Kryštof, “Novel Arylazopyrazole Inhibitors of Cyclin-Dependent
Kinases,” Bioorganic & Medicinal Chemistry 23 (2015): 1975–1981.

45. M. A. Said, W. M. Eldehna, A. Nocentini, et al., “Sulfonamide-Based
ring-Fused Analogues for CAN508 as Novel Carbonic Anhydrase
Inhibitors Endowed with Antitumor Activity: Design, Synthesis, and
in vitro Biological Evaluation,” European Journal of Medicinal
Chemistry 189 (2020): 112019.

46. V. Krystof and S. Uldrijan, “Cyclin-Dependent Kinase Inhibitors as
Anticancer Drugs,” Current Drug Targets 11 (2010): 291–302.
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