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ARTICLE INFO ABSTRACT

Keywords: Sulfonamides, recognized as carbonic anhydrase (CA, EC 4.2.1.1) inhibitors, are crucial in treating diverse
Cafbonic anhydrase diseases, including epilepsy, glaucoma, bacterial infections, and various pathological processes, e.g., high blood
Triazene pressure, rheumatoid arthritis, ulcerative colitis, pain, and inflammation. Additionally, therapeutically, 1,3-dia-
Sulphamethazine

ryl-substituted triazenes and sulphamethazines (SM) are integral components in various drug structures, and the
synthesis of novel compounds within these two categories holds substantial significance. Herein, ten 1,3-diary-
Itriazene-substituted sulphamethazine derivatives SM(1-10), which were created by reacting the diazonium salt
of sulphamethazine with substituted aromatic amines, were synthesized and the physiologically and pharma-
cologically relevant human (h) isoforms hCA I and II, cytosolic isozymes, were included in the study. The syn-
thesized compounds showed excellent inhibition versus hCAs; the 4-butoxy (SM7, K; of 5.69 + 0.59 nM)
compound exhibited a potent inhibitory effect against the hCA I compared with the reference drug acetazolamide
(AAZ, K; of 116.00 + 8.48 nM). The 4-cyano (SM4, K; of 5.87 + 0.57 nM) compound displayed higher potency
than AAZ (K; of 57.25 + 4.15 nM) towards hCA II. Meanwhile, among the synthesized molecules, the 3,4-dime-
thoxy (SM9, K; of 74.98 + 10.49 nM, S; of 9.94) compound (over hCA 1) displayed a noticeable selectivity for
hCA isoform II. The target compounds in the molecular docking investigation were determined to take part in
various hydrophilic and hydrophobic interactions with nearby amino acids and fit nicely into the active sites of
the hCAs. This research has yielded compounds displaying varying affinity toward hCA isoenzymes, ultimately
serving as potent and selective hCA inhibitors. Given its substantial biological inhibitory potency, this particular
derivative series is determined to hold the potential to serve as a promising lead compound against these hCAs.

Selective inhibitor
In silico study

1. Introduction

Carbonic anhydrases (CAs; EC 4.2.1.1) [1] are a group of enzyme
isoforms found throughout the animal kingdom [2], exhibiting diverse
physiological and biochemical functions [3]. Numerous critical physi-
ological and pathological processes [4], such as pH homeostasis [5],
gluconeogenesis [6], fluid secretion [7], bone resorption [8], and
tumorgenicity [9], depend on these pervasive metalloenzymes, which
catalyze the reversible conversion of water and CO, to HCO3 and H'
[10]. A total of fifteen different isozymes [11], including cytosolic (I, II,
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III, VII, and XIII) [12], membrane-bound (IV, IX, XII, and XIV) [13],
secreted (VI) [14], and mitochondrial (VA and VB) [15] isozymes, have
been found in the human CA isoforms (hCA), which are extensively
distributed in different tissues [16]. hCA II, one of the most widely
studied isoforms [17], exhibits the highest turnover rate among all hCAs,
with a ke of 108 s7! [18]. The enzyme has an exceptionally high
turnover rate because of the quick proton transfer made possible by the
proximity of the His 64 residue to the active site [19]. Given its critical
role in the primary transport pathway of sodium into the eye [20], hCA II
is responsible for regulating intraocular pressure [21], which is
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commonly associated with glaucoma [22]. One of the key rationales for
scrutinizing hCA II inhibitors was to explore their potential therapeutic
benefits in treating glaucoma [23], which, if left untreated, can lead to
blindness [24]. Furthermore, it is important to remember that hCA II,
the physiologically dominant isoform of the hCAs family (as shown in
Table 1), is widely expressed in a variety of brain cells and tissues,
including but not limited to oligodendrocytes [25], astrocytes [26],
myelin sheaths [27], choroid plexus [28], and myelinated tracts [29]. It
is noteworthy that hCA II has been observed to be overexpressed in
numerous tumor types [30], and such overexpression has often been
linked to the heightened aggressiveness of tumor cells [31], as is evi-
denced, for instance, in the case of colorectal cancer and synchronous
distant metastases [32].

Sulfonamides and their bioisosteres are widely acknowledged as
significant pharmacophores exhibiting diverse biological activities,
including hCA inhibition. Notably, sulfanilamide, discovered in 1940,
was the first organic carbonic anhydrase inhibitor (hCAI) [33]. Subse-
quently, an extensive collection of sulfonamide-based hCAls was syn-
thesized, from which several agents, including acetazolamide (AAZ),
methazolamide, ethoxzolamide, brinzolamide, and zonisamide, have
been employed for the significant clinical management of hCA-related
ailments (Fig. 1) [34].

The maintenance of a cell’s regular physiological processes depends
critically on the movement of anions through cellular membranes, as
Poulsen et al. [35] noted. Numerous small-molecule anion transporters
have been reported thus far, which are based on urea [36], thioureas
[37], and sulfonamides [38]. As a result of their significant pharmaco-
logical properties, sulfonamide compounds derived from urea and theirs
sulfur analogue thiourea have been continually employed in developing
new bioactive compounds. Sulphamethazine (SM) is a sulfonamide that
contains pyrimidine [39] with methyl substituents at the 4- and 6-posi-
tions and a p-aminobenzenesulfonamide group at the 2-position. It is an
anti-infective agent [40], a carcinogenic agent [41], an antibacterial
drug [42], an antimicrobial agent [43], a dihydropteroate synthase in-
hibitor [44], an environmental contaminant [45], a xenobiotic [46], and
a drug allergen [47], and cholinesterases and a-glucosidase inhibitors
(compound 2c¢) [48] (Fig. 2).

Our design strategy is centered upon the preservation of the phar-
macophoric moiety in sulphamethazine (i.e., 4-amino-N-(4,6-dime-
thylpyrimidin-2-yl)benzenesulfonamide) within our target molecules.
We intend to augment this by introducing the amino functionality to
triazene. By incorporating a variety of substituted phenyl tail moieties, it
is anticipated that the catalytic zinc-ion of hCA will be bound, and that
hCAs selectivity will be induced via different interactions with hydro-
philic/hydrophobic amino acid residues in the ligand binding pocket
(Fig. 3).

Table 1
A comprehensive overview of human carbonic anhydrases (hCAs) distribution
across various organs or tissues and their subcellular localization.

hCAs  Organ or tissue distribution Subcellular
localization

1 Erythrocytes, eye, and gastrointestinal tract Cytosol

il Erythrocytes, eye, gastrointestinal tract, bone Cytosol
osteoclasts, brain, kidneys, lungs, and testes

111 Adipocytes and skeletal muscles, Cytosol

v Eye, brain capillaries, kidneys, colon, heart muscle, Membrane-bound
lungs, and pancreas

VA Brain and liver Mitochondria

VB Kidneys, gastrointestinal tract, heart or skeletal Mitochondria
muscles, pancreas, and spinal cord

VI Salivary and mammary glands Secreted

VII Central nervous system Cytosol

IX Hypoxic tumors and gastrointestinal mucosa Transmembrane

X1 Eye, hypoxic tumors, kidneys, and intestinal and Transmembrane
reproductive epithelia

XIII Brain, kidneys, gut, lungs, and reproductive tract Cytosol

XIV Brain, liver, and kidneys Transmembrane
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Fig. 1. Chemical compositions of certain commercially marketed hCA in-
hibitors based on sulfonamide.

Our research group is engaged in a perpetual endeavor to fabricate
lead molecules that exhibit multi-targeting capabilities featuring iso-
form selective hCA inhibition, further enhanced by other interesting
biological properties. We recently published our findings on synthesiz-
ing novel benzenesulfonamides demonstrating considerable isoform
selective hCA inhibition [49-51]. Motivated by our earlier discoveries,
we present a series of ten novel 1,3-diaryltriazene-substituted sulpha-
methazine derivatives SM(1-10) (depicted in Scheme 1) and their bio-
logical evaluation as inhibitors of hCA isoforms I and II.

2. Result and discussion
2.1. Drug design strategy and chemistry

The inspiration driving the design and synthesis of these new com-
pounds SM(1-10) is derived from our most recent investigations [50,
51]. IR spectroscopy and TLC tracked the target compounds’ production
reactions. The resulting-colored solid underwent filtering, many
cold-water washings, and vacuum drying before being dried. By using
FT-IR, 'H and '3C NMR, elemental analysis, and melting points, the
obtained pure compounds SM(1-10) were thoroughly characterized.
Both analytical and spectroscopic findings in the experimental part
confirm the structure of the target compounds. These investigations
highlighted the impressive and selective inhibition capabilities of newly
synthesized derivatives containing 1,3-diaryltriazene-substituted sul-
phanilamide and metanilamide against the prominent isoform hCA II
With this knowledge as a foundation, our current endeavor sought to
modify the sulfonamide group from primary to secondary amine. This
modification was then applied to hCA I and I isozymes to assess how this
alteration in the binding group might impact potency and selectivity.
Our goal was to enhance the biological effectiveness of 1,3-diaryltriaze-
ne-substituted sulfonamides by altering the amine component from
primary to secondary (specifically, from sulphanilamide to sulphame-
thazine) (Fig. 3). We aimed to investigate the potential efficacy of these
compounds versus hCAs, namely, hCA I and II isoforms.

2.2. Carbonic anhydrase inhibitory effect of the target compounds SM
(1-10)

The efficacy of the newly synthesized target 1,3-diaryltriazene-
substituted sulfamethazine derivatives SM(1-10) was evaluated using
Verpoorte’s esterase assay technique [52]. Specifically, the ubiquitous
cytosolic isoforms hCA I and II were tested for their capacity to inhibit
using these substances. To determine the inhibition profile of the syn-
thesized compounds for these hCA isoforms, as well as their selectivity
profile, i.e., inhibition constants (Kj) and coefficients of determination
(RZ), a comparison was made to the reference drug acetazolamide (AAZ)
as indicated in Table 2 and Fig. 4.

All of the synthesized sulphamethazines SM(1-10) exhibited potent
inhibition potency towards the physiologically significant cytosolic
isoform hCA I with K; constants ranging from 5.69 + 0.59 nM to 77.08
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Fig. 2. Chemical compositions of various medications derived from pyrimidinyl sulfonamide that are sold commercially, as well as compound 2c.
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Scheme 1. The general synthetic route for synthesizing the novel sulphame-
thazines SM(1-10). (i) H,O, HCI, and NaNO,, 0-5 °C, 30 min, (ii) Substituted
aromatic anilines (1-10), MeOH, H,0, and sodium acetate, 0-5 °C 3 h, r.
t. overnight.

+ 5.09 nM in comparison to the standard drug, AAZ (K of 116.00 +
8.48 nM). Compound SM7 displayed the most potent inhibition of hCA L.
Additionally, four compounds out of the ten novel sulphamethazines
reported herein demonstrated more than four times more potent inhi-
bition of the ubiquitous isoform hCA I than AAZ. In a more extensive
sense, the compounds containing butoxy, chlorine, carboxyl, and cyano
in R moiety SM7 (K; of 5.69 + 0.59 nM), SM3 (Kj of 11.33 + 0.74 nM),
SM5 (K; of 26.31 + 2.05 nM), and SM4 (K; of 27.18 + 3.08 nM),
respectively, were discovered to be the strongest inhibitors. Interest-
ingly, it was observed that the inhibitor with unsubstituted phenyl ring,

Table 2

Inhibition data of hCA isoforms I and II with novel synthesized 1,3-diaryltria-
zene-substituted sulphamethazine derivatives SM(1-10) compared to acetazol-
amide as reference inhibitor.

N No [
WY\Y S
oN O O\ N
N
SM(1-10)
Compound hCA 1 hCA TI Selectivity
index”
D R Ky(nM)? R? K; (nM) R? /11 /1
SM1 H 35.62 + 0.9851  23.89 0.9863 1.49 0.67
412 +2.38
SM2 4-F 77.08 + 0.9862  36.92 0.9842 209 0.48
5.09 + 4.03
SM3 4-Cl 11.33 + 0.9853  56.40 0.9843 020 4.98
0.74 +5.08
SM4 4-CN 27.18 + 0.9846  5.87 + 0.9867 4.63 0.22
3.08 0.57
SM5 4-COOH  26.31 + 0.9855  15.49 0.9851 170  0.59
2.05 +1.62
SM6 4-OCH3 37.69 + 0.9845  7.07 + 0.9842 533 0.19
2.91 0.76
SM7 4-0C4Hy  5.69 + 0.9858  12.87 0.9875 0.44  2.26
0.59 +1.27
sM8 3-NO, 40.79 + 0.9841  16.27 0.9843 251  0.40
4.68 +1.72
SM9 3,4- 74.98 + 0.9851  7.54 + 0.9844 9.94 0.10
diOCH3 10.49 0.79
SM10  3,4-diCl  69.03 + 0.9857  14.63 0.9866 472  0.21
7.65 +1.42
AAZ - 116.00 0.9850  57.25 0.9858 - -
¢ +8.48 +4.15

# The test results were expressed as means of triplicate assays &= SEM.
b A high-value ratio characterizes a potent, selective inhibitor.
¢ Acetazolamide.

SM1 exhibited higher potency against hCA I compared to those with 4-
fluorine, 4-methoxy, 4-nitro, 3,4-dimethoxy, and 3,4-dichlorine substi-
tution on phenyl ring (SM2, SM6, and SM8-10) displayed the weakest
inhibition in the respective series. This information is summarized in
Table 2.

All of the sulphamethazine derivatives SM(1-10) that were tested
demonstrated a promising inhibition profile against another cytosolic
isoform hCA II associated with glaucoma with Kj values ranging from
5.87 + 0.57 nM to 56.40 + 5.08 nM. Specifically, ten compounds
exhibited superior inhibition of isoform hCA II compared to the
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Fig. 4. In vitro effects of the novel synthesized 1,3-diaryltriazene-substituted sulphamethazines, 4-[3-(4-butoxyphenyDtriaz-1-en-1-yl]-N-(4,6-dimethylpyrimidin-2-
yDbenzenesulfonamide (SM7) and 4-[3-(4-cyanophenyl)triaz-1-en-1-yl]-N-(4,6-dimethylpyrimidin-2-yl)benzenesulfonamide (SM4) against hCA I (left) and hCA II
(right) activity, respectively. The K; constants and kinds of inhibition for these substances were determined using Lineweaver-Burk plots. For this, three different
inhibitor dosages for substances SM7 and SM4, as well as five different 4-nitrophenyl acetate concentrations, were tested.

reference compound AAZ (K; of 57.25 + 4.15 nM). Notably, 4-cyano
SM4, 4-methoxy SM6, and 3,4-dimethoxy SM9 substituted compounds
displayed sub-nanomolar inhibition, with K; constants of 5.87 £+ 0.57
nM, 7.07 + 0.76 nM, and 7.54 + 0.79 nM, respectively (refer to
Table 2).

2.3. SAR parameters of the target compounds

The observed differences in the hCA I and II inhibitory activity of the
1,3-diaryl-substituted triazenes analogues SM(1-10) may be explained
by the varied substituent patterns on the phenyl ring of the molecule,
according to the study of the structure-activity relationship (SAR). All
synthesized compounds SM(1-10) exhibited strong inhibition potential
versus the cytosolic isoform hCA I compared to the standard drug AAZ.
Among these compounds, compound SM7 exhibited the strongest inhi-
bition of hCA I. Compound SM7 differs from other compounds in having
a butoxy group at the fourth position of the phenyl ring. The butoxy
group linked to the phenyl group interacted with the active Zn?" metal
center site of hCA I in the docking poses against it, which is an inter-
esting finding. The chemicals studied here do not all possess a free sul-
fonamide group (-SO2NHy) [53] that binds directly to the 7Zn" of hCAs.
However, all could still effectively inhibit this enzyme, which is
intriguing. Molecular docking studies have shown that in addition to
hydrogen bonding interaction with Tyr204 and forming specific
favourable hydrophobic interactions, these molecules can inhibit the
enzyme by fitting into the entrance of the active site such that the aryl
group is displaced.

Similarly, all synthesized compounds SM(1-10) showed potent
inhibitory potential against another cytosolic isoform hCA II compared
to the reference drug AAZ. Among these compounds, compound SM4
exhibited the most potent inhibition of hCA II. The difference between
SM4 from other compounds is the presence of a cyano group at the
fourth position of the phenyl ring. In the silico study, in docking poses
against hCA II, the cyano group attached to the phenyl group interacted
with the active Zn** metal center region of hCA II [54]. In addition, the
observation of two hydrogen bonds between the nitrogen atom of the
Triazene group and GIn92 and between the nitrogen atom of the py-
rimidine ring and the H,0 molecule and the formation of hydrophobic
interactions with some amino acid residues contributed to the inhibition
of the active site of this molecule.

2.4. In silico simulations

The hCAs’ X-ray crystallographic structures (PDB IDs 1AZM and
3HS4 for hCA I and II, respectively) were used to examine the binding
patterns of the novel synthesized 1,3-diaryltriazene-substituted

sulphamethazines SM(1-10) and gain insight into the structural factors
governing the enzyme-inhibitor complex. Initially, the enzyme binding
sites were subjected to re-docking of the native ligand 5-acetamido-
1,3,4-thiadiazole-2-sulfonamide (AZM or AAZ) to verify the soundness
of the docking setup. The low RMSD values (0.34 and 1.20 A, respec-
tively) and capacity of the docking poses of the co-crystalized ligands to
faithfully reproduce essential interactions demonstrated the viability of
the employed docking approach (Fig. S1). The validated setup was used
to investigate how these new sulphamethazines attach to the hCAs’
active sites. Subsequently, the most potent inhibitors, SM7 and SM4,
respectively, and compound SM9, which has a selectivity index of 9.94,
were docked into the binding sites of the hCAs (1AZM and 3HS4) crys-
tallographic structures. The reported amino acids contributing to the
isozymes hCA I and II inhibition were used to justify the qualitative
binding poses.

Compound SM7 displayed hydrophobic interactions with Trp 5,
Tyr20, Phe 91, Ala 121, Leu 131, Leu 132, Ala 135, Leul41, Vall143,
Leul98, Pro 201, Pro202, Val 207, and Trp 209 residues and exhibited a
docking score of approximately —3.767 kcal/mol. Furthermore, a
network of hydrogen bonds with Tyr204 (at a distance of 1.81 f\) kept
one of the oxygen atoms of its sulfonamide group in place. These
docking positions for the inhibitor SM7 can explain why hCA I is
inhibited (Fig. 5). With a docking score of —3.354 kcal/mol, the mole-
cule SM4’s interaction with the active site residues revealed various
interactions, including van der Waals forces, hydrogen bonds, and metal
coordination. Between the nitrogen atom of the triazene group and
GIn92, at a distance of 2.39 A, and the nitrogen atom of the pyrimidine
ring and the H,O molecule, at a distance of 2.18 A, two hydrogen bonds
were seen. The nitrogen atom of the cyano group was also coordinated
with the zinc-ion. Additionally, the amino acids Ile 91, Val 121, Phe 131,
Leul4l, Vall143, Leul98, and Pro202 established hydrophobic contacts
with compound SM4, which helped to keep SM4 stable at the active site
(Fig. 6).

The binding of compound SM9 to the hCA II isoform exhibits notable
selectivity, as indicated by the selectivity index of 9.94. This selectivity
may be attributed to the interactions of SM9 with Gln92 and a water
molecule (distances of 2.36 A and 2.19 10\) in the hCA II binding pocket.
In contrast, in the hCA I binding pocket, SM9 primarily interacts with
Thr204 (distance of 2.10 A) through hydrogen bonding. These specific
interactions in the hCA II binding pocket may allow for a stronger
binding of SM9 to this isoform. It is worth noting that the hydrogen
bonds and distances between SM9 and hCA II are essential for the
observed selectivity. In conclusion, these unique binding characteristics
may enable SM9 to fit more securely in the hCA II binding cavity
(Fig. $2).

Additionally, the

determination of physicochemical and
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Fig. 5. Predicted binding mode of [3-(4-butoxyphenyl)triaz-1-en-1-yl]-N-(4,6-dimethylpyrimidin-2-yl)benzenesulfonamide (SM7) within hCA I isoform active site
(PDB ID 1AZM). The figures include A) 3D and B) 2D images to further illustrate the interplay of amino acids.

pharmacokinetic properties of target compounds through in silico
methods is an indispensable tool in the development of novel drug
molecules. As such, a comprehensive assessment of drug-likeness in the
synthesized agents was conducted through in silico physiochemical
properties and ADME predictions for all compounds SM(1-10) using the
QikProp module of Schrodinger Suite. The results of this analysis are
presented in Table 3 and Fig. 7. The parameters of Lipinski’s rule of five
[55], which serve as a primary criterion for predicting drug-likeness and

the potential for high oral absorption of a molecule, were calculated for
all compounds. It is noteworthy that only SM8 displayed a single
violation of Lipinski’s rule of five, which is deemed acceptable. This
finding indicates that these compounds possess drug-like properties and
have the potential to become orally active drugs.
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(PDB ID 3HS4). The figures include A) 3D and B) 2D images to further illustrate the interplay of amino acids.

3. Conclusion

Carbonic anhydrases play a pivotal role in catalyzing the reversible
hydration of carbon dioxide to bicarbonate, as well as facilitating
various hydrolytic processes. To date, seven distinct genetic families of
hCAs have been identified, and extensive kinetic and X-ray crystallo-
graphic analyses have provided invaluable insights into the intricate
structure-function relationships within this protein superfamily.
Detailed elucidation of both activation and inhibition mechanisms has
been achieved, with the recent discovery of numerous novel inhibitor

classes further enhancing our understanding of the functional dynamics
of hCAs, paving the way for future therapeutic innovations. In this study,
in summary, we present a collection of ten new compounds, namely SM
(1-10), produced through the reaction between the diazonium salt of
sulphamethazine and a range of aromatically substituted amines. This
investigation centered on the synthesis and assessment of innovative
derivatives featuring 1,3-diaryltriazene-substituted sulphamethazines
SM(1-10) with the intent of inhibiting hCA I and II isozymes. The syn-
thesized compounds on both isozymes showed significant inhibitory
effects with competitive or non-competitive inhibition types at the
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Table 3

ADME/Tox related parameters” of novel synthesized 1,3-diaryltriazene-substituted sulphamethazine derivatives SM(1-10) and the reference inhibitor acetazolamide.

Rule
of

PSA

QPlogBB  QPlogkp Metab  QPlogKhsa  HOA

Volume  donorHB  accptHB  QPlogPoct  QPlogPw  QPlogPo/  QPlogS  QPlogHERG  QPPCaco

Dipole

S MW

CN.

Compounds

D

Five

0
0
0
0
0
0
0
1
0
0
0

108.0
107.9
107.9
133.5
157.4
113.4
112.2
152.8
122.6
107.9
133.3

86.7

-0.3

—2.2

-1.4
-1.3
-1.2

-2.3
—2.7

442
443
443
92

-7.2
-7.0

-7.0

-7.1

—5.2
—6.6

-7.1
-7.0

—-6.9

—4.8
-5.1

2.1

2.0 10.0 22.9 16.6

2.0
2.0

2.0

1218.4

6.7

382.4

SM1

88.2

-0.2

-2.3

2.4
2.6
1.4
1.5
2.0

3.1

16.3

23.1

10.0

1236.8

6.3
6.3

7.7

400.4

SM2
SM3
SM4
SM5
SM6
SM7

89.6

-0.2

—-2.4

-5.4

16.3

23.6

10.0

1265.0

416.9
407.4

70.2
54.2

-0.5

-3.5

-5.7

18.1

24.7

11.5

1285.9

—0.6

—4.3

11

—4.7

20.1

12.0 26.6

3.0
2.0

2.0

1302.5

7.5

426.4
412.5
454.5

-2
-2
-2
-2
-2
-2

84.2

—-2.6 -0.3
0.0

-1.5
-1.9
—-2.6

350
349
53

—4.5

16.6

23.7

10.8

1272.7

7.8
8.0

90.8

-2.3
—4.1

-5.9

16.2

25.4

10.8

1467.1

53.1

—0.3

—4.9

1.4
2.3

3.0
-1.8

17.6

11.0 24.9

2.0
2.0

2.0

1293.7

9.6

427.4
442.5

SM8
SM9

87.7

-1.6 —2.4 -0.3
-0.1

-1.1

442
442
36

-5.2

17.0

24.7

11.5

1371.7

6.7
7.1

92.1

—-2.5

-6.9
-3.8

—6.0

16.1

24.3

10.0
9.0

1305.5

634.3

451.3

SM10

AAZ

44.4

-1.0

-5.9

-1.8

-1.6

15.2

17.6

3.0

10.9

222.2

o

# CNS, Central nervous system activity (—2 inactive, +2 active); MW, molecular weight of the compound (130.00-725.00); Dipole, computed dipole moment of the compound (1.00-12.50); Volume, total solvent-

o

accessible volume in cubic angstroms using a probe with a 1.4 A Radius (500.00-2000.00); donorHB, estimated number of hydrogen bonds that would be donated by the solute to water molecules in an aqueous so-
lution (0-6); accptHB, estimated number of hydrogen bonds that would be accepted by the solute from water molecules in an aqueous solution (2-20); QPlogPoct, octanol/gas partition coefficient (8.00-35.00); QPlogPw,
water/gas partition coefficient (4.00-45.00); QPlogPo/w, octanol/water partition coefficient (—2.00 - 6.50); QPlogS, aqueous solubility (—6.50 - 0.50); QPlogHERG, IC50 value for blockage of HERG K- channels (concern

below —5); QPPCaco, apparent Caco-2 cell permeability in nm/sec (<25 poor, great>500); QPlogBB, brain/blood partition coefficient (—3.00 - 1.20); QPlogKp, skin permeability (—8.00 to —1.00); Metab, number of likely

metabolic reactions (1-8); QPlogKhsa, prediction of binding to human serum albumin (—1.50 - 1.50); HOA; human oral absorption (<25 % poor, high>80 %); PSA, van der Waals surface area of polar nitrogen and oxygen

atoms (7.00-200.00); Rule of Five, number of violations of Lipinski’s rule of five (max. 4).

b Acetazolamide.
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nanomolar scale. Significantly, the newly devised derivatives displayed
superior inhibitory potential compared to the reference drug AAZ versus
hCAs. An analysis of the SAR elucidated that the arrangement of the R
variable on the 1,3-diaryltriazene-substituted sulphamethazine de-
rivatives significantly influenced the inhibitory activity on both hCA I
and II. In silico simulations verified the binding affinity of the most
effective inhibitors (SM7 for hCA I and SM4 for hCA II) by accurately
simulating crucial interactions in the target enzymes’ active regions. The
observed differences in affinity and selectivity across the derivatives
were attributable to various structural changes that produced distinctive
steric and binding properties. Overall, the newly synthesized sulpha-
methazine compounds show promise as effective hCA inhibitors, high-
lighting their potential for further development in the field of enzyme
inhibition. Future research should focus on designing and developing
alternative agents with the potential to effectively treat or prevent ail-
ments linked to glaucoma and hCA inhibition.

4. Experimental

4.1. General synthesis method for the preparation of novel
sulphamethazines SM(1-10)

According to our prior research, the compounds SM(1-10) were
created using our improved reaction conditions. In summary, after
cooling a mixture of sulphamethazine (5 mmol) in 2 ml of concentrated
hydrochloric acid and 15 ml of water to 0-5 °C, sodium nitrite (7 mmol)
in 5 ml of water was slowly added while stirring continuously for 15-20
min. The mixture was agitated for 30 min at 0-5 °C before diazonium
solution was added to the aniline solution, which had been made by
dissolving 5 mmol of substituted anilines in 5 ml of MeOH and cor-
recting the pH to 6-7 at the same time. The reaction mixture was then
agitated for 3 h at 0-5 °C and overnight at room temperature in the dark
(Scheme 1). With the help of TLC and IR spectroscopy, reactions were
tracked. The colorful solid was filtered out, repeatedly washed in cold
water, crystallized using the proper solvents, and dried under a vacuum.
Spectroscopic and analytical techniques were used to characterize the
obtained pure compounds SM(1-10) in detail (FT-IR, 1 and '3C NMR,
and melting points).

4.1.1. N-(4,6-dimethylpyrimidin-2-yl)-4-(3-phenyltriaz-1-en-1-yl)
benzenesulfonamide (SM1)

Yield: 73 %; Color: orange solid; Melting Point: 187-189 °C; Anal.
Caled for C1gH18Ng02S (382.44 g/mol) (%): C, 56.53; H, 4.74; N, 21.98;
S, 8.38, Found (%): C, 56.45; H, 4.79; N, 21.99; S, 8.35. FT-IR (cm™b):
3238, 3212 (NH), 1592, 1381, 1144 (symmetric) (S—=0), 1094; 'H NMR
(DMSO-dg, 400 MHz, § ppm): 12.54 (br.s, 2H, -NH-), 7.96 (d, J = 8.4
Hz, 2H, Ar-H), 7.53-7.41 (m, 6H, Ar-H), 7.25 (t, 1H, Ar-H), 6.67 (s, 1H,
Ar-H (pyrimidine)), 3.41 (s, 6H, ~CHz); 13C NMR (DMSO-dg, 100 MHz, 5
ppm): 172.67,170.77,157.90, 147.31, 136.17, 130.28, 129.77, 126.82,
119.74, 115.30, 113.36, 23.43.

4.1.2. N-(4,6-dimethylpyrimidin-2-yD)-4-[3-(4-fluorophenyDtriaz-1-en-1-
yl]benzenesulfonamide (SM2)
or
HN

H o

N _N_&

|8
_N O N
N

Yield: 89 %; Color: yellow solid; Melting Point: 213-215 °C; Anal.
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Fig. 7. Diagrams showing ‘drug-likeness’ descriptors for the most potent inhibitors 4-[3-(4-butoxyphenyl)triaz-1-en-1-yl]-N-(4,6-dimethylpyrimidin-2-yl)benzene-
sulfonamide (SM7 against hCA I, left), 4-[3-(4-cyanophenyltriaz-1-en-1-yl]-N-(4,6-dimethylpyrimidin-2-yl)benzenesulfonamide (SM4 against hCA II, middle), and
selective inhibitor 4-[3-(3,4-dimethoxyphenyDtriaz-1-en-1-yl]-N-(4,6-dimethylpyrimidin-2-yl)benzenesulfonamide (SM9 against hCA I, right). The red-colored zone
has been identified as a feasible physicochemical domain to enhance oral bioavailability. FLEX, flexibility; INSATU, saturation; INSOLU, insolubility; LIPO, lip-
ophilicity; POLAR, polarity; SIZE, molecular weight.

Calcd for CigH;17FNgO2S (400.43 g/mol) (%): C, 53.99; H, 4.28; N, CooH
20.99; S, 8.01, Found (%): C, 53.93; H, 4.30; N, 21.05; S, 7.96. FT-IR N N2 J@/
(em™1): 3248, 3220 (NH), 1594, 1345, 1151 (symmetric) (S=O), W\J d’\©\ HN

1093; 'H NMR (DMSO-de, 400 MHz, & ppm): 12.79 (s, 1H, -NH-), 11.55 N

(br.s, 1H, -NH-), 7.97 (d, J = 8.4 Hz, 2H, Ar-H), 7.59-7.45 (m, 4H,

Ar-H), 173'28 (t, 2H, Ar-H), 6.76 (s, 1H, Ar-H (pyrimidine)), 3.36 (s, 6H, Yield: 89 %; Color: yellow solid; Melting Point: 226-227 °C; Anal.
-CH3); °C NMR (DMSO-dg, 100 MHz, § ppm): 172.09, 167.84, 145.83, Caled for C1oH1gNg04S (426.45 g/mol) (%): C, 53.51; H, 4.25; N, 19.71;
134.28, 130.46, 122.97, 116.65, 116.43, 113.99, 23.39. S, 7.52, Found (%): C, 53.48; H, 4.27; N, 19.74; S, 7.48. FT-IR (cm™1):

] ] o 3326 (br.s NH and OH), 1684 (C=0), 1596, 1314, 1150 (symmetric)
4.1.3. 4-[3-(4-ChlorophenyDtriaz-1-en-1-yl]-N-(4,6-dimethylpyrimidin-2- (S=0), 1085; 'H NMR (DMSO-ds, 400 MHz, & ppm): 12.61 (br.s, 3H,

YDbenzenesulfonamide (SM3) 2x-NH-, and ~OH), 8.03-7.97 (m, 4H, Ar-H), 7.62-7.54 (m, 4H, Ar-H),
. 6.76 (s, 1H, Ar-H (pyrimidine)), 3.37 (s, 6H, -CHs); :3C NMR (DMSO-dg,
L /©/ 100 MHz, § ppm): 167.99, 167.45, 156.67, 153.61, 131.70, 131.34,
\ j 0««30 HN 130.22, 117.36, 113.86, 113.03, 23.32.
NN

4.1.6. N-(4,6-dimethylpyrimidin-2-yl)-4-[3-(4-methoxyphenytriaz-1-en-

Yield: 92 %; Color: cream solid; Melting Point: 215-216 °C; Anal. I-yljbenzenesulfonamide (SM6)

Caled for C;gH;7CINgO5S (416.88 g/mol) (%): C, 51.86; H, 4.11; N,

20.16; S, 7.69, Found (%): C, 51.83; H, 4.08; N, 20.19; S, 7.65.FT-IR N H\SP /[j o
(em™1): 3248, 3215 (NH), 1597, 1380, 1149 (symmetric) (S=0), (1§ O HN
1088; 'H NMR (DMSO-ds, 400 MHz, 5 ppm): 12.88 (s, 1H, -NH-), 11.63 NN
(br.s, 1H, -NH-), 7.98 (d, J = 8.4 Hz, 2H, Ar-H), 7.55-7.41 (m, 6H,
Ar-H), 6.76 (s, 1H, Ar-H (pyrimidine)), 3.35 (s, 6H, ~CHz); '°C NMR Yield: 92 %; Color: dark pink solid; Melting Point: 176-178 °C; Anal.
(DMSO-dg, 100 MHz, § ppm): 167.79, 156.79, 130.39, 129.75, 128.94, Calcd for C19HzoNgO3S (412.47 g/mol) (%): C, 55.33; H, 4.89; N, 20.38;
122.32,115.70, 114.02, 23.38. S, 7.77, Found (%): C, 55.29; H, 4.91; N, 20.41; S, 7.75. FT-IR (cm ™ 1):
3252, 3215 (NH), 1592, 1342, 1142 (symmetric) (S—=0), 1089; 'H NMR
4.1.4. 4-[3-(4-CyanophenyDtriaz-1-en-1-yl]-N-(4,6-dimethylpyrimidin-2- (DMSO-ds, 400 MHz, § ppm): 12.47 (s, 1H, -NH-), 11.55 (br.s, 1H,
YDbenzenesulfonamide (SM4) _NH-), 7.95 (d, J = 8.8 Hz, 2H, Ar-H), 7.52 (d, J = 8.4 Hz, 2H, Ar-H),
o 7.40 (d, J = 8.4 Hz, 2H, Ar-H), 7.10 (d, J = 8.8 Hz, 2H, Ar-H), 6.75 (s,
N KO J@/ 1H, Ar-H (pyrimidine)), 3.80 (s, 3H, ~OCHs), 3.31 (s, 6H, ~CHs), 2.57 (s,
| I f@ HN 3H, -CH3); '3C NMR (DMSO-ds, 100 MHz, 6 ppm): 167.79, 159.25,
NN 157.01, 146.25, 133.63, 130.50, 122.49, 114.96, 113.92, 113.53, 55.83,

23.43.

Yield: 85 %; Color: dark orange solid; Melting Point: 140-142 °C;
Anal. Calcd for C19H;7N702S (407.45 g/mol) (%): C, 56.01; H, 4.21; N,
24.06; S, 7.87, Found (%): C, 55.97; H, 4.23; N, 24.11; S, 7.82. FT-IR
(em™): 3353, 3215 (NH), 2221 (CN), 1596, 1349, 1150 (symmetric)

4.1.7. 4-[3-(4-ButoxyphenyDtriaz-1-en-1-yl]-N-(4,6-dimethylpyrimidin-2-
yDbenzenesulfonamide (SM7)

(8=0), 1078; 'H NMR (DMSO-ds, 400 MHz, 5 ppm): 13.08 (br.s, 1H, N K0 @( S

_NH-), 11.72 (br.s, 1H, -NH-), 8.02 (d, J = 8.8 Hz, 2H, Ar-H), 7.85 (d, J (1 Q HN

— 8.8 Hz, 2H, Ar-H), 7.63-7.58 (m, 4H, Ar-H), 6.73 (s, 1H, Ar-H (py- N

rimidine)), 3.35 (s, 6H, ~CHs); 13C NMR (DMSO-ds, 100 MHz, 5 ppm):

167.77, 157.03, 153.47, 134.24, 133.89, 130.08, 128.78, 119.54, Yield: 78 %; Color: pink solid; Melting Point: 166-168 °C; Anal.

113.92, 95.98, 23.32. Caled for CooH26NgO3S (454.55 g/mol) (%): C, 58.13; H, 5.77; N, 18.49;
S, 7.05, Found (%): C, 58.10; H, 5.79; N, 18.53; S, 7.01. FT-IR (ecm™b):

4.1.5. 4-(3-{4-[N-(4,6-Dimethylpyrimidin-2-yDsulfamoyl]phenyl}triaz-2- 3240, 3216 (NH), 1591, 1349, 1150 (symmetric) (S=0), 1093; 'H NMR

en-1-yDbenzoic acid (SM5) (DMSO-dg, 400 MHz, § ppm): 12.50 (br.s, 1H, -NH-), 11.52 (br.s, 1H,
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_NH-), 7.94 (d, J = 8.0 Hz, 2H, Ar-H), 7.50 (d, J = 8.4 Hz, 2H, Ar-H),
7.39 (d, J = 8.4 Hz, 2H, Ar-H), 6.99 (d, J = 8.0 Hz, 2H, Ar-H), 6.72 (s,
1H, Ar-H (pyrimidine)), 3.99 (t, 2H, -OCH,CH,CH,CHs), 3.37 (s, 6H,
—CHa), 1.73-1.65 (m, 2H, -OCH,CH,CH,CHs) 1.46-1.140 (m, 2H,
~OCH,CH,CH,CH3), 0.93 (t, 3H, —OCH,CH,CH,CH3); '°C NMR
(DMSO-ds, 100 MHz, § ppm): 167.74, 158.71, 157.12, 142.72, 130.78,
122.41, 115.53, 113.84, 113.48, 67.86, 31.28, 23.43, 19.19, 14.34.

4.1.8. N-(4,6-dimethylpyrimidin-2-yl)-4-[3-(3-nitrophenyDtriaz-1-en-1-
yl]benzenesulfonamide (SM8)

Yield: 74 %; Color: light brown solid; Melting Point: 209-210 °C;
Anal. Calcd for C1gH17N704S (427.44 g/mol) (%): C, 50.58; H, 4.01; N,
22.94; S, 7.50, Found (%): C, 50.54; H, 4.07; N, 22.98; S, 7.45. FT-IR
(cm’l): 3264, 3211 (NH), 1597, 1348, 1153 (symmetric) (S=0),
1079; H NMR (DMSO-dg, 400 MHz, § ppm): 13.13 (br.s, 1H, -NH-),
11.80 (br.s, 1H, -NH-), 8.20 (s, 1H, Ar-H), 8.08-8.00 (m, 3H, Ar-H),
7.95 (d, J = 8.0 Hz, 1H, Ar-H), 7.71 (t, 1H, Ar-H), 7.56 (d, J = 8.4 Hz,
2H, Ar-H), 6.74 (s, 1H, Ar-H (pyrimidine)), 3.35 (s, 6H, -CHs); **C NMR
(DMSO-dg, 100 MHz, § ppm): 167.49, 157.02, 150.59, 149.35, 131.33,
130.79, 120.41, 113.66, 110.20, 107.46, 23.37.

4.1.9. 4-[3-(3,4-DimethoxyphenyDtriaz-1-en-1-yl]-N-(4,6-
dimethylpyrimidin-2-yl)benzenesulfonamide (SM9)

H o

N__N_f

(Y 8
_N O N
[11\1‘

Yield: 94 %; Color: dark purplish red solid; Melting Point:
144-146 °C; Anal. Calcd for CogH22Ng04S (442.49 g/mol) (%): C, 54.29;
H, 5.01; N, 18.99; S, 7.25, Found (%): C, 54.25; H, 5.07; N, 19.04; S,
7.22. FT-IR (cm™Y): 3251, 3162 (NH), 1596, 1371, 1129 (symmetric)
(S=0), 1081; 'H NMR (DMSO-dg, 400 MHz, & ppm): 11.69 (br.s, 2H,
~NH-), 8.05 (d, J = 8.4 Hz, 2H, Ar-H), 7.93 (d, J = 8.4 Hz, 2H, Ar-H),
7.14 (s, 1H, Ar-H), 6.99 (s, 1H, Ar-H), 6.76 (s, 1H, Ar-H (pyrimidine)),
6.43 (s, 1H, Ar-H), 3.81 (s, 3H, -OCHjy), 3.71 (s, 3H, -OCH3s), 3.36 (s,
6H, —CHj3); 3¢ NMR (DMSO-dg, 100 MHz, 5 ppm): 167.78, 156.66,
155.08, 145.15, 142.09, 140.00, 130.01, 129.62, 121.61, 113.71, 98.55,
55.99, 23.24.

4.1.10. 4-[3-(3,4-DichlorophenyDtriaz-1-en-1-yl]-N-(4,6-
dimethylpyrimidin-2-yl)benzenesulfonamide (SM10)

cl
H
w e T
T \©\ HN cl
_N O R

N

Yield: 89 %; Color: light brown solid; Melting Point: 196-197 °C;
Anal. Calcd for C1gH;6CloNgO2S (451.33 g/mol) (%): C, 47.90; H, 3.57;
N, 18.62; S, 7.10, Found (%): C, 47.86; H, 3.58; N, 18.66; S, 7.07. FT-IR
(Cmfl): 3284, 3224 (NH), 1594, 1380, 1117 (symmetric) (§S=0), 1073;
THNMR (DMSO-dg, 400 MHz, 5 ppm): 12.97 (br.s, 1H, -NH-), 11.68 (br.
s, 1H, -NH-), 7.99 (d, J = 8.8 Hz, 2H, Ar-H), 7.73 (s, 1H, Ar-H), 7.66 (d,
J = 8.8 Hz, 1H, Ar-H), 7.55-7.47 (m, 3H, Ar-H), 6.75 (s, 1H, Ar-H
(pyrimidine)), 3.37 (s, 6H, —-CHs); '3C NMR (DMSO-dg, 100 MHz, §
ppm): 167.79, 156.75, 147.25, 135.94, 131.57, 130.87, 130.33, 120.55,
115.70, 113.67, 23.33.
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4.2. Carbonic anhydrase inhibitory effect study

At a concentration of 3 mM, p-nitrophenyl acetate (PubChem CID:
13243) was employed as the substrate. The experiment was conducted
at an absorbance of 348 nm. The buffer for assessing the catalytic ac-
tivity of hCA isozymes I and II was 50 mM tris(hydroxymethyl)amino-
methane/SO4 pH 7.4. The hCA-catalysed esterase reaction’s initial rate
was monitored for 1-180 s according to Verpoorte’s method [52].
Dissolution of 1,3-diaryltriazene-substituted sulphamethazine de-
rivatives SM(1-10) and reference drug AAZ was carried out in DMSO at
a starting concentration of 1 mg/ml. Subsequently, dilutions were made
with the assay buffer. DMSO was found to be present in the final reaction
mixture at a concentration of about 1 %. Before the experiment, inhib-
itor and enzyme solutions were pre-incubated together for 3 min at room
temperature to allow for the development of the E-I complex. Each
specimen underwent a triad of measurements. To scrutinize the in vitro
inhibitory mechanisms of target compounds SM(1-10), kinetic assays
featuring an assortment of substrate and chemical concentrations were
executed. The resultant data was subsequently utilized to construct
Michaelis-Menten curves [56] and Lineweaver-Burk plots, while
computing K; values and pinpointing the inhibition types [57,58].

4.3. In silico study

Molecular docking analyses were conducted to examine the novel
synthesized 1,3-diaryltriazene-substituted sulphamethazines SM(1-10)
against hCAs. The Small-Molecule Drug Discovery Suite 2023-2 for Mac
(Schrodinger, LLC, NY, USA) was employed for this purpose according to
our previous study [59,60]. The protein crystal structures, PDB IDs
1AZM [61] and 3HS4 [62] for hCA isoforms I and II, respectively, were
obtained from the RCSB protein data bank. These structures underwent
processing with Schrodinger’s Protein Preparation Workflow protocol
[63], followed by default settings that check and correct issues such as
missing hydrogen atoms, ionic states, bond order assignments, etc.
Waters beyond 5 A of het groups or with fewer than three hydrogen
bonds to non-waters were removed. Restrained energy minimization
was applied using the optimized potentials for liquid simulations-4
(OPLS4) force field. Ramachandran plots further checked prepared
protein systems, ensuring there were no steric clashes. AAZ was selected
as the grid-defining ligand for both the 1AZM and 3HS4 systems to
generate receptor grids. Default van der Waals radius scaling parameters
were used (partial charge cutoff of 0.25, scaling factor of 1). Grid box
size was set as 10 x 10 x 10 A with a spacing of 0.375 A [64]. The
ChemDraw program V21 for Mac (PerkinElmer, Inc., Waltham, MA,
USA) was utilized to sketch the structures of the targeted sulphame-
thazines SM(1-10). The LigPrep tool [65] in the OPLS force field was
employed to prepare the 3D structures of the SM(1-10) according to
default options. Epik was used to determine the appropriate ionization
states at pH 7.4 [66]. The receptor grids were established by centering
on the co-crystallized ligands, AZM (AAZ), within the protein structures
using the Receptor Grid Generation module. Additionally, SiteMap
software confirmed the validity of the hCAs binding site by determining
the best score for the target ligand, AZM [67]. The Glide Ligand Docking
panel executed the initial docking simulation utilizing the Standard
Precision (SP) mode [68]. After completing the docking simulation, each
docked conformation underwent post-docking minimization [69].
Additionally, the pharmacokinetic and ADME properties of the target
SM(1-10) derivatives were determined using LigPrep-prepared 3D
structures by QikProp tool [70].

4.4. Statistical study

The present study employed GraphPad Prism version 8 software for
Mac, created by GraphPad Software (La Jolla, California, USA), to
analyze data and generate graphs for the inhibitory effect study. The
additional sum-of-squares F test and the AICc approach were employed
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to compare the goodness of fit for the enzyme inhibition models. The
findings were presented in the mean + standard error of the mean
format, alongside 95 % confidence intervals. Statistical significance was
deemed present when the p-value was below 0.05.
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