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This study aimed to design, synthesize, and evaluate the cytotoxic activity of novel thiazole-sulfanilamide derivatives,
specifically compounds M3, M4, and M5, through molecular docking and biological assays. The synthesis utilized
essential chemical compounds, including sulfanilamide, chloro-acetyl chloride, thiourea, derivatives of benzaldehyde,
and silver nitrate. The docking study was carried out using Molecular Operating Environment (MOE) software, and
cytotoxic activity was predicted by MTT assay. The synthesized compounds demonstrated a reduction in the via-
bility of cancer cells. Compound M5 had an ICG50 of 18.53 pg/ml against MCF-7 cells, comparable to the IC50 of
cisplatin. Additionally, compounds M3 and M4 had higher S scores than acetazolamide, indicating greater binding
affinity to the active pocket of the receptor. Incorporating the thiazole ring in the synthesized compound augmented
their flexibility and affinity for binding to the receptor. The inclusion of the metal complex additionally heightened

the compounds’ capacity to impede cellular growth.

carbonic anhydrase, sulfonamide, molecular docking

INTRODUCTION

Cancer stands as a significant global challenge, responsible for
a substantial number of deaths and hindering efforts to improve
life expectancy worldwide. According to the World Health Or-
ganization's (WHO) 2019 data, cancer ranks among the top two
causes of death before the age of 70 in 112 out of 183 countries.
Additionally, it holds the position of the third or fourth leading
cause of death in 23 other countries [1]. With respect to breast
cancer, specific subtypes have become resistant to medications
over time despite the availability of various therapeutic options.
Such resistance can lead to treatment ineffectiveness and disease
advancement [2]. Overcoming this obstacle remains a significant
challenge that requires further investigation and innovative solu-
tions. One of the new targets for tumor cells, aimed at addressing
the tumor microenvironment to mitigate chemotherapy resis-
tance, is the group of enzymes known as carbonic anhydrases
(CAs). CAs are a widespread group of metalloenzymes found
across various species and are encoded by eight gene families,
from a- to 1 [3, 4]. These enzymes facilitate the reversible con-
version of carbon dioxide into a bicarbonate ion and a proton,
a vital reaction involved in numerous physiological functions [5].
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There are fifteen a-carbonic anhydrase isoforms (hCAs) that
exhibit variations in catalytic efficacy, subcellular and tissue dis-
tribution, and human physiological function. Of these, twelve
isoforms possess catalytic activity (hCA I, II, III, IV, VA, VB,
VI, VII, IX, XII, XIII, XIV) [6]. In response to hypoxia-induc-
ible factor-1 (HIF-1), the expression of certain CAs, particularly
1soform IX, which is almost undetectable in normal cells, along
with isoform XII, increases under hypoxic conditions in tumors.
These isoforms have an essential function in conjunction with
anaerobic glycolysis, contributing to the acidification of the tu-
mor microenvironment thereby influencing tumor survival and
proliferation [7]. Therefore, targeting this enzyme has emerged
as a promising area of investigation in chemotherapy [8]. Given
their selectivity for cancer cells, these enzymes present specific
therapeutic targets that could minimize adverse effects [9]. The
zinc-binding group represents a traditional form of inhibitor for
this enzyme. Carbonic anhydrase inhibitors (CAls) coordinate
with the essential Zn** within the active site of the enzyme [10,
11]. Zn** may adopt tetrahedral or trigonal bipyramidal geom-
etries in the inhibitory process. Sulfonamides are recognized ex-
amples of CAls that utilize this binding mode [12, 13]. Gaining
insights into the structural intricacies of the active site of car-
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bonic anhydrase offers a promising pathway for designing spe-
cific inhibitors. Among the diverse range of carbonic anhydrase
inhibitors, aryl-sulfonamides emerge as a promising category,
known for their strong binding affinity with CAs. While these
compounds can be synthesized relatively easily, achieving a high
level of selectivity remains a significant challenge. Nonetheless,
the utilization of the "tail approach," involving the modification
of a substituent on the benzene ring carrying the sulfonamide
group, has demonstrated the potential to achieve significant se-
lectivity towards the desired target CAs [14]. Similarly, thiazole
1s a distinct ring structure containing nitrogen and sulfur atoms
within five-membered heteroaryl ring systems. This characteris-
tic makes thiazole highly versatile in a wide range of biochemical
actions and chemical reactions. The existence of an H-proton
at C-2 on the thiazole ring augments its reactivity, rendering it a
crucial synthon for synthesizing a diverse array of chemical com-
pounds [15, 16]. In the field of cancer drugs, several compounds
containing a thiazole ring are used in in vitro and in vivo studies.
Examples include Bleomycin, Tiazofurin, and Dabrafenib, with
alpelisib (Pigray®) receiving FDA approval in 2019 to treat specif-
ic types of breast cancer [16].

Furthermore, metal complexes derived from sulfonamide car-
bonic anhydrase inhibitors display a remarkable ability to exhibit
inhibitory potency 10 to 100 times greater than the original sul-
fonamide compound. This heightened inhibition is attributed to
a dual-action mechanism involving sulfonamide anions and met-
al ions. Dissociation of the coordination compounds achieves the
desired effect at low concentrations. This approach involves the
creation of sulfonamide anions, which attach themselves to the
Zn (II) ion at the active site of the enzyme. In parallel, including
metal ions impedes the proton shuttle residues of the carbonic
anhydrase [17]. This study aimed to design and synthesize novel
compounds integrating sulfonamide as a CAI and a thiazole ring.
Furthermore, we aimed to synthesize a silver complex using these
compounds and evaluate their cytotoxic activity using computa-
tional analysis.

MATERIAL AND METHODS

The chemicals and anhydrous solvents used in this study were
sourced from various suppliers, including Merck, Reidal Dehean,
Sigma-Aldrich, and Thomas Baker. The Thomas-Hoover appa-
ratus was utilized for detecting melting points through the cap-
illary tube technique. Ascending thin-layer chromatography was
employed to verify the progression of reactions, purify the syn-
thesized compounds, and calculate the retention factor (Rf) val-
ues, with methanol and acetone (1:1) acting as the mobile phase
[18]. Shimadzu spectrophotometer was used by the College of
Pharmacy, University of Kufa, to scan for FI-IR and estimate
spectra using potassium bromide (KBr) discs. Bruker equipment
was utilized by the Mashhad University of Medical Sciences to
capture proton nuclear magnetic resonance ("H-NMR) and car-
bon-13 nuclear magnetic resonance (*C-NMR) data, using DM-
SO-d6 as the solvent.

Chemical synthesis

The preparation of 2-Chloro-N-(4-sulfamoyl phenyl) acet-
amide CH,CN,O,S (M1) was made by reacting sulfanilamide

with chloro-acetyl chloride [19]. Sulfanilamide (2gm, 11.6 mmol)
was dissolved in a 40 ml mixture of dimethylformamide (DMF)

and benzene in a 1:3 ratio, and then 1.6 ml (11.6 mmol) of tri-
ethylamine (TEA) was added. The reaction mixture was contin-
uously stirred on an ice bath to maintain a low temperature, and
chloro-acetyl chloride (0.92 ml, 11.6 mmol in 10 ml benzene) was
added drop by drop. The addition process lasted approximately
one hour, after which the mixture was refluxed for three hours.
The progress of the reaction was monitored using thin-layer
chromatography (TLC). At the end of the reaction, cold water
was added, and the resulting mixture was filtered to isolate the
precipitate. The precipitate was then washed with diethyl ether.
The final product obtained was a gray powder with a molecular
weight (Mw) of 248.7 g/mol, a melting point of 202°C, an Rf
value of 0.8, and a yield of 90%.

The synthesis of 4-((2-aminothiazol-4-yl) amino) benzene-sul-
fonamide C;H, \N,O,S, (M2) 2 mmol was done by dissolving
0.53 gm of the compound in 50 ml of 99% ethanol and 2 mmol
(0.17 gm) of thiourea was added. The reaction mixture was sub-
jected to reflux for 8 hours, followed by solvent evaporation and
subsequent recrystallization using ether [20]. The final product
obtained was a beige powder with an Mw of 270.3g/mol, a melt-
ing point of 105°C, an Rf value of 0.75, and a yield of 86%.

The Schift base, (Z)-4-((2-((4-hydroxybenzylidene) amino) thi-
azol-4-yl) amino) benzene sulfonamide was synthesized by dis-
solving M2 (2.05 mmol, 0.554 gm) and an equimolar amount
of benzaldehyde derivatives in 50 ml absolute ethanol, with two
drops of glacial acetic acid. The reaction mixture was then sub-
jected to reflux for 24 hours. After that, the excess solvent was
evaporated, and the precipitate was recrystallized from ethanol
[21]. The products obtained were M3 C, H N,O,S,, yellow
powder, Mw=374.4 g/mol, melting point=163, Rf=0.95, %
yield=90% and M4 C H N.O,S,, red powder, Mw=401.5 g/
mol, melting point=167, Rf=0.79, % yield =92%.

For the preparation of complex M5 (C, . H,, AgN O S)), silver
nitrate (0,339 g, 2 mmol) was dissolved in 99% ethanol, followed
by the addition of M4 (1,606 g, 4 mmol) dissolved in 99% ctha-
nol for the production of compound F7 or I8, respectively. This
solution was mixed with silver nitrate solution and refluxed for
one hour. The final mixture was concentrated by drying the sol-
vent, and the precipitate was washed with ethanol and allowed
to dry [22], resulting in a brown powder with an Mw of 910.9g/
mol, a melting point of 212°C,; and a yield of 70% (Figure 1).

Molecular docking study

Molecular docking studies were conducted using the Molec-
ular Operating Environment (MOE) software, version 2015.10.
The process involved preparing both the protein and ligand
structures for simulation. The preparation of ligands in MOE
included the protonation of 3D structures, the addition of par-
tial charges, and energy minimization to get stable conforma-
tions. 4z0q protein was retrieved from the Protein Data Bank
(PDB) (www.rcsb.org) and processed by deleting water mole-
cules and other non-essential sites on the carbonic anhydrase
IX to enable engagement with ligands. The deleted protons (to
facilitate the retrieval and deposition of the protein from the
PDB) were added, broken bonds were fixed, and the potential
of the protein molecule was determined. MOE was utilized to
identify the active site of carbonic anhydrase IX, facilitating the
recognition of key amino acids within the site crucial for ligand
binding. The docking simulations explored various binding
modes of ligands within the receptor site of the 4z0q protein.
The structural arrangements of the compounds, particularly in
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Figure 1. Synthesis of final compounds and intermediates

their deprotonated states, revealed that the negatively charged
nitrogen atom in the sulfonamide group forms a coordination
bond with the Zn(Il) ion within the catalytic site. Additional-
ly, this binding interaction was strengthened by an intricate
network of hydrogen bonds that engaged the Thr199 residue.
To evaluate the activity of the compound, we used the S score
and the root mean square deviation (RMSD). The S score rep-
resents the binding affinity between the ligand entity and the
target protein, with lower scores suggesting higher affinity, and
the RMSD values represent the average distance between the
atoms of the posed ligand and the ligand for the site of the
anti-cancer that was tested.

In-vitro cytotoxicity evaluation

To evaluate the antitumor activity of the newly synthesized
sulfonamide carbonic anhydrase inhibitors (compounds M3,
M4, and M5), we employed cell line assays using 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT). Two cell types
were utilized in this study: MCF-7, a breast cancer cell line, to
assess the effects of the compounds on cancer cells, and MC-
F10A, a normal breast epithelial cell line, to evaluate the effects
on non-cancerous cells. These cell lines were procured from
the Iranian National Cell Bank at the Pasteur Institute. MCF-
7 cells were cultured in RPMI-1640 medium, while MCF10A
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cells were cultured in DMEM: F12 medium. Both media were
supplemented with 10% fetal bovine serum (FBS), followed by
the addition of antibiotics (100 pg/ml streptomycin and 100
units/ml penicillin). The cells were maintained in a humidified
atmosphere at 37°C with 5% carbon dioxide. For cell passag-
ing, a trypsin/EDTA solution (Gibco) and phosphate-buffered
saline (PBS) were utilized. Cell viability was assessed using MTT
from Sigma-Aldrich. Each type of cell (MCF-7 and MCF10A)
was cultured separately in 96-well plates (1.4 X 104 cells per
well with 200 pl of fresh medium) after a full day had passed
(temperature of 37°C in a 5% COz2 environment). The superna-
tant was removed, and M'T'T solution at a concentration of 200
pl was added to each well and then incubated for four hours at
a temperature of 37°C. After the end of the incubation period
and to dissolve the formazan crystals, 100 pl of dimethyl sulfox-
ide (DMSO) was added, and the plate was left in a shaker at a
temperature of 37°C until it was confirmed that all the crystals
had completely dissolved. An ELISA reader (Model Wave xs2,
BioTek) was used to measure cell vitality by absorption at 570 nm
and calculate the IC50 values.

RESULTS

Synthesis and characterization of compounds

Compound M1 1R (cm™): 3,327, 3,215 (N-H asymmetric and
symmetric stretching vibration of primary amine), 1,689 (C=0O
stretching band of amide), 1,602, 1,546 (C=C stretching band of
aromatic ring), 1,406 (C-N stretching band), 1,319, 1,157 (SO2
asymmetric and symmetric stretching vibration respectively), 839
(C-S stretching band), 684 (C-Cl stretching band).

Compound M2 IR (cm'): 3,469, 3,373 (N-H asymmetric
and symmetric stretching band of primary amine, respectively),
3,331, 3,242 (N-H asymmetric and symmetric stretching band of
primary sulfonamide, respectively), 3,180 (N-H stretching band
of secondary amine), 3,074 (C-H stretching band of aromatic
ring), 1,629 (C-H bending band), 1,600 (C=N stretching band
of thiazole ring), 1,510 (C=C stretching band of aromatic ring),
1,404 (C-N stretching band), 1,309, 1,151 (SO2 asymmetric and
symmetric stretching vibration, respectively).

Compound M3 IR (cm™): 3,469, 3,414 (N-H asymmetric and
symmetric stretching band of primary sulfonamide, respectively),
3,244 (N-H stretching band of secondary amine), 3,500-3,200
(O-H stretching band of phenol), 1,602 (C=N stretching band of
thiazole overlapping with stretching band of imine), 1514-1448
(C=C stretching band of aromatic ring), 1,400 (C-N stretching
band), 1,313, 1,155 (SO, asymmetric and symmetric stretching
vibration, respectively).

'"HMNR (ppm): 10.75 1H Singlet, of phenol, 9.7 1H Singlet,
of Schiff base, 7.8, 7.7, 7.5, 7.4, 7.1 9H Multiplate, Signals arise
due to the overlap of aromatic and heteroaromatic protons that
are not equivalent, 6.9 2H Singlet, of sulfonamide group, 4.16
1H Singlet, of secondary amine.

BCNMR (ppm): 127-130, all of them singlet of aromatic car-
bon, 132 of thiazole ring, 141 of aromatic carbon linked with a

spectively), 1,585 (C=N stretching band of thiazole overlapping
with stretching band of imine), 1525 (C=C stretching band of
aromatic ring), 1,330 (C-N stretching band overlapping with
asymmetric band of SO2), 1,330, 1,151 (SO, asymmetric and
symmetric stretching vibration respectively).

'"HMNR (ppm): 9.58 (1H singlet, Schiff base), 7.8, 7.7, 7.5,
7.4, 7.1 (9H multiplate, overlapping aromatic and heteroaromat-
ic protons), 6.9 (2H singlet, sulfonamide group), 4.1 (1H singlet,
secondary amine), 3.0 (6H singlet, dimethyl amine).

BCNMR (ppm): 112.3-127.4 (aromatic carbon, singlets),
127.8 (thiazole ring), 132 (aromatic carbon linked with second-
ary amine), 152 (thiazole ring), 154 (aromatic carbon linked with
dimethyl amino group), 161 (carbon of Schiff base, singlet) 184
(thiazole ring), 45.7 (carbons of methyl group).

Compound M5 IR (cm™): 3,452, 3,228 (asymmetric and
symmetric stretching sulfonamide NH2, respectively), 3,041
(asymmetric stretching band of CH3), 1608 (N-H bending vibra-
tion), 1,583 (C=N stretching band of thiazole ring), 1,544 (C=N
stretching band of imine), 1,336 (C-N stretching band overlap-
ping with asymmetric band of SO,), 1,336, 1,157 (SO2 asym-
metric and symmetric stretching vibration respectively).

Molecular docking findings

The findings displayed varying degrees of binding strengths
among the synthesized compounds, with M3 and M4 showing
strong interactions at the active site of carbonic anhydrase IX
(Figures 2—4). The lower S scores and RMSD values suggest a
higher affinity of these compounds for the target protein com-
pared to the standard acetazolamide (AAZ). Table 1 shows the
results of the docking study.

In-vitro cytotoxicity evaluation

These synthesized compounds were compared to acetazol-
amide and cisplatin to benchmark their cytotoxic activities. The
justification for selecting these two agents is that AAZ is the pro-
totype for carbonic anhydrase inhibitors and has been extensive-
ly studied for its potential as an antineoplastic agent. Numerous
investigations explored its activity and effectiveness in combating
cancerous growth. Furthermore, carbonic anhydrase inhibitors
that specifically target antineoplastic activity are currently under-
going clinical trials. These inhibitors have shown potential in se-
lectively inhibiting carbonic anhydrase enzymes involved in can-
cer progression and metastasis. Cisplatin is an antineoplastic drug
used for solid tumors, characterized by its inclusion of a platinum
metal ion in its chemical composition. Due to its well-established
antineoplastic activity, cisplatin is a valuable reference compound
for studying the cytotoxic properties of synthesized compounds.
The IC50 values of the prepared compounds and standards are
presented in Table 2.

Table 1. Results of docking study of prepared compounds and
standards

secondary amine, 159 of thiazole ring, 162 of aromatic carbon Compound S scores  RMSD  Molecule engaged in binding
linked with a hydroxyl group, 163 singlets of carbon of Schiff AZZ -5.5722  2.0942  Zn1001, Thr A199, Thr A200,
base, 180.99 of thiazole ring. His A 64
-1y. 4

Compound M4 IR (cm): 3,415, 5,228 (asymmetric and 6587 1312 Zn1001, Thr A199, Thr A200
symmetric stretching sulfonamide NH2, respectively), 3,041,
2,914 (asymmetric and symmetric stretching band of CH3, re- M4 72462  2.040  Zn1001, Thr A199
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Figure 4. Docked pose of compound M4 within the active site of CA IX (CODE: 4Z0Q)
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Table 2. Inhibition activity of prepared compounds and standards

MCF-7
Compound
1C50 (pM) * SD

AZZ 67.53+1.80
Cisplatin 15.09+2.25
M3 87.65+2.16
M4 77.433.31
M5 18.53+2.26

MCF10A
p-value 1C50 (uM) + SD P value
Standard 53.91+5.636 Standard
Standard 13.55+3.45 Standard
0.0026° 0.0001?
135.18+4.19
0.0001° 0.0001°
0.0338° 0.8942
52.51+3.31
0.0001° 0.0001°
0.0001? 0.0001?
19.81+3.80
0.271° 0.105°

aSignificantly different from acetazolamide (P<0.05); *Significantly different from cisplatin (P<0.05)

DISCUSSION

The docking analysis highlights the favorable binding inter-
actions and possible binding affinity demonstrated by the syn-
thesized compounds, specifically M3 and M4, towards the active
region of the target protein. The sulfonamide group is believed
to have a crucial role in enabling these interactions. Furthermore,
the presence of the thiazole ring likely contributes to the inter-
action of the compound with the active site of the receptor and
enhances the orientation of the imine group. Compounds M3
and M4 demonstrated more robust interactions with the target
protein compared to acetazolamide. Compound M4 showed the
lowest S score among the studied compounds, indicating a stron-
ger binding interaction and a potentially superior ligand-pro-
tein complex. On the other hand, compound M3 had a lower
RMSD, indicating a closer alignment between the predicted and
actual ligand poses. In comparison, acetazolamide demonstrated
the highest S score and RMSD values. These results suggest that
the synthesized compounds may have potential as novel inhibi-
tors of carbonic anhydrase IX, which is a promising target for
anticancer therapy.

Regarding MCF-7, compounds M3 and M5 show significant
differences from AZZ and cisplatin, and they also demonstrated
significant differences from the standards in the MCF10A cell
line. In the case of the silver complex, complexation increases
the activity of compound M5 (IC50=18.53 pg/ml), demonstrat-
ing a potency that is approximately four times greater than that
of the parent compound M4 (IC50=77.43 pg/ml), aligning with
our initial expectations. The IC50 value of M5 closely approxi-
mates that of the established standards. However, it is important
to acknowledge that this inhibitory effect also extends to normal
cells, and there is no significant difference from cisplatin. Our
results align with previous studies suggesting that the integration
of sulfonamide-bearing heterocycles increases the ability of the
compound to inhibit the carbonic anhydrase enzyme [23-26].

These results suggest that the synthesized compounds may
have potential as novel inhibitors of carbonic anhydrase IX,

which is a promising target for anticancer therapy. However, fur-
ther experimental validation is needed to confirm the efficacy
and selectivity of these compounds in vivo. To address the issue
of the silver complex's lack of selectivity as a drug, various solu-
tions can be considered. Future work may focus on developing
prodrugs or the conjugation of the silver complex with targeting
moieties. Another approach could be investigating nanoencap-
sulation techniques to create a drug delivery system that targets
specific cells or tissues, thereby reducing non-specific interactions
with normal cells.

CONCLUSION

This study successfully synthesized and characterized a series
of thiazole-sulfanilamide derivatives, M3, M4, and M5, using
sulfanilamide as a foundational precursor. Advanced spectro-
scopic analysis, encompassing FT-IR, '"H-NMR, and "*C-NMR
techniques, confirmed the structural integrity of these com-
pounds. Their cytotoxic activity against the human cancer cell
line MCF-7 and the normal epithelial breast cell MCF10A was
evaluated using the M'TT assay. Compound M5 (which had a
silver complex) demonstrated increased cytotoxic activity non-se-
lectively for both cancer and normal cells, with the most pro-
nounced effect observed on cancer cells, making it a promising
compound as an antineoplastic agent.
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