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ABSTRACT

Hypoxia in many kinds of solid tumours represent the main factor to induce Carbonic anhydrase IX (CAIX) and
thus supports tumour pH homeostasis under low-oxygen condition. In mouse models, pharmacological CAIX
inhibition has been shown to delay tumour growth, reduce metastatic spread, and restrain cancer stem cell expansion.
Accordingly, targeting carbonic anhydrase overexpression—especially CAIX—represents a promising anticancer
approach.

Based on this premise, a new series of naphthyridinedione derivatives (5a to 5c¢) was designed, synthesised, and
evaluated in cell lines (HCT116 and MCF-7), with acetazolamide (ACZ) used as a control compound. To prioritise
the most promising candidates, molecular docking (Schrédinger Maestro 2021-1 and PyMOL) was performed prior
to synthesis to select compounds with the highest predicted binding. Antiproliferative effects were then measured
using an MTT assay in both cell models. Relative to acetazolamide, compound 5¢ demonstrated substantially greater
antiproliferative potency in HCT116 (ICso = 1.08 uM) and MCF-7 cells (ICso = 1.49 uM) compared with
acetazolamide (ICso = 1.79 uM and 2.55 pM, respectively). In contrast, compounds 5a and 5b exhibited cytotoxicity
broadly comparable to acetazolamide. Collectively, these findings suggest that naphthyridinedione derivatives (5a—c)
provide a useful starting scaffold for further anticancer drug development.

Docking analyses further indicated that 5¢ achieved more favourable S-scores than acetazolamide, consistent with
stronger predicted binding to the CAIX active site. The methoxy substituent and the naphthyridinedione core may
contribute to increased conformational flexibility and improved receptor interactions. Overall, these
naphthyridinedione derivatives (5a—c) show notable CAIX-related inhibitory potential alongside measurable
cytotoxicity, supporting continued evaluation as anticancer lead compounds.
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l. INTRODUCTION resistance although the availability of multiple treatment
) _ _ ways, resulting in failure in treatment and progression in
Generally, cancer remains a major universal health  most cases of disease [2]. Meeting this challenge will

issue, causing widespread deaths and reversing require continued research and innovative treatment
improvements in life expectancy [1]. In case of breast

cancer, many patients ultimately under therapeutic
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approaches, including strategies that target carbonic
anhydrase enzymes.

Carbonic anhydrases (CAs) catalyse the reversible
conversion between CO, and bicarbonate and are widely
conserved and essential in kind of bacteria, and some of
eukaryotic  [3]. Generally, the CO,/HCO;/H*
equilibrium drives many physiologically and disease-
related processing, including many of biological
pathways [4]. Number of mammalian CA isoenzymes
have been identified, including cytosolic (CA 1- XIII),
and one isoform CA (VI) [5]. These enzymes have
attracted increasing interest as tumour candidates.
Different a-CA isoforms express by humane that differ
in catalytic activity, tissue localization, and biological
function; twelve of these (hCA [I-XIV) are
enzymatically active [6]. Notably, HIF-1 regulate the
CAIX and CAXII in tumours isoforms that are minimal
in most normal tissue driving acidification of the tumour
and promoting tumour survive and proliferation in
concert with glycolysis [7]. Therefore, lowering the
express of CA IX/XIl may therefore enhance the
efficacy of chemotherapy while offering tumour
selectivity that could reduce systemic toxicity [8-10].

Most classical CA inhibitors (CAls) act as zinc
binders, by coordinating the active-site Zn2*, which
adopts trigonal bipyramidal or tetrahedral coordination
geometries upon inhibitor binding. Sulfonamides are the
archetypal carbonic anhydrase inhibitors (CAIs) that act
via this mechanism [10-13]. Sulfanilamide, first
reported in 1940, was the earliest organic inhibitor of
carbonic anhydrase [14]. Subsequent studies established
that sulphonamides where as a primary aromatic or
heterocyclic act broadly in inhibit CA isoforms,
stimulating drug development initially for diuretic and
antiglaucoma indications [15], with acetazolamide
remaining the archetypal agent. Over time, sulfonamide
CAls have been adapted for additional therapeutic
uses—including  antiepileptic,  anti-obesity, and
anticancer  applications—by  targeting  specific
mammalian isoforms relevant to each indication [16].
Sulfonamides as aromatic or as heterocyclic having
ureido or thioureido functionalities have been widely
investigated as CA inhibitor [17], with early examples
demonstrating selectivity for different isoform type of
hCA 1, 11, or 1V, and some compounds showing notable
antitumour and antimetastatic effects in vivo [18].

Based on these advantage features, we report a few
groups of incorporating an linker between the
sulfonamid group and zinc-binding group and a tail

molecule. Using a synthetic route, these analogues were
assessed against different CA isoforms: | and I
(cytosolice) and IX and XII [19]. Moreover, metal
complexes based on sulfonamide CA inhibitors have
been reported to display 10-100-fold greater potency
than the parent sulfonamides [20]. This may reflect a
dual mode of action: partial dissociation at low
concentrations can generate sulfonamide anions that
coordinate the active-site Zinic (I), while the liberated
ions may disrupt the residues of proton-shuttle which is
essential for catalysis [21]. Based on these vision, a new
analogues were designed that incorporate these
advantageous properties. Analysis docking studies
supported their promise, giving a rationale to advance
synthesis and experimental evaluation.

I1. METHODS AND MATERIAL

Chemistry  of
analogues
Regards the starting chemicals, reagentts, and solventts,
all were obtained from commercial suppliers, including
Merck, abor, and Thermo Fisher. Starting materials such
as  methylsulfonylaniline,  chloroacetyl  chloride,
thiourrea, and naphthyridinedione derivatives in addition
to all solvents used in this study were collected and used
directly and the reaction process was checked by TLC.
All analogues structurally characterised by NMR ~1H
and ~13C spectroscopy. Furthermore, NMR spectra
were used on a Bruker spectrometer operating at 400
MHz (*1H) and 100 MHz (*13C). Chemical shifts (3)
are recorded in (ppm), and used as the standard. Mp
were measured by using a Stuart mp with glass
capillaries.

synthesised  naphthyridinedione

Synthesis  of  compound  2:
(methylsulfonyl)phenyl]acetamide)
A solution of methylsulfonylaniline (0.43 g, 2.5 mmol)
in dichloromethane (20 mL) was treated with 2-
chloroacetyl chloride (1 mL, 7.5 mmol) and TEA (1.7
mL, 12 mmol). The ice bath was used to cooled the
mixture with continued stirred for 30 min and then left
to warm to rt and continue stirred for 1.5 h. Reaction
progress was monitored by TLC. Upon end of reaction,
EtAc was added and the resulting mixture was washed
with saturated NaHCO3 solution, water, and NaCl
solution sequentially. The organic layer was dried over
anhydrous MgSO4, then filtration, and then concentrated
under reduced pressure. The crude final compound

(2-Chloro-[4-
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purified through washing with Et20 to give the final
analogue as a dark brown ppt (85%). Mp = 161-164 °C,
'H NMR (ppm): & 8.44 (s, 1H), 7.99 — 7.93 (m, 2H),
7.81 — 7.85 (m, 2H), 4.31 (s, 2H), 3.11 (s, 3H). TLC: R¢
0.452,

Synthesis of compound 3:
methylsulfonylphenyl-thiazole-diamine)
A mixture of compound 2 (0.4 g, 1.5 mmol) and
thiourea (0.11 g, 1.5 mmol) in anhydrous acetone (50
mL) was left under the refluxe for 10 h. The reaction
process was checked through TLC. Upon finishing,
evaporate the solvent and the resulting ppt was left into
ice-cold water. The crude product was cleaned by
recrystallisation from methanol. The resulting product
was then washed sequentially with saturated NaHCO3
solution, and water, followed by filtration and drying. A
final recrystallisation from ethanol/water afforded the
final compound as a brown solid (76% vyield). mp =
112-115 °C, *H NMR (ppm): & 10.10 (s,1H), 8.35-7.30
(m, 4H, Ar-H and1H, s, CH of thiazole), 5.71 (s, 2H),
3.40 (s, 3H). TLC: R;0.572,

(N-(4-

Preparation of naphthyridinedione derivatives 5a-c:
General procedure

Selected naphthyridinedione molecule (2 mmol) with
few drops of glacial acetic acid were mixed together
with a mixture of compound 3 (0.45 g, 2 mmol) in
ETOH (10 mL). The reaction mixture was refluxed for
10 h, then cooled and left onto crushed ice. The resulting
ppt was filtrated and EtAc was added. The organic phase
was washed with saturated NaHCO3 solution, water,
and NaCl sequentially. The organic phase was dried by
using MgSO4, filtered, and evaporated. The crude
residue was further purified by recrystallisation from
methanol to afford the final analogues (5a—). Melting
points and spectral data for each target derivative are
provided in the synthesis section below [24,25].

Synthesis of compound 5a: (N-4-
methylsulfonylphenyl amino thiazol-2-yl) imino)-3,4-
dihydronaphthyridinedione

Follow up the general method for the synthesis of
naphthyridinedione analogues, compound 3 (0.45 ¢, 2
mmol), few drops of glacial acetic acid and
dihydroaphthyridinedione (0.35 gm, 2 mmol) were
dissolved in EtOH. The crude product was additionally
cleaned by recrystallisation from CH30H to yield the
final analogue as a white powder (69%). mp = 222-225

°C; 'H NMR (ppm): & 10.33 (brs, 1H), 10.11 (br s, 1H),
8.35 — 7.80 (m, 6H), 7.18 — 6.99 (m, 2H), 3.4 (s, 3H),
2.80 (d, 2H). *C NMR (ppm): & 171.07, 167.50, 139.8,
138.1, 136.25, 136.42, 129.98, 128.12, 127.99, 125.77,
124.8, 123.4, 122.82, 118.65, 116.5, 53.75, 41.95, 31.8,
26.2.

Synthesis  of  compound 5b: 7-methyl-4-
methylsulfonylphenyl aminothiazol-2-yl)imino)-3,4-
dihydronaphthyridinedione

Follow up the general method for the synthesis of
naphthyridinedione analogues, compound 3 (0.45 ¢, 2
mmol), few drops of glacial acetic acid and 7-Methyl-
naphthyridinedione (0.35 gm, 2 mmol) were dissolved in
EtOH. The crude product was additionally purified by
recrystallisation from CH3OH to vyield the final
analogue as a light brown ppt (64%). mp = 222-224; *H
NMR (ppm): 6 11.51 (br s, 1H), 9.81 (br s, 1H), 7.85 —
7.95 (d, 2H), 7.82 — 7.55 (d, 1H), 7.28 — 6.76 (m, 4H),
6.58 (s, 2H), 5.11 - 4.88 (br s, 6H). *C NMR (ppm): &
168.57, 167.52,139.22, 137.34, 129.88, 128.25, 126.43,
119.77, 87.88, 50.45, 41.88.

Synthesis of compound 5c: 7-methoxy-4-
(methylsulfonylphenyl aminothiazol-2-yl)imino)-3,4-
dihydronaphthyridinedione

Follow up the general method for the synthesis of
naphthyridinedione analogues, compound 3 (0.45 g, 2
mmol), few drops of glacial acetic acid and 7-Metoxy-
naphthyridinedione (0.35 gm, 2 mmol) were dissolved in
EtOH. The crude product was additionally cleaned by
recrystallisation from CH3OH to yield the final
analogue as a light beige ppt (81%). mp = 212-215 °C;
'H NMR (ppm): & 10.11 (br s, 1H), 9.99 (br s, 1H), 7.88
—7.57 (d, 4H), 7.32 — 6.99 (m, 4H), 6.77 (s, 2H), 5.11-
4.88 (br s, 3H), 4.21-3.88 (m, 3H). *C NMR (ppm): &
169.89, 168.78, 139.89, 138.21, 128.88, 128.52, 124.57,
118.43, 89.54, 52.65, 40.78.

Docking study

For molecular docking, protein preparation and ligand
preparation using Schrodinger Maestro (release 2021-1).
Ligands were generated as three-dimensional models,
protonated, assigned partial charges, and energy-
minimised prior to docking. The X-ray crystal structure
of CAIX (PDB ID: 420Q) was achieved from the PDB
and followed by reducing crystallographic H20 to
enable ligand—protein interactions. The protein was
subsequently refined by assigning appropriate potentials,

10
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missing or damaged bonds, and added hydrogen atoms.
The CAIX active site was then defined in Maestro and
visualised in PyMOL, allowing identification of key
amino acid residues comprising the binding pocket.

Cytotoxic study

HCT-116, MCF-7, and MCF10A cells lines were
achieved from the National Cell Bank. Cells were
maintained in RPMI or DMEM fluid with 10% FBS,
100 pg/mL streptomycin, and 100 U/mL penicillin, and
incubated at 37 °C in incubator containing 5% CO,.
Cells were routinely passaged using phosphate-buffered
saline (PBS) and EDTA. TDC were generated using the
same medium and culture of conditions as the
corresponding monolayer cultures.

The MTT assay was used to assess Cell viability.
Monolayer experiments, seeded the cells in 96-well
plates at 1.4 x 10* cells per well in 200 pL of complete
medium after trypsinisation and counting. Following
monolayer formation, cells were treated with test
compounds (100-6.25 pg/mL) and incubated for 24 h at
37 °C under 5% CO,. MTT solution (0.5 mg/mL in
PBS) was then added and plates were incubated for an
additional 4 h. The supernatant was discarded and
formazan crystals were solubilised with dimethyl
sulfoxide (DMSO; 100 pL per well) with gentle shaking
at 37 °C until fully dissolved. Absorbance was recorded
at 570 nm using an ELISA plate reader, and ICs, values
were derived from the curve of dose-response.

I11.RESULTS AND DISCUSSION

General chemistry

The synthesis of naphthyridinedione analogues (5a to 5¢)
is summarised in scheme 1. Methylsulfonyl aniline
compound used as starting point and was treated with
chloroacetyl chloride in DCM with TEA to give
methylsulfonyl chloroacetyl intermediate (2). Then,
compound 2 react with thiourea to produce thiazole
compound (3). Analogues (5a—c) were then obtained by
coupling thiazole intermediate 3 with appropriately
substituted aromatic naphthyridinedione.
Naphthyridinedione analogues bearing 3-substituted, 3-
methyl, or 3-methoxy groups were selected, as these
substituents have been associated with favourable
binding affinity and productive connection between the
active site of such protein. Column chromatography was
unnecessary, since all target final products were isolated
at high purity (>95%) following recrystallisation. The

structures of naphthyridinedione derivatives (5a to 5c)
were confirmed by NMR both 1H and 13C spectroscopy.

Thicurea
DCM ovemight I
It HN .~ HN s-NH
I~ J
(1) 2 ‘ 3)
“., “ | . ethanol, TFA R | | ]
HN. N R reflx N
| Y I ,--'LI dawc
R= H(53) N\ _NH Selectve
R= methyl (5b) ,7 naphthyridinedione
R= methoxy (5¢) . compounds
Scheme 1: Synthetic route of naphthyridinedione

derivatives 5a to 5¢c and compounds 2 and 3.

Evaluate of cytotoxicity

The antitumour action of naphthyridinedione analogues
5a to 5¢ was evaluated using an MTT proliferation assay
following 72 h exposure. Half-maximal inhibitory
concentrations (ICso) were calculated to estimate the
concentration of compound that used to lower 50% of
cell viability. Cytotoxicity was assessed in two type of
human cancer cell line which are HCT-116 colon
carcinoma and MCF-7 (breastt cancer), while MCF-10A
(normal breastt epithelial cells) were included to
assessment the effects in non-malignant cells. Both
acetazolamide and the newly  synthesised
naphthyridinedione analogues 5a to 5c were tested.
Acetazolamide served as the control compound owing to
its well-established inhibitory activity for CA, and the
substantial body of work supporting the anticancer
potential of this inhibitor class. Prior research studies
and clinical investigations further as a strategy to
suppress tumour progression by acting on enzymes
implicated in cancer growing process and metastasis
pathway [22, 23].

Overall, most synthesised analogues displayed notable
antiproliferative activity in the cancer cell models.
Among the derivatives, 5¢ showed a marked difference
in activity relative to acetazolamide in HCT-116 cells,
and also exhibited distinct behaviour in the MCF-10A
cell line. The ICs, values for all analogues and the
reference standard are summarised in table 1. Notably,
analogue 5c demonstrated approximately nine-fold
selectivity for cancer HCT-116 and MCF-7 cells over
the normal MCF-10A cell line. As explains in table 1,
analogue 5b and 5c exhibited antiproliferative activity
comparable to acetazolamide. Although their selectivity

11
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was also broadly similar to that of acetazolamide, both
compounds—particularly 5c—represent promising leads
for further optimisation and development research.

Table 1: Pharmacological evaluation results of
cytotoxic activity for naphthyridinedione analogues

5a to 5c.
o%}:o
HN._ N N="__R
LA
5
NH
o
1Cs0 (UM)
Analogues R group -HCT- -MCF- -MCF-10-
116- 7-
ACZ 1.79 2.55 16.63
Analogue H 1.71 2.33 14.51
5a
Analogue Methyl 1.69 2.27 13.85
5b
Analogue Methoxy 1.08 1.49 9.98
5¢c

Docking for naphthyridinedione derivatives 5a—c:
Inspection of the PDB ID: 4Z0Q protein suggests that
naphthyridinedione derivatives 5a— are likely to bind
within the catalytic pocket through coordination with the
zinc (I1) ion. In particular, the charged oxygen of the
sulfonyll group is predicted to enhance binding activity
within the pocket of active site, consistent with the
deprotonated forms of these compounds (Figure 1). The
naphthyridinedione derivatives adopt an extended
conformation spanning the active-site pockets, which
would be expected to stabilise the hCA [X-ligand
complex.

The methylsulfonyl aniline moiety is positioned within
the hydrophobic region adjacent to Thr199, and the
ligands form an extensive hydrogen-bonding network
with residues lining the pocket that accommodates this
ring system. Binding performance was assessed using S-
score and RMSD (root mean square deviation) metrics.
In this context, more favourable (lower) S-scores
indicate stronger predicted ligand—protein affinity,
whereas RMSD values reflect the deviation of the
predicted pose from a reference ligand conformation.
Most of the synthesised derivatives showed stronger
predicted binding than acetazolamide. Notably,
compound 5c¢ achieved the most favourable (lowest) S-
score, consistent with formation of stable complex,
while analogue 5a produced the low value of RMSD,
indicating that this is closest agreement between suppose

and reference binding poses. By contrast, control
compound (acetazolamide) exhibited the least
favourable elevate in S-score and value of RMSD.

This docking results further suggest that the thiazole ring
contributes importantly to ligand positioning, helping to
orient the imine group and strengthen interaction with
the receptor. Overall, these study indicates that
quinolinedione derivatives 5a to 5¢c—particularly 5¢c—
form preferable interactions in hCAIX active site and

are therefore promising candidates for further
investigation.
8 / ¢ 3 - D >
S ' : / .
v [\ ( 5 /
{ ¥/ 2 » ) p
yie® L 7
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Figure 1: Naphthyridinedione predicted binding

conformation with the CA isoforms (IX): (A) CAIX
hydrophobic pocket; (B, C, D) representation of residues
which could be involved in the interaction with CAIX
for analogues 5a to 5c respectively; (E, F, G) analogues
5a to 5¢ binding mode; the a.a numbering was conducted
based to CAIX (PDB 4Z0Q); (Schrodinger Maestro
software release 2021-1).

IV.CONCLUSION

In  summary, the synthesised naphthyridinedione
analogues (5a to 5c), with analogue 5c as the most active
candidate—showed enhanced predicted binding to
CAIX and greater cytotoxic effects in HCT116 and
MCF-7 cells compared with the control inhibitor
acetazolamide. Collectively, these results identify the
naphthyridinedione scaffold as a promising starting

12
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point for developing new CA IX-targeted anticancer

agents.
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