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1 | INTRODUCTION

Hypoxia is a characteristic pathological feature of the majority of
solid tumors, which are the most popular forms of cancer charac-

terized by a high level of mortality. Excessive cell division and solid
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Abstract

In this study, we propose identifying potential novel compounds targeting carbonic
anhydrase (CA) IX and anticancer activity. To study the impact of these synthesized
compounds on CA IX and anticancer activity, we have developed and synthesized
novel benzimidazole-hydrazone derivatives (3a-3j). The target compounds' *H NMR
(nuclear magnetic resonance), 13C NMR, and high resolution mass spectrometry
spectra were used to confirm their chemical structures. L929 (healthy mouse
fibroblast cell line) used as control healthy cell line and MCF-7 (breast cancer), Cé
(rat glioblastoma), HT-29 (colon cancer), cells were used in cell culture studies. As a
result of cell culture studies, it was determined that the newly synthesized com-
pounds 3d and 3j had cytotoxic effects on colon cancer. Again, it was determined
that the compound 3d had a more toxic effect than cisplatin on both breast cancer
and glioma cells. According to the CA IX activity results, compounds 3d and 3j were
found to have the highest activity. Compounds 3d and 3j are essential for having
anti-cancer properties and inhibiting the carbonic anhydrase IX enzyme. Molecular
docking of these compounds was carried out in the active site of CA IX. Flow
cytometry and immunofluorescence microscope analyses also confirmed that these

compounds had cytotoxic effects on cancer cells.
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tumor growth that outpaces oxygen availability lead to hypoxia.
Notably, hypoxia linked to cancer can trigger angiogenesis, heighten
invasiveness, aggression, and metastasis, boosting tumor survival and
decreasing the beneficial effects of anticancer medications. More-

over, the reduced availability of oxygen limits the potential of
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response to the stress of their microenvironment, hypoxic cancer
cells modify their metabolism to employ the glycolytic pathway,
which is far less efficient but does not require the presence of oxy-
gen. As a result, the cell exports a high concentration of acidic
metabolites, lowering the extracellular pH and increasing cancer cells'
survival relative to healthy ones. Tumor growth, metastasis, invasion,
and other aggressive features can be provoked by hypoxia-induced
metabolic changes and a dysregulated acid-base balance. Notably,
one of the most crucial pH regulation systems necessary for cancer
cell survival is carbonic anhydrase enzymes. In cancer cells, where it
directly interacts with the pH regulating system, particularly
bicarbonate transport metabolons, CA IX is highly expressed whereas
it is expressed less in normal cells. Because of this special quality,
anti-hypoxia-based cancer therapies can specifically target CA IX.
Thus, CA-IX is essential for controlling the pH levels within and
outside of cells, as a result, it promotes the growth, progression, and
metastasis of different types of tumors. Thus, the development of
effective and targeted anticancer drugs can be achieved by specifi-
cally blocking the activity of CA in such conditions.[*~%!

Since heterocyclic rings are included in the architectures of
many naturally occurring products and are a component of many
biologically active chemicals, organic chemists should focus on
synthesizing heterocyclic molecules. One of the fundamental
organic elements used in the synthesis of various organic com-
pounds, including pharmaceuticals, is a heterocyclic compound.
As a result, pharmacology uses many novel medications con-
taining heterocyclic compounds each year to treat a wide range of
human illnesses. Owing to the presence of hetero atoms and the
consequent wide range of characteristics, heterocyclic com-
pounds are among the most difficult groups in chemistry.! In
medicinal chemistry, the benzimidazole scaffold—a significant
member of the heterocyclic chemical class—has been the subject
of extensive research. It is created when imidazole and benzene
rings combine. This ring's acidic and basic NH groups demon-
strate its amphoteric nature.l”’®! Numerous biological activities,
el 1101 anticancer,*V12 anti-

including antimicrobia antidiabetic,

1131 and antihypertensive!* have been demonstrated

histaminic,
for benzimidazole derivatives. Moreover, the benzimidazole
moiety serves as the fundamental chemical framework for several
commonly used drugs, such as carbendazim,!*® telmisartan,!*¢!
albendazole,*”! and astemizole.!*®! For this reason, there is still
much active research in the drug design field regarding the pro-
duction and biological assessment of benzimidazole molecules.
We designed and synthesized a novel series of benzimidazole-
hydrazone compounds using the justifications provided above. The
synthesized compounds were evaluated for their in vitro anticancer
activity, CA IX inhibition assay. Furthermore, flow cytometry and
immunofluorescence microscope analyses were performed for the
target compounds. Additionally, molecular docking experiments were
carried out at the active region to identify the likely binding

interactions.

2 | RESULTS AND DISCUSSION

2.1 | Chemistry

Synthesis of the target compounds is outlined in Scheme 1. In this
study, 10 new compounds bearing the benzimidazole-hydrazone
structure were synthesized and their structures were elucidated by
spectroscopic methods (*H NMR [nuclear magnetic resonance], 13C
NMR, and high resolution mass spectrometry [HRMS]). In the first
step of the synthesis studies, methyl 4-formylbenzoate and sodium
metabisulfide were reacted in dimethylformamide under microwave
irradiation, and because of the condensation reaction of the resulting
benzaldehyde sodium metabisulfite adduct and 5-cyano 3,4-diamino
benzoate under microwave irradiation, compound 1 derivative was
obtained.*” In the next step, compound 1 was treated with hydra-
zine hydrate under microwave irradiation to obtain 4-(5(6)-cyano-1H-
benzimidazol-2-yl)benzoic acid hydrazide (2).2°' Compound 2 and
appropriate aldehyde derivatives in ethanol were refluxed and the

precipitated product was filtered (3a-3j).

2.2 | Pharmacology/Biology

2.2.1 | Anticancer activity

The compounds were examined for their preliminary anticancer
activity against four different types of cell lines, such as MCF7, C6,
HT29, and L929, using the 3-[4,5-dimethylthiazol-2-yl]-2,5 di-
phenyl tetrazolium bromide (MTT) assay, and the obtained results
were summarized in Table 1. Cisplatin was used as the positive
control. As a result of the MTT study, it was observed that com-
pounds 3a, 3b, 3c, 3d, and 3j had a toxic effect on cancer cells.
When ICsq values were compared, in the later stages of the study,
compounds that had less toxic effects on healthy cells and had
lower ICsq values than the positive control cisplatin were selected
and immunostaining, Annexin V, cell cycle, and reverse transcrip-
tion polymerase chain reaction (RT-PCR) studies were performed.
Compound 3j was found to be effective against colon cancer, while
compound 3d was found to be effective against all three cancer
cell lines (HT29, MCF7, and Cé).

When the structures of the compounds are examined, it is seen
that they are derivatized using different heterocyclic rings. When the
anticancer activity result is evaluated, it is seen that the presence of
the thiophene ring carrying the methyl substituent in the structure
increases the activity. When compounds 3b and 3j were examined
against the HT29 cell line, the activity was almost doubled with the
replacement of the furan ring with the thiophene ring. In particular,
compound 3j has selective activity against the HT29 cell line. It was
found that the compound 3d carrying a methyl group in position
ortho was also effective in all cancer cell lines. Activity decreases with
the substitution of nitro, an electron-withdrawing group, on the thi-

ophene ring.
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SCHEME 1 Synthesis stages of target compounds (3a-3;j).
2.2.2 | Flow cytometry 2.2.3 | Immunofluorescent microscope analysis

With the flow cytometry studies described previously,?" cell death
pathways and cell-cycle studies were performed in both healthy cells
and determined cancer cells by applying 1Cso doses of syntheses
determined to be effective for cancer cells. The results obtained are
shown in Figures 1-4. When the results are examined, the number of
live cells in the control group cells is higher than in the cancer cells. At
the same time, the percentage of cells undergoing apoptosis in the
cancer cells is much higher than the percentage of dead (necrotic)
cells. When the cell cycles are examined, the cancer cells are
observed to terminate the cycle in the GO/G1 phase of their division
phase.

The well-known proliferation marker Ki67 is used to assess cell prolifer-
ation. Numerous studies have shown that increased Ki67 localization in
cells is blunted by cancer progression. Although Kié7 is almost
undetectable in normal cells, it has become a promising target for cancer
therapy because it is highly expressed in malignant cells.??!

Proliferating cells are the only ones that express the nuclear Ki67
protein. During interphase, Ki67 is mostly located in the nucleolar cortex,
and during mitosis, it is drawn to condensed chromosomes. The two Ki67
isoforms, 345 and 395 kDa, are encoded by the Ki67 gene, which is
found on chromosome 10g25-ter. From G1 phase to mitosis, the level of
Ki67 expression rises, and it quickly falls following mitosis. The nuclei of
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TABLE 1 In vitro cytotoxicity activity of 3a-3j with ICsq in uM.
L929 HT29 MCF7 Cé6
Control >100 >100 >100 >100
3a 84.6 £9.6 71.8 = 3.68 86.4 + 1.28 98.94 + 7.94
3b >100 89.6 + 5.74 88.4 +2.18 >100
3c >100 90.6 £ 12.06 >100 >100
3d >100 39.1 +£8.28 25.6 £16.44 20.48 +8.34
3e >100 >100 >100 >100
3f >100 >100 >100 >100
3g >100 >100 >100 >100
3h >100 >100 >100 >100
3i >100 >100 >100 >100
3j >100 458 + 15.58 >100 >100
Cisplatin  88.8 £ 64 594 + 12,6 29.6 +7.6 394+ 64

cells in the G1, S, G2, and mitotic phases all contain Ki67 protein,
whereas the nuclei of quiescent cells in the GO phase do not. Thus,
the level of Kié7 expression reflects the stage of cell division.
Indeed, Ki67 has been suggested as a predictive indicator of cancer
and is significantly overexpressed in cancer cells.?? The anticancer
activity of the compound applied on cells with a high proliferation
rate in immunofluorescence staining is shown by decreased Ki67
expression.?2231 A study in adult wild-type glioblastoma cells
demonstrates a potential relationship between Kié67 index and
morphological biomarkers for proliferation.?*! In this study, Ki67
immunolocalisation rate was significantly decreased in compound
3d applied on C6 and MCF7 cell lines, compounds 3d and 3j in HT29
and L929 cell lines compared with the cisplatin-treated group. In
HT29 and L929 cell lines, compound 3d causes a more significant
decrease in Ki67 positive cells than compound 3j (Figures 5-8).

224 | RT-PCR

Determination of Caspase 3, B-cell lymphoma gene-2 (Bcl-2)-
associated X protein (BAX), and BCL-2 expression profiles in cells
applied effective doses of 3d and/or 3;j:

Caspase 3, BAX, and BCL-2 expression levels were detected in
cDNA samples obtained from cells treated with effective 3d and/or 3;j
doses for 24 h and control group cell lines (Figure 9). It was determined
that BAX increased significantly by 6.59 times in HT29 cell lines ex-
posed to the effective dose of compound 3d, and BAX increased
significantly by 3.07 times in HT29 cell lines exposed to compound 3j
(p < 0.05). It was determined that BAX increased significantly by 105.7
times in L929 cell lines exposed to the effective dose of compound 3j
(p <0.05). In MCF7 cell lines exposed to the effective dose of com-
pound 3d, BAX was found to increase significantly by 12.55 times
(p <0.05). It was determined that Caspase 3 increased significantly by

2.75 times and BAX by 4.06 times in C6 cell lines exposed to the
effective dose of compound 3d (p <0.05).

Our study found that apoptotic deaths in cells applied to ade-
quate doses of compounds 3d and/or 3j for 24 h increased signifi-
cantly. It has been determined that the induction of cell apoptosis
following exposure to compounds 3d and/or 3j may be related to the
increase in Caspase 3 and BAX, genes related to apoptosis.

In its synthetic form, caspase 3 is a 32-kDa proenzyme.[zsl Two 12-
kDa and 17-kDa subunits combine to create the active Caspase 3 en-
zyme when the inactive Caspase 3 enzyme is split into 12-kDa and 17-
kDa subunits. Caspase 3 not only breaks down proteins involved in
many cell structures but also causes DNA breaks, activating DNAse and
thus apoptosis. The fact that compound 3d application causes an
increase in Caspase 3 levels in cells indicates that compound 3d induces
apoptosis in cells by increasing Caspase 3 expression.

One of the apoptosis regulators, the BAX protein, causes
apoptosis, particularly when mitochondrial diseases occur. When
BAX is activated, mitochondria permeability increases, followed by
the release of cytochrome c and cellular apoptosis. It is well known
that by activating BAX, certain medications used to treat cancer
aid in its therapy. The increase in BAX expression due to exposure
to compounds 3d and/or 3j will induce apoptosis by causing an
increase in the cell mitochondria permeability. This indicates that
3d and/or 3j series drugs also increase apoptosis by mediating an

increase in mitochondria permeability.

2.2.5 | CA IX inhibition assay

All synthesized compounds (3a-3j) were evaluated for their inhibitory
potency against CA IX enzyme using ELISA Kit. The CA IX inhibitor
acetazolamide was used as a positive control. The CA IX inhibitory
activity of the synthesized compounds (3a-3j) was shown as concen-
tration and summarized in Table 2 and Figure 10. Among them, com-
pounds 3d and 3j have the strongest inhibition value. Compound 3f with
a 5-methylthiophen substituent showed lower CA IX inhibition concen-
tration than compound 3d with a 3-methylthiophen substituent. Com-
pounds 3f, 3g, and 3i have moderate inhibitory potential. When the
activities of the compounds were evaluated, it was seen that the com-

pounds carrying thiophene ring have higher CA IX inhibition potential.

2.2.6 | Molecular docking

One of the essential features an ideal inhibitor should possess is a
functional zinc binding group (ZBG) capable of coordinating with the
Zn (Il) ion located at the base of the active site, approximately 15 A
deep from the surface. Well-known ZBGs, such as sulfonamides,
sulfamates, and carboxylates, typically coordinate with the zinc ion or
the zinc-bound water/hydroxide ion.2¢%%! While there are excep-
tions, the second key structural element of a traditional carbonic
anhydrase inhibitor (CAl) is the scaffold, composed of aromatic and
heteroaromatic rings. This scaffold can stabilize the ligand through
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FIGURE 1 After 24 h of incubation, apoptotic and cell-cycle consequences of compound 3d on L929 and HT29 with IC5o dose.
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FIGURE 2 After 24 h of incubation, apoptotic and cell-cycle consequences of compound 3j on L929 and HT29 with ICsq dose

(45.8 + 15.58 uM).

hydrophobic and hydrophilic interactions with residues within the
active site, serving as a central core that anchors the ZBG on one
side, while the ‘tail’ extends on the other side.[*?3°-32! The strategy
of appending “tails” to scaffolds has been explored to create elon-
gated molecules that interact with isoform-specific residues in the

selective pocket of the active site (Zone-I: Gln 67; Zone-II: Leu 91,
Val 131).[4727:3% gince the selective pocket residues are near con-
served residues, inhibitors may need to extend their interactions
beyond Zone Il into the peripheral Zone Ill to distinguish between CA

isoforms effectively.l?”!
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FIGURE 3 After 24 h of incubation, apoptotic and cell-cycle consequences of compound 3d on L929 and MCF7 with ICso dose

(25.6 £ 16.44 pM).
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FIGURE 4 After 24 h of incubation, apoptotic and cell-cycle consequences of compound 3d on L929 and Cé with IC5q dose

(20.48 + 8.34 uM).

The analyses suggest that both ligands may coordinate with the
Zn (Il) ion through the cyano nitrogen of the ZBG, adopting tetra-
hedral geometry and establishing favorable interactions with active
site residues. Previous studies have shown that the cyano group can

act as a ZBG in certain contexts. However, these findings should be
regarded as hypothetical until validated experimentally. These results
indicate that the ligands are anchoredinto the CA core by forming
a hydrogen bond with Thr199 (Figure 11) at high interaction
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C6 cell
GE4

C6 cell
Control s

FIGURE 5 Compound 3d (GE4), cisplatin (cis), and Kié7 positive cells (green) in the Cé cell line grown in medium; whole cell nuclei are shown
with Dapi (blue) staining, images are merged (x40 magnification, OlympusBX51).

DAPI

HT29 cell
GE4

HT29 cell
GEI10

Ht29 cell
Cis

HT29 cell
Control

FIGURE 6 Compound 3d (GE4), compound 3j (GE10), cisplatin (cis), and Ki6é7 positive cells (green) in the HT29 cell line grown in medium; all
cell nuclei are shown with Dapi (blue) staining, images are merged (x40 magnification, OlympusBX51).
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FIGURE 7 Compound 3d (GE4), cisplatin (cis), and Ki67 positive cells (green) in MCF7 cell line grown in medium; whole cell nuclei are shown
with Dapi (blue) staining, images are merged (x40 magnification, OlympusBX51).

Ki 67
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FIGURE 8 Compound 3d (GE4), compound 3j (GE10), cisplatin (cis), and Kié7 positive cells (green) in the L929 cell line grown in medium; all
cell nuclei are shown with Dapi (blue) staining, images are merged (x40 magnification, OlympusBX51).
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FIGURE 9 Caspase 3, BAX, and BCL-2 expression profiles in cells treated with effective doses of compounds 3d and/or 3j.

TABLE 2 ELISA experiment for series 3a-j (p < 0.001).
Compound Concentration (pg/mL)
Control 250,225
Acetazolamide 60,945
3a 186,945
3b 175,225
3c 150,225
3d 83,975
3e 120,225
3f 93,975
3g 95,745
3h 119,425
3i 92,225
3j 82,745

Abbreviation: ELISA, enzyme-linked immunosorbent assay.

frequencies (97%) andcoordinating with the positively charged zinc
ion in the proper tetrahedralgeometry through their negatively
charged cyano's nitrogen.

Overall, the scaffold likely interacts with the hydrophobic
half of the active site cleft like benzenesulfonamides and thia-
diazole derivatives, binding key residues like GIn92, Val121,

Leu198, Thr199, Thr200, and Pro202.12¢! Docking simulation
analysis further confirms that the scaffold, made of aromatic and
heterocyclic rings, is the most interactive component of com-
pounds 3d and 3j (Figure 12). As a result, both ligands potentially
meet key criteria by coordinating with Zn(ll) to form a tetrahedral
geometry and interacting with the base residue Thr199 via the
ZBG. The scaffold appears to establish hydrophobic interactions
with residues in Zones | and Il, particularly GIn67 and Val131,
within the selective pocket, which are critical for inhibitory
activity and span both halves of the active site rim. Additionally,
the tail group interacts with peripheral Zone Ill residues—
predominantly hydrophilic for 3d and a mix of hydrophilic
and hydrophobic for 3j—potentially contributing to isoform
selectivity.

3 | CONCLUSION

MTT, cell death, and cell-cycle studies performed on cancer cells
demonstrated that compound 3d is effective against various cancer
types, while compound 3j showed particular efficacy in colon cancer.
Compound 3a, although effective against cancer cells, was excluded
from further studies due to its toxicity to healthy cells. Similarly,
compound 3b, despite showing toxic effects on colon and breast
cancer cells, had higher ICsq values compared with the positive
control cisplatin, leading to its exclusion from further analyses. Flow
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FIGURE 10 Carbonic anhydrase IX (CA-IX) protein level (3a-j) (p < 0.001).

H94

FIGURE 11 Docking Pose: (a) Compound 3d interacting with key residues in the active site and hydrophobic rim. Dashed red lines represent
hydrophobic and van der Waals interactions, dashed blue lines indicate hydrogen bonds, and solid red lines show metal coordination bonds. (b)
Interactions of the ZBG with Zn(ll), forming a distorted tetrahedral geometry. The angles and distances reflect the average of the first 10 energetically
favorable poses. The bond angles and the cyano nitrogen-Zn(ll) distance suggest a near-ideal geometry. In addition to metal coordination, a hydrogen
bond between Thr 199 and the cyano nitrogen (dashed black line) and a hydrophobic interaction with His 94 (dashed gray line) are shown. (c) Surface
representation of the same pose. Gray areas indicate hydrophilic regions, while black regions are hydrophobic. The ligand interacts with Zn (Il) at the
bottom of the active site (green sphere) via the zinc binding group (ZBG), while attaching itself to Zone Il residues through hydrophobic interactions.
The tail extends toward the outer peripheral region, interacting with hydrophobic residues in Zone Il

cytometry results, consistent with MTT assays, confirmed the find- anticancer treatments. Both compounds exhibited significant effects
ings of cell death and cell-cycle studies. in MTT assays, cell death, and cell-cycle studies. Compound 3d
The assay results highlight the strong inhibitory activity of demonstrated broad-spectrum effectiveness across various cancer

compounds 3d and 3j against the CA IX enzyme and their efficacy in cell lines, while compound 3j exhibited potent activity specifically



BOSTANCI ET AL

ARCH

@ . Thr 200

Gln 67™
Asn 62 ..
- Q\Thr 199
\ S
’ 2% ' Zh\‘
His 6l His 94

Thr 200

2%

[ 3 . 2

1 His 64

H

6ln 92

His 94

2%

! Asn 62
Gln 67™

FIGURE 12 Comparison of the interaction frequencies of ligand
atoms and residues: The size of the residue names and the shaded areas
around the ligand atoms are proportional to their interaction
frequencies, as calculated by ProLIF. Zones are represented by
uppercase numbers displayed alongside the residue names, indicating
the specific regions each residue belongs to. Residues within the
“specific pocket” are highlighted with asterisks (*). Light brown shading
denotes hydrophobic interactions, while cyan shading represents
hydrophilic interactions. Panel a illustrates the interaction map for
compound 3d, while Panel b depicts the interactions for compound 3j.

against colon cancer. RT-PCR and immunostaining studies further
supported the efficacy of 3d and 3j in targeting cancer cells.

The structural difference between 3d and 3j—the positioning of the
CH3 group on the thiophene ring—likely impacts their specific interac-
tions, particularly within Zone Ill. Docking studies corroborate these
observations, highlighting strong interactions between these com-
pounds and the active site of the CA IX enzyme. Compounds containing
a thiophene ring, such as 3d and 3j, demonstrated higher potential for
CA IX inhibition. This effect may stem from the stable and well-defined
interactions between the compounds’ structural components (ZBG,
scaffold, and tail) and key residues in Zones Il and lll. These interactions
are considered crucial in promoting selective binding and stabilizing the
compounds within the enzyme's active site.

In summary, although further studies are needed to confirm these
findings, the structural features of compounds 3d and 3j—particularly
the incorporation of a thiophene ring and the precise positioning of
substituents—could potentially play a role in their inhibitory activity
against CA IX and their effectiveness in cancer cell inhibition. While
structurally similar, the slightly broader interaction profile of 3j might
contribute to enhanced selectivity for CA IX, possibly reducing off-
target effects. In contrast, the more focused interactions of 3d with
specific residues might help explain its greater inhibitory potency
compared with 3j, as suggested by the assays. Docking studies
support this hypothesis, suggesting strong interactions between these
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compounds and the active site of the CA IX enzyme. Compounds
containing a thiophene ring, such as 3d and 3j, may demonstrate
potential for CA IX inhibition, likely due to stable and well-defined in-
teractions between their structural components (ZBG, scaffold, and tail)
and residues in Zones Il and I, which are thought to be important for
selective binding and stabilization within the enzyme's active site.
Although further studies are needed to confirm these findings,
the structural features of 3d and 3j—particularly the inclusion of a
thiophene ring and the precise positioning of substituents—appear to
be critical determinants of their potent inhibitory activity against CA
IX and their efficacy in cancer cell inhibition. Despite their structural
similarity, 3j's broader interaction profile may enhance its selectivity
for CA IX, potentially reducing off-target effects. Meanwhile, 3d's
more focused interactions with specific residues might explain its

superior inhibitory potency relative to 3j, as observed in the assays.

4 | EXPERIMENTAL

41 | Chemistry

4.1.1 | General remarks
All the chemicals employed in the synthetic procedure were purchased
from Sigma-Aldrich Chemicals (Sigma-Aldrich Corp.) or Merck Chemicals
(Merck KGaA). Melting points of the obtained compounds were deter-
mined by MP90 digital melting point apparatus (Mettler Toledo) and
were uncorrected. *H-NMR, and *3C-NMR spectra (see the Supporting
Information) of the synthesized compounds were performed by a Bru-
ker 400 and 100 MHz digital FT-NMR spectrometer (Bruker Bioscience)
in Dimethyl sulfoxide (DMSO)-dg, respectively. Splitting patterns were
designated as follows: s: singlet; d: doublet; t: triplet; m: multiplet in the
NMR spectra. Coupling constants (J) were reported as Hertz. All
reactions were monitored by thin-layer chromatography (TLC) using
Silica Gel 60 F254 TLC plates (Merck KGaA).

The InChl codes of the investigated compounds, together with

some biological activity data, are provided as Supporting Information.

4.1.2 | General procedure for the synthesis of
methyl 4-(5(6)-cyano-1H-benzimidazol-2-yl)benzoate
(1) and 4-(5(6)-cyano-1H-benzimidazol-2-yl)benzoic
acid hydrazide (2)

Compounds 1 and 2 were prepared using the reported method. (201
41.3 | General procedure for the synthesis of 4-(5-
cyano-1H-benzo[d]imidazol-2-yl)-N'-

[(substitutedheteroaryl)methylene]benzohydrazide (3a-3j)

Hydrazone derivative compounds (3a-3j) were obtained by refluxing the
hydrazide derivative compound (2) with aldehyde derivatives in ethanol.
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4-(5-Cyano-1H-benzo[d]imidazol-2-yl)-N'-[(furan-2-yl)
methylene]benzohydrazide (3a): Yield: 78%, M.P.= 171.0°C. *H-NMR
(400 MHz, DMSO-dg): &: 6.64-6.66 (1H, m, Aromatic CH), 6.96-6.97
(1H, m, Aromatic CH), 7.62-7.63 (1H, m, Aromatik CH), 7.73 (1H,
br.s., Aromatic CH), 7.86 (1H, s, Aromatic CH), 8.10 (3H, d,
J=8.40Hz, Aromatik CH), 8.34 (2H, d, J=7.84 Hz, Aromatik CH),
8.38 (1H, s, CH=N), 11.94 (1H, s, NH), 13.64 (1H, s, NH). 3 C-NMR
(100 MHz, DMSO-dg): 6 =112.72, 113.10, 113.38, 114.25, 117.76,
120.40, 124.49, 127.36, 128.85, 132.46, 135.32, 138.36, 145.77,
147.08, 149.59, 149.84, 150.92, 162.79. HRMS (m/z): [M+H]" calcd
for CooH13N505: 356.1142; found: 356.1137.
4-(5-Cyano-1H-benzo[d]imidazol-2-yl)-N'-[(5-methylfuran-2-yl)
methylene]benzohydrazide (3b): Yield: 80%, M.P. = 135.6°C. *H-NMR
(400 MHz, DMSO-dg): &6: 2.35 (3H, s, CH3), 6.25-6.26 (1H, m, Aro-
matic CH), 6.30-6.31 (1H, m, Aromatic CH), 6.82-6.83 (1H, m, Ar-
omatik CH), 6.95-6.96 (1H, m, Aromatic CH), 8.09 (2H, d, J = 8.36 Hz,
Aromatik CH), 8.27 (1H, s, Aromatik CH), 8.33 (2H, d, J=7.80 Hz,
Aromatic CH), 8.38 (1H, s, CH=N), 11.86 (1H, s, NH), 13.62 (1H, s,
NH). 3C-NMR (100 MHz, DMSO-d,): 6=13.92, 109.08, 109.60,
110.21, 116.11, 119.20, 120.40, 124.44, 127.31, 128.79, 132.38,
135.34, 138.24, 148.27, 148.29, 150.11, 155.20, 156.56, 162.71.
HRMS (m/z): [M+H]" caled for CyiHisN50,: 370.1299; found:
370.1294.
4-(5-Cyano-1H-benzo[d]imidazol-2-yl)-N'-[(5-nitrofuran-2-yl)
methylene]benzohydrazide (3c): Yield: 81%, M.P. = 207.1°C. *H-NMR
(400 MHz, DMSO-dg): 6: 7.27 (1H, s, Aromatic CH), 7.60 (2H, d,
J=8.32 Hz, Aromatik CH), 7.76-7.77 (2H, m, Aromatik CH), 8.09 (2H,
d, J=7.80 Hz, Aromatik CH), 8.15 (1H, br.s., Aromatic CH), 8.33 (2H,
d, J=8.20 Hz, Aromatic CH), 8.40 (1H, s, CH=N), 12.33 (1H, s, NH).
13C-NMR (100 MHz, DMSO-dg): & = 18.99, 104.81, 105.25, 115.06,
115.91, 120.22, 120.37, 123.43, 127.16, 127.38, 128.99, 132.79,
134.59, 136.23, 138.28, 152.10, 152.38, 163.08. HRMS (m/z): [M
+H]* calcd for CooH12NgO4: 401.0993; found: 401.1004.
4-(5-Cyano-1H-benzo[dlimidazol-2-yl)-N'-[(3-methylthiophen-2-
yl)methylene]benzohydrazide (3d): Yield: 77%, M.P.=132.6°C. H-
NMR (400 MHz, DMSO-dg): 6: 2.34 (3H, s, CH3), 6.97-6.98 (1H, m,
Aromatic CH), 7.00-7.01 (1H, m, Aromatic CH), 7.57-7.58 (1H, m,
Aromatic CH), 7.65-7.66 (1H, m, Aromatic CH), 8.10 (2H, d,
J =8.40 Hz, Aromatik CH), 8.34 (2H, d, J=7.88 Hz, Aromatik CH),
8.76 (1H, s, Aromatik CH), 8.83 (1H, s, Aromatik CH), 11.86 (1H, s,
NH), 13.63 (1H, s, NH). *3C-NMR (100 MHz, DMSO-d,): 6 = 14.05,
120.41, 127.34, 128.74, 130.33, 131.37, 131.75, 132.41, 132.57,
132.86, 135.36, 135.56, 140.73, 142.84, 143.59, 154.50, 162.40,
183.89. HRMS (m/z): [M+H]" calcd for CyqH15NsOS: 386.1070;
found: 386.1063.
4-(5-Cyano-1H-benzo[d]imidazol-2-yl)-N'-[(pyridine-4-yl)
methylene]benzohydrazide (3e): Yield: 78%, M.P. = 289.3°C. *H-NMR
(400 MHz, DMSO-dy): &: 6.98-7.01 (2H, m, Aromatic CH), 7.57-7.58
(1H, m, Aromatic CH), 7.61 (1H, br.s., Aromatic CH), 7.65-7.66 (1H,
m, Aromatic CH), 8.10 (2H, d, J = 8.40 Hz, Aromatic CH), 8.33-8.35
(3H, m, Aromatic CH), 8.76 (1H, s, Aromatic CH), 8.83 (1H, s, Aro-
matic CH), 11.86 (1H, s, NH), 13.63 (1H, s, NH). *3C-NMR (100 MHz,
DMSO-dg): 6=120.41, 127.34, 128.74, 130.33, 131.37, 131.75,
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132.41, 132.57, 132.86, 135.36, 135.56, 140.73, 142.84, 143.59,
154.50, 162.40, 183.89. HRMS (m/z): [M+H]" calcd for Cy1H14N4O:
367.1302; found: 367.1302.
4-(5-Cyano-1H-benzo[d]imidazol-2-yl)-N'-[(imidazol-2-yl)
methylene]benzohydrazide (3f): Yield: 80%, M.P. = 161.1°C. *H-NMR
(400 MHz, DMSO-dy): &6: 7.64 (1H, dd, J;=1.36Hz, J,=8.32 Hz,
Aromatic CH), 7.65-7.66 (2H, m, Aromatic CH), 7.80-7.82 (1H, m,
Aromatic CH), 8.16 (2H, d, J=8.12 Hz, Aromatic CH), 8.38 (2H, d,
J=8.32 Hz, Aromatic CH), 8.51 (1H, s, Aromatic CH), 8.67-8.70 (2H,
m, Aromatic CH), 12.28 (1H, s, NH). 3C-NMR (100 MHz, DMSO-dy):
6=104.88, 120.39, 121.49, 122.02, 122.50, 123.15, 126.39, 127.35,
128.98, 132.67, 134.98, 138.58, 140.66, 141.93, 146.18, 150.66,
150.88, 163.30. HRMS (m/z): [M+H]* caled for CyoH14NgO:
355.1302; found: 355.1297.
4-(5-Cyano-1H-benzo[dlimidazol-2-yl)-N'-[(thiophen-2-yl)
methylene]benzohydrazide (3g): Yield: 83%, M.P.= 148.1°C. *H-NMR
(400 MHz, DMSO-dg): 6: 6.15-6.18 (1H, m, Aromatic CH), 6.52 (1H,
s, Aromatic CH), 6.94-6.95 (1H, m, Aromatic CH), 7.59-7.62 (2H, m,
Aromatic CH), 8.01 (1H, d, J=8.56 Hz, Aromatic CH), 8.11 (2H, d,
J=8.52 Hz, Aromatic CH), 8.33-8.35 (3H, m, Aromatic CH), 11.58
(1H, s, NH), 11.72 (1H, s, NH). ¥*C-NMR (100 MHz, DMSO-dy):
§=104.78, 109.74, 110.21, 114.05, 115.45, 120.44, 123.24, 123.67,
127.30, 127.61, 127.86, 128.14, 128.85, 132.29, 135.86, 141.66,
151.03, 162.54. HRMS (m/z): [M+H]* caled for CyoH13N5OS:
372.0914; found: 372.0907.
4-(5-Cyano-1H-benzo[d]imidazol-2-yl)-N'-[(pyridine-3-yl)
methylene]benzohydrazide (3h): Yield: 81%, M.P. = 273.4°C. *H-NMR
(400 MHz, DMSO-dg): 6: 7.14-7.16 (1H, m, Aromatic CH), 7.49-7.50
(1H, m, Aromatic CH), 7.62-7.69 (3H, m, Aromatic CH), 7.77-7.79
(1H, m, Aromatic CH), 8.10 (3H, d, J=8.36 Hz, Aromatic CH), 8.34
(2H, d, J=8.24 Hz, Aromatic CH), 8.70 (1H, s, Aromatic CH), 11.96
(1H, s, NH), 13.64 (1H, s, NH). 3C-NMR (100 MHz, DMSO-dy): &=
120.41, 127.36, 128.37, 128.84, 129.60, 131.44, 131.63, 132.32,
132.44, 134.25, 135.37, 138.87, 139.48, 143.75, 150.79, 154.44,
156.27, 162.73. HRMS (m/z): [M+H]* caled for Cy1H14NgO:
367.1302; found: 367.1297.
4-(5-Cyano-1H-benzo[d]imidazol-2-yl)-N’-[(5-nitrothiophen-2-yl)
methylene]benzohydrazide (3i): Yield: 79%, M.P. = 305.2°C. *H-NMR
(400 MHz, DMSO-dg): &6: 7.63-7.64 (1H, m, Aromatic CH), 7.67 (1H,
dd, J;=1.32 Hz, J, =8.32 Hz, Aromatic CH), 7.83-7.84 (1H, m, Aro-
matic CH), 8.15-8.17 (3H, m, Aromatic CH), 8.23 (1H, br.s., Aromatic
CH), 8.39 (2H, d, J=8.36 Hz, Aromatic CH), 8.74 (1H, s, Aromatic
CH), 12.38 (1H, s, NH). 3C-NMR (100 MHz, DMSO-dg): 6 =111.17,
112.98, 113.82, 120.39, 122.99, 123.80, 127.40, 128.18, 128.98,
130.26, 130.90, 132.85, 134.72, 141.30, 147.02, 151.38, 163.08.
HRMS (m/z): [M+H]" calcd for CyoH1oNgO3S: 417.0764; found:
417.0762.
4-(5-Cyano-1H-benzo[d]imidazol-2-yl)-N’'-[(5-methylthiophen-2-
yl)methylene]benzohydrazide (3j): Yield: 77%, M.P.=174.2°C. H-
NMR (400 MHz, DMSO-dg): &6: 2.40 (3H, s, CHa), 6.75-6.76 (1H, m,
Aromatic CH), 7.19-7.20 (1H, m, Aromatic CH), 7.54 (1H, d,
J=8.20 Hz, Aromatik CH), 7.68 (1H, br.s., Aromatic CH), 8.01 (2H, d,
J=8.44 Hz, Aromatik CH), 8.13 (1H, br.s., Aromatic CH), 8.25 (2H, d,
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J=8.24 Hz, Aromatik CH), 8.52 (1H, s, Aromatic CH), 11.79 (1H, s,
NH). ¥C-NMR (100 MHz, DMSO-dg): 6 =15.83, 104.79, 120.41,
121.10, 122.24, 124.25, 124.57, 124.98, 126.11, 126.81, 127.33,
128.78, 131.99, 132.37, 135.42, 137.22, 143.60, 143.98, 162.62.
HRMS (m/z): [M+H]" caled for Cy1H15Ns0S: 386.1070; found:
386.1065.

4.2 | Pharmacological/biological assays
421 | Anticancer activity
Cell culture

Cell lines from the American Type Culture Collection (ATCC) were
used to test the human breast adenocarcinoma cell line (MCF7),
rat glial tumor (Cé), healthy mouse fibroblast cell line (L929), and
colon cancer (HT29). Cells were combined with solutions of 1%
penicillin (Sigma Aldrich), 10% fetal bovine serum (FBS; Sigma
Aldrich), and 89% DMEM (Dulbecco's modified Eagle's medium;
Gibco, Thermo Fisher Scientific). The cells were incubated at
37°C with 95% humidity and 5% CO, to allow the medium to
develop.

Cell viability assay

All compounds were examined for their cytotoxic effects on the
L929, HT29, MCF7, and Cé cell lines using MTT assay. Approximately
1 x 10% cells were seeded in each well. Cells were allowed to adhere
for 24 h and then the syntheses were applied at different concen-
trations. All syntheses were run in three repetitions. Wells with a
maximum of 100 uM product were incubated for 24 h. Cisplatin was
used as the positive control, and all wells devoid of specimens served
as negative controls. To identify metabolically active cells, the wells
were incubated for 3 h at 37°C after being treated with MTT solution.
Following the MTT interaction, DMSO solution was added to the
wells after they had been drained. This solution was used to dissolve
the formazan crystals, and a color shift indicated how many live cells
were present in each well. With the aid of a microplate, the
absorbance values were measured at 540 nm, and the results were

displayed as mean * SD.

42.2 | Annexin V binding assay

Six-well plates were seeded with roughly 5 x 10° seeds of each
cancer cell, which were left to adhere throughout the night. The
next day, compounds 3d and 3j were incubated at ICso for
another 24 h. Following trypsinization, cells were collected and
suspended in phosphate-buffered saline (PBS) that contained at
least 1% FBS. After that, the cells were combined with the An-
nexin V & Dead Cell reagent according to the manufacturer's
instructions. Next, the Muse Cell Analyzer (Millipore) instrument
was used to determine the percentage of dead, viable, early, and

late apoptotic cells.
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Cell cycle assay

DNA content (cell cycle) analyses were performed with the MUSE
flow cytometry device. When the ICsq results were evaluated, com-
pounds 3d and 3j caused selective toxicity in the HT29 cancer cell
line compared to L929. The same phenomenon was observed with
the compound 3d on breast cancer and glioma cells. Therefore, the
main pathways of compounds 3d and 3j in cells were determined
with the MUSE (cell cycle) kit.

423 | Immunofluorescent microscope analysis

Immunofluorescent microscope analysis was performed as in the

previous study.¥

424 | RT-PCR
Determination of Caspase 3, BAX, and BCL-2 expression profiles in
cells applied effective doses of 3d and/or 3j:

Total RNA was first isolated from the cells to which effective
doses of compounds 3d and/or 3j were applied at the 24th hour, by
the kit protocols, and then cDNA was synthesized from this total
RNA. The expression profiles of Caspase 3, BAX, and BCL-2 genes
from the cDNA samples obtained were analyzed with the RT-PCR
device by the kit protocol. Statistical analysis of the data with the
AACT method was performed using the “RT2 profiler RT-PCR Array
Data Analysis version 3.5” (http://pcrdataanalysissabiosciences.com/
pcr/arrayanalysis.php) software.

425 | Carbonic anhydrase IX inhibition assay

CA-IX level was measured using the DCA900, R&D Systems ELISA
Kit. In brief, 100 uL samples were incubated with 50 uL assay buffer
for 2 h at room temperature (RT) in a 96-well plate. The well was then
washed four times with 400 uL wash buffer. After 200 pL of a
conjugate buffer incubated at room temperature for 2 hours, the
plate was washed four times with wash buffer. It was then incubated
with 200 pL of substrate buffer for 30 min at room temperature.
After washing, 50 pL of the stop solution was used to terminate the
reaction. The plate was read at 450 nm using an Epoch™ microplate
spectrophotometer (BioTek). The concentration of CA IX protein in

each sample was calculated using a standard curve.

42.6 | Molecular docking

The crystal structure of the CA IX protein (PDB code: 5FL4) was
obtained from the Protein Data Bank (www.rcsb.org).[34] Since the
structure file has nonstandard amino acid numbering, which led to
mismatches in identifying residue interactions, the numbering from

another CA IX structure (PDB code: 3IAl) was adapted to ensure
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accurate mapping of residue interactions. All structures were re-
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moved using Discovery Studio software except for protein chain A
and the metal ion Zn (ZN264).°% Subsequent preparation and
docking processes, such as protein and ligand preparation, protona-
tion, grid and search box preparation, force field application, elec-
trostatic calculations, and energy evaluations, were carried out in
both re-docking and docking experiments using the AMDock pro-
gram, which also uses PDB2PQR, AutoDockZn, and the Py-
MOL.263%! The redocking experiment utilized the “instant co-
ordinates” of the co-crystallized ligand (5FL4_F_9FK) obtained from
the Protein Data Bank as the reference structure. The ligand 9FK is
used without additional preprocessing steps to maintain its exact
experimental conformation in redocking. The docking protocol was
validated after successfully reproducing the co-crystallized pose with
an root mean square deviation of 0.92 A. The ligands were subjected
to energy minimization using the MMFF94s force field for a maxi-
mum of 2000 steps, with a convergence criterion set to 1e-8, using
the steepest descent algorithm in Open Babel™“*® before the docking
experiments. The docking experiments used the previously optimized
protocol with compounds 3d and 3j. The docking simulations were
conducted while preserving the metal ion (Zn) in the receptor using
AutoDock4Zn and employing the Lamarckian Genetic Algorithm with
a maximum of 2,500,000 energy evaluations per run. While prelimi-
nary tests with higher evaluations (up to 10,000,000) showed slight
improvements in binding affinity, the computational cost was dis-
proportionately high. Hence, the default value was adopted to uphold
computational efficiency, with 10 generations and a cluster tolerance
set to <2 A. Coordinates of the search space were determined using
the “Center on Residue(s)” option by providing the binding site resi-
dues derived from the literature (His 68, GIn 92, His 94, His 96, Glu
106, His 119, Val 121, Arg 129, Val 130, Asp 131, Leu 134, Leu 199,
Thr 200, Thr 201; Center:11.08 -29.74 53.98 Size: 29 29 29). All
other parameters were maintained as default parameters.

After obtaining the docking poses, we excluded those not
meeting the established criteria, such as poor interactions with the
active site, insufficient coordination with the Zn (Il) ion, or
unfavorable binding energies. The remaining poses that met the
criteria exhibited average binding energies of approximately
-9.0kcal/mol for 16 and 11 poses of compounds 3d and 3j,
respectively. Following a visual inspection of the resulting docking
poses, we generated interaction fingerprints, representing the fre-
qguency of residue interactions within the binding modes. This anal-
ysis was performed using the Python tool ProLIF,%*% with the
“count=True” parameter and a “vicinity cutoff” set to 4.5A. Addi-
tionally, bond angles and the cyano nitrogen-Zn (ll) distance were
calculated based on the first 10 energetically favorable docking poses
for each compound (3d and 3j). The observed angles were 117 + 3.7°,
115+ 3.4° and 109 £4.7° for 3d, and 115+4.9°, 116 +6.0°, and
110+ 7.6° for 3j. The cyano nitrogen-Zn (Il) distance averaged
around 2.0A. These values were determined using PyMOLE? to
assess the geometric relationship between the Zn (ll) ion and
the cyano nitrogen, which, as suggested in previous structural
studies, is a potential ZBG.['?3242-441 \While this interaction is

well-documented, its specific role in this context warrants further

experimental validation.
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