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ARTICLE INFO ABSTRACT

Keywords: A novel series of 1,2,3-triazole benzenesulfonamide substituted 1,3-dioxoisoindolin-5-carboxylate (7a-1) in-
1,2,3-triazole hibitors of human a-carbonic anhydrase (hCA) was designed using a tail approach. The design method relies on
Benzenesulfonamide

the hybridization of a benzenesulfonamide moiety with a tail of 1,3-dioxoisoindoline-5-carboxylate and a zinc-
binding group on a 1,2,3-triazole scaffold. Among the synthesized analogues, 2-iodophenyl (7f, K; of 105.00 nM
and S of 2.98) and 2-naphthyl (7h, K; of 32.11 nM and S; of 3.48) analogues (over off-target hCA I) and phenyl
(7a, Ky of 50.13 nM and S; of 2.74) and 2,6-dimethylphenyl (7d, K; of 50.60 nM and S; of 3.35) analogues (over
off-target hCA II) exhibited a remarkable selectivity for tumor isoforms hCA IX and XII, respectively. Meanwhile,
analogue 7a displayed a potent inhibitory effect against the tumor-associated isoform hCA IX (K; of 18.29 nM)
compared with the reference drug acetazolamide (AAZ, K; of 437.20 nM), and analogue 7h showed higher
potency (K; of 9.22 nM) than AAZ (K; of 338.90 nM) against another tumor-associated isoform hCA XII. However,
adding the lipophilic large naphthyl tail to the 1,3-dioxoisoindolin-5-carboxylate analogues increased both the
hCA inhibitory and selective activities against the target isoform, hCA XII. Additionally, these analogues (7a-1)
showed ICsp values against the human lung (A549) adenocarcinoma cancer cell line ranging from 129.71 to
352.26 pM. The results of the molecular docking study suggested that the sulfonamide moiety fits snugly into the
hCAs active sites and interacts with the Zn?" ion. At the same time, the tail extension engages in various hy-
drophilic and hydrophobic interactions with the nearby amino acids, which affects the potency and selectivity of
the hybrids.

Carbonic anhydrase
In silico study
Isoindoline

1. Introduction classified into 1,2,3-triazole and 1,2,4-triazole because it has a five-

membered ring of two carbon atoms and three nitrogen atoms.” It is

Heterocyclic chemicals consisting of nitrogen are important com-
ponents of many medicinal drugs, and biological molecules, including:
vitamins, DNA, RNA, antigens, agrochemicals, and many others.'
These compounds are also an important and characteristic category
among applied organic chemistry and have a wide variety of physio-
logical and pharmacological characteristics.*® Triazoles can be

simple to generate triazole, and the framework can function as an amide,
ester, carboxylic acid, and other heterocycles like pyrazole iso-
steres.'*'2 One of the most significant classes of nitrogen-containing
heterocycles, 1,2,3-triazoles, can generate a variety of non-covalent in-
teractions with numerous biological targets,"*> '° including hydrophobic
interactions, hydrogen bonds, van der Waals forces, and dipole-dipole

Abbreviations: AIC, akaike information criterion; AAZ, acetazolamide; DMF, dimethylformamide; DMSO, dimethylsulfoxide; DOX, doxorubicin; hCA, human
a-carbonic anhydrase; hCAls, hCA inhibitors; K;, enzyme inhibition constants; R2, K; coefficient of determination; MM-GBSA, Molecular mechanics with generalized
Born and surface area solvation; OPLS, optimal potential liquid simulations; SARs, structure-activity relationships; Sj, selectivity index; TBAB, tetrabutylammonium
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bonds. In medical chemistry, 1,2,3-triazole is considered a hetrocyclic
1,4-unsubstituted 1,2,3- triazole derivative, and can be synthesized via
1,3-dipolar reactions.'®'® 1,3-Dipolar cycloaddition reactions are
regarded as a powerful synthetic tool in constructing heterocyclic cycles,
with uses in various fields.!® Various pharmacological features of tri-
azole compounds include antibacterial,”’ anti-tubercular,”’ anti-can-
cer,”? and anti-malarial activity.”® Several triazole-based medications,
including Carboxyamidotriazole, Cefatrizine, Fluconazole, Rassinazole,
and Ribavirin, have also been used in clinics or are now being tested in
humans for the treatment of a variety of disorders.”*2° As a result, tri-
azole derivatives have an intriguing role to play in the creation of novel
medications.

Fifteen different isoforms have been found in the human a-carbonic
anhydrase (hCA, EC 4.2.1.1); all but hCA VIII, X, and XI are catalytically
active.?” ?® This is because these isoforms lack the necessary histidine
residues engaged in the catalytic process by coordinating the zinc-
ion.?” 3! The twelve catalytically active hCAs have different tissue dis-
tribution and locations in the following places: For example, (i) hCA I, II,
111, VII, and XIII are cytosolic; (ii) hCA IV, IX, XII, and XIV are membrane-
associated; (iii) hCA VA and VB are mitochondrial; (iv) hCA VI is
released in saliva and milk. It has been shown that inhibiting many of
these hCA isoforms has significant druggable therapeutic effects for a
variety of diseases, including edema (hCA II, IV, and XIV), glaucoma
(hCA 11, IV, and XII), central nervous system-associated pathologies (hCA
VII and XIV), and malignancies (hCA IX and XID).%% 34 Discovering
isoform-selective inhibitors is challenging since the active site design of
these active a-hCAs is reasonably similar.®® However, in these isoforms,
the most variable amino acid residues are found at the active sites’ en-
trances, while the most conserved ones are found at their bottom and
middle regions.>® hCA IX has been confirmed as a promising novel target
in the discovery and development of anticancer drugs for managing
hypoxic tumors due to its overexpression in various human malig-
nancies.”” The selectivity of hCA IX inhibitors over the physiologically
significant cytosolic hCA I and II isoforms is a crucial factor to consider
while designing them. Despite determining a number of methods for
creating selective hCA IX inhibitors, the “tail approach” turned out to be
the most successful and widely used.*® In fact, it has been stated that this
approach was taken into account in almost all drug design studies over
the past ten years.* This method involves adding diverse chemical tails
to an aromatic/heterocyclic ring with a zinc-binding group through a
flexible linker, such as primary sulfamoyl and carboxylic acid functions
(Scheme 1).

The current investigation is focused on employing the tail method to
examine its impact on the potency and selectivity against the various
hCA isoforms as a continuation of our efforts in the design and synthesis
of new potent and selective hCA inhibitors (hCAIs). The designed 1,2,3-
triazole benzenesulfonamide substituted 1,3-dioxoisoindolin-5-carbox-
ylate analogues (7a-1) in this direction were synthesized, and various
spectroscopic methods were used to determine their structural details
(Scheme 2). Then, the inhibitory action of the target derivatives was
then tested toward five different hCAs, including hCA I and II (off-target
isoforms), IV (transmembrane isoform), IX, and XII (tumor-associated
target isoforms). Additionally, an in vitro evaluation of the synthesized
analogues’ antiproliferative effects on the human lung adenocarcinoma
cell line A549 was performed. Furthermore, molecular docking studies
of the target analogues in these isoforms were conducted to study the
expected in silico binding modes of the newly synthesized derivatives
(7a-1) in the hCAs active sites.

2. Results and discussion
2.1. Drug design strategy and chemistry
Due to the substantial similarity among the active regions of hCAs,

the tail approach emerged as one of the most promising strategies.*’
This method relies on adding differently designed aryl or heterocyclic
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Scheme 1. Representation of “tail-approach” and the designed target 1,2,3-tri-
azole based benzenesulfonamides 7a-1.

scaffolds to the aromatic sulfonamide ring of the hCAIs in order to target
specific hydrophobic/hydrophilic residues in the outer region of the
isoform active site.*' The target compounds (7a-1) in this formulation
have a zinc-binding group of the benzenesulfonamide type that is
attached to a triazole scaffold. This scaffold ensures that the tail of the
compound is connected to the hydrophobic or hydrophilic rims of the
active site in the proper orientation. Through advantageous interactions
with the particular residues in the hydrophilic region of the active site,
the 1,2,3-triazole moiety enhances the flexibility and hydrophilicity of
the designed compounds to enforce selectivity towards hCA IX. The
hydrophobic tail was also constructed using the 1,3-dioxoisoindoline-5-
carboxylate moiety.

The compounds 3a-l1 shown in Scheme 2 were prepared from a
mixture of 1,3-dioxo-1,3-dihydroisobenzofuran-5-carboxylate and
various amines in acetic acid by refluxing at 100 °C for 6 h. Then, 5a-1
compounds were synthesized from dissolving compound 3 in dime-
thylsulfoxide (DMSO) with KyCOs, TBAB, and propargyl bromide at
room temperature for 6 h. The synthesis of triazole compounds with
sulfonamide-bearing azide derivatives was prepared using CuSO4-5H20
and sodium ascorbate in DMF at 90 °C for 2 h. The structures of the
targeted compounds (7a-1) were confirmed by the data 'H NMR, 3C
NMR, FT-IR, and QTOF LC-MS analysis.

From the 'H NMR data, the most characteristic peaks which are a
singlet'H) at 8.15 ppm for the triazole proton, a singlet (2H) at 7.24 ppm
for NH,, and a —~CHj, attached to the triazole ring at 5.61 ppm (2H) are
seen. In the 13C NMR, the peaks of carbonyl carbons are observed at
about 190 and 163 ppm. The IR spectrum of the compound showed
characteristic absorption bands at around 3266 cm™! for NH,, 3071
em ™! for = C—H, and 1505 cm ™! for C=C. There are two peaks assigned
to SO, as symmetric and asymmetric stretching. The peaks of asym-
metric and symmetric stretch are appeared around 1350 and 1160 cm ™,
respectively. All spectra support the structure of the synthesized
compounds.

2.2. Biological evaluation

2.2.1. Carbonic anhydrase inhibitory effect of the target compounds
The target 1,2,3-triazole benzenesulfonamide substituted 1,3-
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Scheme 2. Synthetic pathway of target 1,2,3-triazole based benzenesulfonamides 7a-1.

dioxoisoindolin-5-carboxylate derivatives (7a-1) were tested as in-
hibitors of the five physiologically and pharmacologically relevant
hCAs, the cytosolic hCA I and II, as well as the transmembrane isoforms
hCA 1V, IX, and XII, by an esterase assay. Acetazolamide (AAZ, PubChem
CID: 1986) was included in the experiments as a standard inhibitor, as it

Table 1

is a clinically used drug despite lacking selectivity toward a particular
hCA isoform. Enzyme inhibition constants (Kj) and their coefficient of
determination (R?) are reported in Table 1.

The off-target cytosolic isoform hCA I was potently inhibited by
1,2,3-triazole linked benzenesulfonamides 7a-1 with Kis in the low

Inhibition data of human CA isoforms hCA I, II, IV, IX, and XII with novel synthesized 1,2,3-triazole based benzenesulfonamides 7a-1 and the reference inhibitor

acetazolamide, a clinically used drug.

[¢]
N

(e] SN=N

I N-R
HZN—”’Q’N\%\/O

[¢] o) o)

Ta-l
Compounds hCA 1 hCATI hCA IV hCA IX hCA XII
D R K R? K R2 K R2 K¢ R? K¢ R?
(nM) (nM) (nM) (nM) (nM)

7a Ph 38.22 +7.27 0.9425 50.13 + 6.29 0.9815 43.11 £5.79 0.9754 18.29 + 3.60 0.9473 24.24 + 3.19 0.9749
7b 2-CIPh 38.41 + 7.54 0.9466 37.75 + 7.32 0.9448 36.13 + 3.59 0.9855 18.60 + 2.96 0.9620 14.05 + 2.13 0.9701
7c 4-CIPh 48.97 + 6.39 0.9793 75.94 + 12.00 0.9729 29.94 + 5.14 0.9520 48.91 + 8.48 0.9649 33.89 £ 4.45 0.9774
7d 2,6-diMePh 20.92 + 2.60 0.9770 50.60 + 10.83 0.9359 32.50 + 3.23 0.9855 24.46 + 4.19 0.9559 15.10 + 2.14 0.9683
7e 3-FPh 48.12 + 8.68 0.9564 9.72 +1.91 0.9516 18.28 + 1.86 0.9839 22.85 + 3.30 0.9692 19.72 + 2.46 0.9799
7f 2-1Ph 105.00 + 10.63 0.9495 23.37 + 3.38 0.9715 26.16 + 2.74 0.9840 35.28 £ 5.43 0.9643 54.32 + 3.40 0.9892
78 4-CNPh 25.17 + 2.80 0.9821 16.87 + 2.42 0.9713 34.96 + 3.99 0.9805 28.56 + 5.85 0.9364 14.39 + 2.26 0.9637
7h Naphtyl 32.11 + 4.36 0.9771 30.79 + 5.65 0.9618 13.11 + 1.48 0.9817 25.31 + 4.42 0.9575 9.22 +£1.40 0.9683
7i Piperonyl 27.25 + 4.41 0.9621 38.25 + 5.57 0.9722 64.57 + 10.74 0.9662 23.90 + 3.02 0.9774 27.55 + 3.34 0.9783
7j Octyl 42.78 +£7.58 0.9519 67.27 +13.16 0.9643 42.77 £ 6.26 0.9665 50.04 + 5.81 0.9800 26.16 + 3.73 0.9708
7k Hexyl 37.81 +7.40 0.9446 32.84 + 4.96 0.9658 66.76 + 13.87 0.9444 75.22 +£15.26 0.9433 44.15 + 6.12 0.9708
71 Butyl 34.99 + 4.01 0.9805 35.79 + 5.29 0.9733 25.08 + 3.60 0.9703 35.01 + 4.87 0.9725 33.46 + 6.88 0.9344
AAZ" - 451.80 + 59.13 0.9398 327.30 + 32.75 0.9712 354.90 + 68.62 0.9267 437.20 £ 53.93 0.9420 338.90 + 33.41 0.9688

@ The test results were expressed as means of triplicate assays 4= SEM.
b Acetazolamide.
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nanomolar range of 20.92-105.00 nM, indicating that all synthesized
compounds (7a-1) are higher selective and more potent inhibitors than
reference drug AAZ (K of 451.80 nM). The most active derivatives in
this series enclose 2,6-dimethylphenyl 7d, 4-cyanophenyl 7g, and
piperonyl 7i groups, which have Kjs of 20.92, 25.17, and 27.25 nM,
respectively. Compounds having 3-fluorophenyl 7e and 4-chlorophenyl
7c groups exhibited Kis of 48.12 and 48.97 nM, respectively, whilst the
weakest inhibitor in this group, 7f, which has a K; of 105 nM, in-
corporates the 2-iodophenyl group.

Exploring the inhibitory effect of herein reported 1,2,3-triazolyl-1,3-
dioxoisoindoline benzenesulfonamides (7a-1), all analogues showed
potent inhibitory action towards the physiologically dominant off-target
hCA 1I isoform with Kjs ranging from 9.72 to 75.94 nM, which is even
better than the standard drug AAZ (K; of 327.30 nM). In particular,
3-fluorophenyl analogue 7e exhibited the best hCA II inhibitory effect
with single-digit nanomolar activity (K of 9,72 nM). Also, analogues 7g
and 7f had the potently hCA II inhibitory effect with two-digit nano-
molar activities (Kis of 16.87 and 23.37 nM, respectively), whereas 7c,
7j, and 7d exerted the least activity with K;s of 50.60, 67.27, and 75,94
nM, respectively.

The transmembrane isoform hCA IV was strongly inhibited by all
1,2,3-triazole based benzenesulfonamide derivatives 7a-1, with Ki
ranging between 13.11 nM and 66.76 mM, which is even better than the
reference drug AAZ (K; of 354.90 nM). Two derivatives 7h and 7e were
found to be the most potent inhibitors among the synthesized com-
pounds, with K; constants less than 20 nM; namely, these analogues
containing 2-naphthalene and 3-fluorophenyl moieties, respectively,
were determined to be effective inhibitors of hCA IV. Also, piperonyl 7i
and 2-hexyl 7k analogues were the weakest inhibitors of hCA IV, with
Kis of 64.57 and 66.76 nM, respectively, in this series.

All the synthesized 1,2,3-triazolyl-1,3-dioxoisoindoline benzene-
sulfonamide analogues 7a-l strongly inhibited the transmembrane
tumor-associated target isoform hCA IX, with two-digit Kis of
18.29-75.22 nM. The 2-phenyl 7a, 2-chlorophenyl 7b, and 3-fluo-
rophenyl 7e analogues showed a robust inhibitory effect with Kis of
18,29, 18,60, and 22,85 nM, respectively, compared to standard drug
AAZ (Ky of 437.20 nM). Also, 2-iodophenyl 7f (K of 35.28 nM) displayed
an equipotent activity relative to the 2-butyl 71 analogue (K of 35.01
nM). The 4-chlorophenyl 7¢c, 2-octyl 7j, and 2-hexyl 7k analogues (K;s
of 48.91, 50.04, and 75.22 nM) recorded the least inhibiting activity in
the group.

The target compounds, 1,2,3-triazole linked benzenesulfonamide
compounds 7a-l, strongly inhibited the transmembrane tumor-
associated another target isoform hCA XII, with single/two-digit Kj
ranging from 9.22 to 54.32 nM compared to the reference drug AAZ (K;
of 338.90 nM). Five analogues, 2-naphthalene 7h, 2-chlorophenyl 7b,
4-cyanophenyl 7g, 2,6-dimethylphenyl 7d, and 3-fluorophenyl 7e
exhibited potent inhibition of hCA XII with Kj constants less than 20 nM,
whereas 2-iodophenyl 7f analogue was the weakest inhibitor (K of
54.32 nM).

2.2.2. Sars parameters of the target compounds

The following structure-activity relationships (SARs) were acquired
from the results presented in Tables 1 and 2.

Regarding SAR, derivatives 7d and 7e, having a 2,6-dimethylphenyl
and 3-fluorophenyl moiety and have Kjs of 20.92 nM (hCA I) and 9.72
nM (hCA II), were found to be 1.83 and 5.15 times more effective than its
unsubstituted phenyl analogue 7a respectively, which has K;s of 38.22
nM (hCA I) and 50.13 nM (hCA II). Substituting phenyl ring with halo-
gens such as 2-chloride 7b with K; of 38.41 nM, 4-chloride 7c with Kj of
48.97 nM, 3-fluoride 7e with K; of 48.12 nM, and 2-iodide 7f with K7 of
105.00 nM resulted in lower activity against hCA I. Also, the reduction of
the Kj constants was observed when the linear alkyl chains were elon-
gated as in 2-butyl 71, 2-hexyl 7k, and 2-octyl 7j analogues (K values of
34.99, 37.81, and 42.78 nM, respectively). When compared to unsub-
stituted phenyl analogue 7a, 4-cyano bearing phenyl compound 7g (Kis

Bioorganic & Medicinal Chemistry 77 (2023) 117111

Table 2

Selectivity indexes for the inhibition of transmembrane human CA isoforms hCA
IV, IX, and XII over hCA I and II for targeted 1,2,3-triazole based benzene-
sulfonamides 7a-1.

Compounds ID Selectivity index”

1I/IvV 1/IvV I/IX 1I/IX I/X1I II/X11
7a 0.89 1.16 2.09 2.74 1.58 2.07
7b 1.06 1.04 2.07 2.03 2.73 2.69
7c 1.64 2.54 1.00 1.55 1.44 2.24
7d 0.64 1.56 0.86 2.07 1.39 3.35
7e 2.63 0.53 2.11 0.43 2.44 0.49
7f 4.01 0.89 2.98 0.66 1.93 0.43
78 0.72 0.48 0.88 0.59 1.75 1.17
7h 2.45 2.35 1.27 1.22 3.48 3.34
7i 0.42 0.59 1.14 1.60 0.99 1.39
7j 1.00 1.57 0.85 1.34 1.64 2.57
7k 0.57 0.49 0.50 0.44 0.86 0.74
71 1.40 1.43 1.00 1.02 1.05 1.07

@ Selectivity index (Sp) of inhibitors for transmembrane hCA IV, IX, and XII
over off-targets isoforms, hCA I and II, calculated as the ratio of Kj off-target
hCA/K; target hCA. A potent, selective inhibitor is characterized by a high-
value ratio.

of 25.17 and 16.87 nM, respectively) increased activity towards hCAI
and hCA 1I than halogen bearing phenyl analogues 7b, 7c, 7e, and 7f.

Replacing the phenyl ring (7a, K; of 43.11 nM) with a non-fused
heterocycle raised the inhibitory effect against the transmembrane iso-
form hCA IV by 3.29 times, as seen in the naphthalene analogue 7h (K; of
13.11 nM). Also, the introduction of electron-withdrawing (2-chloro 7b,
4-chloro 7¢, 3-fluoro 7e, 2-iodide 7f, and 4-cyano 7g analogues) or
-donating (2,6-dimethyl 7d) groups increased inhibitory action against
hCA 1V, and these analogues exhibited low nanomolar range K;s, in the
range of 18.28-36.13 nM.

The presence of both the electron-withdrawing groups (2-chloro 7b,
4-chloro 7¢, 3-fluoro 7e, 2-iodide 7f, and 4-cyano 7g analogues) or the
bulky electron-donating 2,6-dimethylphenyl group (7d) resulted in a
decrease of affinity against the tumor-associated isoform hCA IX when
compared to the unsubstituted phenyl (7a, K; of 43.11 nM). Also,
replacing the phenyl ring 7a with heterocycles such as naphthalene 7h
(K1 of 25.31 nM) and piperonyl 7i (K; of 23.90 nM) significantly
decreased the inhibitory effect against hCA IX. Furthermore, having or
elongation of the linear alkyl chains in 2-butyl 71, 2-octyl 7j, and
2-hexyl 7k analogues led to decreased inhibitory effect (Kis of 35.01,
50.04, and 75.22 nM, respectively) towards hCA IX isoform.

As previously discussed for hCA 1V, this series also did not show a
notably different kinetic profile for the hCA XII isoform, and the profile
was almost similar. Replacing the phenyl ring (7a, K of 24.24 nM) with
a non-fused heterocycle raised the inhibitory effect towards the tumor-
associated isoform hCA XII by 2.62 times, as in the naphthalene
analogue 7h (Kj of 9.22 nM). Also, the presence of either electron-
donating groups such as methyl (7d, K; of 15.10 nM) or electron-
withdrawing groups such as 2-chloro (7b, K; of 14.05 nM), 3-fluoro
(7e, K; of 19.72 nM), and 4-cyano (7g, K; of 14.39 nM) at the ortho, meta,
or para-position of the phenyl ring increased the inhibitory effect against
hCA XII (7c and 7f were an exception). Further elongation of 7a by alkyl
chains (as in compounds 7j, 71, and 7k) or replacing the phenyl with
piperonyl group (as in compound 7i, K; of 27.55 nM) resulted in a lower
hCA XII inhibition with Kj of 26.16, 33.46, and 44.15 nM, respectively.

2.2.3. Selectivity parameters of the target compounds

Given that their primary sequences are similar to more than 30 % of
one another, the hCAs are highly closely related. Due to the fact that the
majority of the sequence identity corresponds to residues found in the
hCAs active site, this similarity makes it challenging to design hCAls that
are isoform-selective.*? Synthesized 1,2,3-triazole benzenesulfonamide
substituted 1,3-dioxoisoindolin-5-carboxylates (7a-1) developed notable
selectivity against the transmembrane target isoforms (hCA 1V, IX, and
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XII) over the off-target isoforms (hCA I and II). The selectivity index (Sy)
was computed by the ratio between the K; for hCA I and Il relative to hCA
IV, IX, and XII and were used to indicate enzyme selectivity, as observed
in Table 2.

Regarding selectivity towards hCA IX over the off-target isoform hCA
I, the determined Sy I/IX for 1,2,3-triazole linked benzenesulfonamides
7a-1 were ranged from 2.98 to 0.50. Six analogues displayed S
(2.98-1.14) higher than the standard drug AAZ value (S; of 1.03).
Analogue 7f with a 2-iodophenyl showed selectivity towards hCA IX, Sy
of 2.98 (2.89-times that of AAZ). The presence of a small strong electron-
withdrawing group, 3-fluoro substituent, in 7e reflected negatively on
selectivity with a lower S; of 2.11. More extensive electron-withdrawing
groups, such as 2-chloride 7b and 4-chloride 7c analogues, decreased
mainly the selectivity with listed lower S; values of 2.07 and 1.00,
respectively. The presence of electron-donating groups like the
2,6-dimethyl in 7d lowered markedly the selectivity, S; of 0.86. The
presence of the cyano group on 7 g much reduced the selectivity (S; of
0.88) relative to the non-substituted 7a (S; of 2.09). Replacement of the
phenyl group with a more lipophilic great naphthyl or piperonyl group
in 7h and 7i decreased the selectivity (S; values of 1.27 and 1.14,
respectively). Furthermore, having or elongating the linear alkyl chains
as in the analogues 71, 7k, and 7j led to reduced selectivity (S; values of
1.00, 0.85, and 0.50, respectively) over standard drug AAZ.

Concerning selectivity towards hCA XII over the off-target isoform
hCA 1, the calculated S; I/XII for 1,2,3-triazole linked benzenesulfona-
mide analogues 7a-1ranged from 3.48 to 0.86. Nine analogues displayed
S1(3.48-1.39) higher than the standard drug AAZ (S; of 1.33). Analogue
7a with a phenyl group displayed a high selectivity towards hCA IX, S; of
1.58 (1.19-times that of AAZ). Strong electron-withdrawing in the ortho-
or meta-position halogens, chloride 7b, fluoride 7e, and iodide 7f raised
selectivity with Sy of 2.73, 2.44, and 1.93, respectively. The cyano sub-
stituent in 7g slightly raised the selectivity (S of 1.75). Replacement of
the phenyl group with a more lipophilic great naphthyl group in 7h
enhanced the selectivity, recording the best S; of 3.48.

Target 1,2,3-triazole linked benzenesulfonamides 7a-1 exhibited
selectivity towards hCA IX over the off-target isoform hCA II, with S; 11/
IX from 2.74 to 0.43 relative to reference drug AAZ, S; of 0.75. Analogue
7a with a phenyl group showed the highest selectivity towards hCA IX, S;
of 2.74 (3.65-times that of AAZ). Chemical modifications to the structure
of analogue 7a resulted in decreasing selectivity. The substituent of a
2,6-dimethyl group in 7d to the phenyl group (S; of 2.07) reduced
selectivity. The remaining six analogues showed lower selectivity with S;
values between 2.03 and 1.02.

In relation to selectivity towards hCA XII over the off-target isoform
hCA 1I, nine analogues exhibited higher selectivity with Sy II/XII from
3.35to 1.07 compared to reference drug AAZ, S of 0.97. The presence of
electron-donating groups like the 2,6-dimethyl in 7d showed the highest
selectivity towards hCA XII with S; value of 3.35 (3.45-times that of
AAZ). Replacement of the phenyl group (7a) with a more lipophilic
great naphthyl group in 7h and linear octyl chain in 7j raised the
selectivity (Sy of 3.34 and 2.57, respectively). Chemical modifications on
the structure of compound 7a resulted in differing selectivity. The
2-chlorophenyl 7b (S; of 2.69) and 4-chlorophenyl 7c (S; of 2.24)
showed a high selectivity whilst the 4-cyanophenyl 7g (S; of 1.17),
3-fluorophenyl 7e (S of 0.49), and 2-iodophenyl 7f (S; of 0.43) reported
the low selectivity. The remaining three analogues showed variable
selectivity ranging from, a high S; of 1.39 for the piperonyl analogue 7i
to a poor S of 0.74 recorded for 7k bearing the hexyl chain.

In conclusion, the above findings conclude that the selectivity profile
of hCAs was powerfully touched, and highly selective drug candidates
were developed. 2-Iodophenyl (7f), and 2-naphthyl (7h) analogues
(over off-target hCA I) and phenyl (7a) and 2,6-dimethylphenyl (7d)
analogues (over off-target hCA II) exhibited the best selectivity for tumor
isoforms hCA IX and XII, respectively. The most potent analogues 7a (K
of 18.29 nM for hCA IX) and 7h (K; of 9.22 nM for hCA XII) exhibited a
good selectivity profile, S; values of 2.09, and 2.74 (hCA IX over off-
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target hCAs I and II, respectively) and 3.48, and 3.34 (hCA XII over
off-target hCAs I and II, respectively). Also, incorporating the lipophilic
great naphthyl tail in the target 1,2,3-triazole benzenesulfonamide
substituted 1,3-dioxoisoindolin-5-carboxylate analogues improved both
the hCA inhibitory effect and selectivity activity against the trans-
membrane tumor-associated target isoform hCA XII.

Numerous 1,2,3-triazole-containing sulfonamides have been the
subject of much research to find potent and selective inhibitors. In order
to identify innovative and selective target-oriented anticancer drug
candidates, many 1,2,3-triazole compounds were synthesized by several
research groups and evaluated as antitumor agents through their hCAs
inhibition profile. According to Pala, et al,”> a series containing
substituted triazolylbenzenesulfonamides were synthesized utilizing a
click-tailing strategy. The cytosolic isoforms hCA I and II were poor in-
hibitors of all novel compounds endowed with various tail groups. Low
nanomolar inhibitors of hCA IX and XII demonstrated remarkable
selectivity over hCA I and II. When 4-[4-(4-pentylphenyl)-1H-1,2,3-tri-
azol-1-yl]benzenesulfonamide (4d) and 4-[4-(2-bromoethyl)-1H-1,2,3-
triazol-1-yl]benzenesulfonamide (4e) with a substituted triazolyl tail
group were combined, they inhibited hCA IX more selectively than hCA I
and II by 640, 151, and 181.2, respectively. Furthermore, these com-
pounds also selectively inhibited hCA XII with the selectivity of 258.1-,
60.9-fold, and 500-, 56.8-fold over hCA I and II, respectively. However,
compound 54 had the most inhibition across the series. Moreover,
Sharma, et al.** designed and synthesized various unique hydroxy-
trifluoromethylpyrazoline-carbonyl-1,2,3-triazoles (9-12) and
trifluoromethylhydrazone-carbonyl-1,2,3-triazoles (13) bearing benze-
nesulfonamide, which were tested for their hCAs inhibition profiles.
Many demonstrated potent suppression of the hCA IX and XII isoforms,
and some displayed selectivity for these tumor-associated isoforms over
the prevalent major off-target isoforms, hCA I and II, to significant de-
grees. Salmon, et al.*° reported that the tail approach was used to create
several metallocene-based hCAIs that used triazole moiety as a linker.
Even though several of the derivatives had vigorous anti-hCA IX/XII
activity, they lacked the selectiveness for these isoforms over hCA I and
II. 3-(4-Ferrocenyl-1H-1,2,3-triazol-1-yl)benzenesulfonamide (5), which
contains a triazole-ferrocene tail, was the only one in the series to
effectively inhibit both hCA IX and XII (Kis of 33.1 nM and 18.8 nM,
respectively), as well as to show a respectable selectivity ratio of 54.1
and 95.2 for hCA IX and XII over hCA I and of 125.8 and 221.5 for hCA IX
and XII.

2.2.4. Antiproliferative activity of the target compounds

The diagnosis and therapy of tumors have attracted the most interest
among the possible clinical uses of hCAIs over the past ten years.’®
Overexpression of the hCA IX and XII isoforms is a potent marker of
malignant tissues in multiple investigations.”” *® As a result, various
tumor-visualization agents have been created, based either on bio-
molecules that target hCA IX and XII isoforms or on small compounds
that include sulfonamide.”® Additionally, their catalytic activity signif-
icantly assures that tumor cells can adapt to unfavorable growth con-
ditions, including hypoxia and food deprivation.’® In particular, the
extracellular domain of these isoenzymes has a catalytic activity that is
crucial for the operation of several transport proteins and prevents
intracellular acidosis.”" 2.

To this end, because of their favorable selectivity profile towards
hCA IX and XII isoforms, the antiproliferative activity of a series of 1,2,3-
triazole benzenesulfonamide substituted 1,3-dioxoisoindolin-5-carbox-
ylate was studied on a panel of human lung (A549) adenocarcinoma
cell line used the protocol of the MTT assay. Doxorubicin (DOX, Pub-
Chem CID: 31703) was utilized as a reference cytotoxic drug, and ICsq
values of the agents’ anti-cancer activity are listed in Table 3. Investi-
gating the MTT assay results highlighted that the tested analogues (7a-1)
exhibited moderate growth inhibitory effect against the A549 cell line
with ICsg ranging from 129.71 to 352.26 pM. Interestingly, the most
active analogue in this series was 7i containing 2-piperidine, which has
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Table 3

ICsp values of the novel synthesized 1,2,3-triazole based
benzenesulfonamides 7a-1 and the reference inhibitor
doxorubicin, a clinically used anticancer drug toward
human lung (A549) adenocarcinoma cell line.

Compounds ID ICs¢”

(pM)
7a 299.60 + 11.64
7b 289.67 + 11.01
7c 352.26 + 8.88
7d 253.39 + 18.96
7e 230.51 + 12.13
7f 257.62 + 2.98
7g 266,30 + 6.62
7h 278,41 + 8.00
7i 129,71 + 3.15
7j 234,90 + 5.69
7k 160,66 + 3.03
71 198,51 + 7.79
DOX" 10.83 + 0.40

? The test results were expressed as means of triplicate
assays + SD.
b Doxorubicin.

an ICsg value of 129.71 pM compared to reference drug DOX (ICsg of
10.83 pM). Also, analogues 7k and 71 inhibited the growth of A549 with
ICs0s 0f 160.66 and 198.51 pM, respectively, whereas 7b, 7a, and 7c had
the lowest activity with three-digit micromolar activities (ICs¢s of
289.67, 299.60, and 352.26 pM, respectively).

2.3. Insilico study

With the use of the X-ray crystallographic structures of the hCA I
(PDB ID 1AZM), hCA II (PDB ID 3HS4), hCA 1V (PDB ID 5JN8), hCA IX
(PDB ID 3IAI), and hCA XII (PDB ID 1JDO0) isoforms, the newly synthe-
sized compounds’, 1,2,3-triazole benzenesulfonamide substituted 1,3-
dioxoisoindolin-5-carboxylate analogues binding patterns were exam-
ined. The co-crystallized native ligand AZM (5-acetamido-1,3,4-thia-
diazole-2-sulfonamide, AAZ) was re-docked in the center of the enzyme
binding sites to confirm the validity of the docking setup. The minimal
RMSD values (0.21, 1.02, 1.37, 1.29, and 1.33, respectively) and the
ability of the docking poses of the co-crystalized ligands to reproduce all
of the essential interactions demonstrated the viability of the used
docking methodology for the intended docking study during the re-
docking validation process. The binding mechanisms of the newly
developed analogues in these hCAs’ active sites were subsequently
examined using the validated setup. The most potent inhibitors, 7d (for
hCA 1), 7e (for hCA 1II), 7h (for hCA IV and XII), and 7a (for hCA IX),
showed potent binding affinity to the hCA isoforms with predicted
docking scores in hCA I (Xp GScore of —7.28 kcal/mol and MM-GBSA
value of —32.77 kcal/mol), hCA II (Xp GScore of —-8.51 kcal/mol and
MM-GBSA value of —38.10 kcal/mol), hCA IV (Xp GScore of —-5.28 kcal/
mol and MM-GBSA value of -16.63 kcal/mol), hCA IX (Xp GScore of
-2.76 kcal/mol and MM-GBSA value of 0.24 kcal/mol), and hCA XII (Xp
GScore of —6.83 kcal/mol and MM-GBSA value of —17.45 kcal/mol). The
novel synthesized analogues demonstrated comparable binding patterns
in hCA isoforms, which include the accommodation of the sulfonamide
moiety deeply in the active site interacting with the active site Zn?" ion
and by hydrogen bonding with the gatekeeper residues Thr199 (dis-
tances of 1.75 A for hCA I, 1.95 A for hCA 11, 1.9 A for hCA IV and hCA
IX, and 2.59 A for hCA XII) and Thr200 (distance of 2.52 A for hCA TI).

In hCA 11, 1,3-dioxoisoindoline moiety makes a hydrogen bond with
Phel31 in the center of the active site, while two water molecules
interact through hydrogen bonding at distances of 2.15 and 2.18 A by an
oxygen atom and carbonyl group. 1,2,3-Triazole moiety is involved in a
hydrophobic interaction with the hydrophobic side chains of residues
Phe91 in hCA 1, Phel31 in hCAII, and Trp5 in hCA IX. In hCA IV and hCA
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XII, the benzene ring of hydrophobic tail 1,3-dioxoisoindoline-5-carbox-
ylate and residues His64 and Trp5, respectively, form a pi-pi stacking
interaction. On the other side, a benzenesulfonamide phenyl ring with
polar residue His94 interacts through pi-pi stacking in hCA XII (Fig-
ures 1-5). The novel developed 1,2,3-triazole benzenesulfonamide
substituted 1,3-dioxoisoindolin-5-carboxylate analogues demonstrated
different affinity and selectivity patterns in each hCA, as indicated by the
docking scores for the investigated hCAs. This was due to their various
structural variations, which give them a variety of steric and electronic
properties.

Moreover, the chemical drug-likeness of targeted 1,2,3-triazole
based benzenesulfonamides 7a-1 was assessed using the QikProp mod-
ule® of the Schrodinger Suite 2022-3 for Mac, wherein the selected
ADME/T (absorption, distribution, metabolism, elimination, and
toxicity) parameters were computed and listed in Table 4. It is evident
that the analogues 7a-1 under investigation displayed drug-like traits
based on physicochemical properties, and all the compounds (7a-1)
comply with Lipinski’s five®* and Jorgensen’s three®” rules.

3. Conclusion

A newly series of 1,2,3-triazole benzenesulfonamide substituted 1,3-
dioxoisoindolin-5-carboxylate (7a-1) was designed in the current study
using the tail method. This was accomplished through the molecular
hybridization of the zinc-binding 4-benzenesulfonamide moiety with
the 1,2,3-triazole scaffold. However, the 1,3-dioxoisoindoline-5-carbox-
ylate was used to build the hydrophobic tail. The inhibitory action of the
designed and synthesized analogues was tested against five different
hCA isoforms, including hCA I, II, IV, IX, and XII. The most potent of the
developed substances against hCA II was 3-fluorophenyl analogue 7e (K;
of 9.72 nM). Compared to AAZ (K of 437.20 nM), compound 7a (Kj of
18.29 nM) had significantly more potent inhibitory action against
tumor-associated isoform hCA IX. Another tumor-associated isoform
hCA XII was more effectively inhibited by compound 7h (K of 9.22 nM)
than by AAZ (K; of 338.90 nM). 2-Iodophenyl (7f, S; of 2.98), and
2-naphthyl (7h, S; of 3.48) analogues (over off-target hCA I) and phenyl
(7a, Sy of 2.74) and 2,6-dimethylphenyl (7d, S; of 3.35) analogues (over
off-target hCA II) exhibited a remarkable selectivity for tumor isoforms
hCA IX and XII, respectively. Nevertheless, adding the lipophilic large
naphthyl tail to the 1,3-dioxoisoindolin-5-carboxylate analogues of the
target 1,2,3-triazole benzenesulfonamide increased both the hCA
inhibitory effect and selective activities against the target isoform, hCA
XII. Moreover, findings from the MTT experiment showed that the
analogus (7a-1) had considerable growth inhibitory action against the
human lung (A549) adenocarcinoma cell line, with concentrations
ranging from 129.71 to 352.26 pM. Molecular docking of these 1,2,3-tri-
azole based benzenesulfonamide analogues in the hCAs active sites ev-
idences the accommodation of the sulfonamide moiety deeply in the
active site interacting with the active site Zn?* ion and by hydrogen
bonding with the key residue Thr199.

4. Materials and methods
4.1. General procedure for the preparation of the target compounds

All the chemicals and solvents used during the study were purchased
from Sigma-Aldrich and used without further purification. Melting
points were determined by Yanagimoto micro-melting point apparatus
and uncorrected. The mass analysis was carried out with a LC-MS QTOF-
9030 spectroscopy. Infrared spectra were measured on a Shimadzu
Prestige-21 (200 VCE) spectrometer. 'H, and 3C NMR spectra were
obtained using VARIAN Infinity Plus at 300 and 75 Hz, respectively. All
analogues (7a-1) are greater than 95 % pure according to LC-MS anal-
ysis, and their traces are provided in the Supporting Information.
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4.1.1. General procedure for preparation of compounds 3a-l

A mixture of (1,3-dioxo-1,3-dihydrobenzofuran-5-carboxylic acid)
compound 1 (2 mmol) and compound 2 (2 mmol) in acetic acid (10 ml)
was reflux at 100 °C for 6 h. After the reaction was completed, the re-
action mixture was cooled to room temperature, and ice water was
added to it with stirring for 30 min (if the reaction did not precipitate,
K2COj3 solution was added slowly), and the separated solid was filtered
and then dried.

4.1.2. General procedure for preparation of compounds 5a-1

Compound 3 (1 mmol) was dissolved in DMSO (5 ml) with the
addition of K,CO3 (2 mmol), a catalytic amount of TBAB, and compound
4, 1 mmol propargyl bromide at room temperature for 6 h. After the
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Figure 1. Molecular docking of hCA I iso-
form (PDB ID 1AZM) with [1-(4-sulfamoyl-
phenyl)-1H-1,2,3-triazol-4-yllmethyl 2-(2,6-
dimethylphenyl)-1,3-dioxoisoindoline-5-
carboxylate (7d). (A) 3D docking pose of
analogue 7d within the binding pocket of
1AZM. In the 3D panel, hydrogen bonds and
pi-pi stacking interactions are shown in yel-
low and blue dashed lines, respectively. Only
the interacting amino acids are demonstrated
for the sake of clarity. (B) 2D interaction
diagram of 1AZM with analogue 7d. (For
interpretation of the references to colour in
this figure legend, the reader is referred to
the web version of this article.)

PRO
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TRP
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reaction was completed, ice water was added to it and stirred for 30 min.
The separated solid was filtered, then dried.

4.1.3. Synthesis of 4-azidobenzenesulfonamide (6)
4-Aminobenzenesulfonamide (5 g) was dissolved in HCI (6.0 M) and
stirred at 0 °C in an ice bath until complete solubility. Sodium nitrite
(2.5 g) was dissolved in cold water and added to the reaction. After
complete addition, it waited 1 h, and sodium azide (2.8 g) was added
slowly to the reaction. The reaction was stirred at room temperature
overnight. After the reaction, the separated solid was filtered and dried.

4.1.4. General procedure for preparation of targeted compounds 7a-1
Compound 5 (1 mmol) was dissolved in DMF (5 ml) with the
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addition of compound 6, 1 mmol (4-azidobenzenesulfonamide) and (8
mmol CuSO4-5H,0 with 1 mmol sodium ascorbate was reflux at 90 °C
for 2 h. After completion, the reaction was cooled to room temperature,
ice water was added to it, and the mixture was neutralized with
concentrated HCl, which led to the precipitation of a solid with stirring
for 30 min. The solid was filtered, washed with water, and then dried.
The final targeted products were purified by crystallization from
acetone-hexane. The prepared compounds shown in Scheme 2 were
characterized by 'H NMR, '3C NMR, FT-IR, and mass spectrometry.

4.1.4.1. [1-(4-Sulfamoylphenyl)-1H-1,2,3-triazol-4-ylJmethyl 1,3-dioxo-
2-phenylisoindoline-5-carboxylate (7a). Pink solid, yield 91 %, m.p.
204 °C; 'H NMR (300 MHz, DMSO-de) & (ppm): 9.11 (s, 1H, H-Ar), 8.45
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Figure 2. Molecular docking of hCA II iso-
form (PDB ID 3HS4) with analogue [1-(4-
sulfamoylphenyl)-1H-1,2,3-triazol-4-yl]
methyl 2-(3-fluorophenyl)-1,3-dioxoisoindo-
line-5-carboxylate (7e). (A) 3D docking pose
of analogue 7e within the binding pocket of
3HS4. In the 3D panel, hydrogen bonds and
pi-pi stacking interactions are shown in yel-
low and blue dashed lines, respectively. Only
the interacting amino acids are demonstrated
for the sake of clarity. (B) 2D interaction
diagram of 3HS4 with analogue 7e. (For
interpretation of the references to colour in
this figure legend, the reader is referred to
the web version of this article.)
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(d, 1H, H-Ar), 8.34 (d, 1H, H-Ar), 8.14 (s, 1H, H-triazole), 8.11 (d, 2H, H-
Ar), 8.04 (d, 2H, H-Ar), 7.60-7.25 (m, 3H, H-Ar), 7.53 (s, 2H, -NH,),
7.46 (d, 2H, H-Ar), 5.60 (s, 2H, -CH,).'°C NMR (75 MHz, DMSO-d¢) &
(ppm): 166.82, 164.75, 144.66, 143.72, 139.17, 136.31, 136.11,
135.50, 132.82, 132.35, 129.60, 128.98, 128.20, 127.99, 124.67,
124.24,124.11,121.19, 59.20. IR (v, em™': 3371 (NHy), 3153 (=C—H),
1775 (C=0), 1098 (C—O0), 1352 and 1161 (SO3). QTOF LC-MS (m/
zfound: (M—H): 502.0811; calculated [C24H21N506S]: 503.4907 [M]".

4.1.4.2. [1-(4-Sulfamoylphenyl)-1H-1,2,3-triazol-4-ylJmethyl 2-(2-chlor-
ophenyl)-1,3-dioxoisoindoline-5-carboxylate (7b). White solid, yield 49
%, m.p. 195 °C; 'H NMR (300 MHz, DMSO-de) & (ppm): 9.10 (s, 1H, H-
Ar), 8.51 (d, 1H, H-Ar), 8.43 (d, 1H, H-Ar), 8.17 (s, 1H, H-triazole), 8.14
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(d, 2H, H-Ar), 8.04 (d, 2H, H-Ar), 7.74 (t, 1H, H-Ar), 7.71 (t, 1H, H-Ar),
7.68 (d, 1H, H-Ar), 7.54 (d, 1H, H-Ar), 7.57 (s, 2H, -NH3), 5.63 (s, 2H,
~CHy). 3C NMR (75 MHz, DMSO-dg) & (ppm): 166.11, 164.63, 144.66,
143.74, 139.17, 136.71, 135.79, 132.77, 132.57, 132.06, 131.98,
130.65, 129.98, 128.96, 125.12, 124.55, 124.21, 121.19, 59.37. IR (v,
cm ™' 3225 (NHy), 3011 (=C—H), 1779 (C=0), 1095 (C—0), 1347 and
1163 (SO5). QTOF LC-MS (m/zfound: (M—H): 536.0416; calculated
[C24H16CIN506S]: 537.9354 [M]".

4.1.4.3. [1-(4-Sulfamoylphenyl)-1H-1,2,3-triazol-4-ylJmethyl 2-(4-chlor-
ophenyl)-1,3-dioxoisoindoline-5-carboxylate (7c). Brown solid, yield 28
%, m.p. 229 °C; 'H NMR (300 MHz, DMSO-dg) & (ppm): 9.13 (s, 1H, H-
Ar), 8.45 (d, 1H, H-Ar), 8.35 (d, 1H, H-Ar), 8.18 (s, 1H, H- triazole), 8.14
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/ \ Figure 3. Molecular docking of hCA 1V iso-

form (PDB ID 5JN8) with [1-(4-sulfamoyl-
phenyl)-1H-1,2,3-triazol-4-yl]methyl 2-
(naphthalen-1-yl)-1,3-dioxoisoindoline-5-
carboxylate (7h). (A) 3D docking pose of
analogue 7h within the binding pocket of
5JN8. In the 3D panel, hydrogen bonds and
pi-pi stacking interactions are shown in yel-
low and blue dashed lines, respectively. Only
the interacting amino acids are demonstrated
for the sake of clarity. (B) 2D interaction
diagram of 5JN8 with analogue 7h. (For
interpretation of the references to colour in
this figure legend, the reader is referred to
the web version of this article.)
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(d, 2H, H-Ar), 8.04 (d, 2H, H-Ar), 7.70-7.60 (m, 6H, H-Ar, -NH,), 5.60
(s, 2H, —~CHy). 3C NMR (75 MHz, DMSO-dg) & (ppm): 166.60, 164.72,
144.63, 143.70, 136.38, 136.08, 135.39, 133.43, 131.24, 129.68,
128.20, 124.75, 124.25, 12.14, 121.18, 59.30. IR (v, cm': 3071
(=C—H), 3261 (NHy), 1785 (C=0), 1092 (C—O0), 1348 and 1152 (SO5).
QTOF LC-MS (m/zfound: (M—H): 536.0417; calculated
[C24H16CIN5Og]: 537.9354 [M]".

4.1.4.4. [1-(4-Sulfamoylphenyl)-1H-1,2,3-triazol-4-ylJmethyl 2-(2,6-
dimethylphenyl)-1,3-dioxoisoindoline-5-carboxylate ~ (7d). Pink solid,
yield 50 %, m.p. 173 °C; 'H NMR (300 MHz, DMSO-ds) & (ppm): 9.12 (s,
1H, H-Ar), 8.51 (d, 1H, H-Ar), 8.40 (d, 1H, H-Ar), 8.15 (s, 1H, H-tri-
azole), 8.14 (d, 2H, H-Ar), 8.03 (d, 2H, H-Ar), 7.54 (d, 2H, H-Ar), 7.32 (t,



C. Kakakhan et al.

Charged (negative)
Charged (positive)
Glycine
Hydrophobic

Metal

) Polar
J Unspecified residue
Water
Hydration site
X Hydration site (displaced) o

B

Distance

H-bond

Halogen bond
Metal coordination
Pi-Pi stacking

1H, H-Ar), 7.24 (s, 2H, -NH>), 5.61 (s, 2H, ~CH>), 2.22 (s, 6H, ~CHs). 13C
NMR (75 MHz, DMSO-d¢) & (ppm): 166.52, 164.68, 144.66,
143.77,139.17, 137.31, 136.63, 135,74, 135.67, 132.50, 130.29,
130.12, 129.03, 128.20, 125.14, 124.61, 124.17, 121.19, 59.35, 18.22.
IR (v, em™': 3266 (NH>), 3071 (=C—H), 1779 (C=0), 1100 (C—O0),
1355 and 1163 (SO3). QTOF LC-MS (m/zfound: (M—H): 530.1123;
calculated [CygH21N506S]: 531.5415 [M].

4.1.4.5. [1-(4-Sulfamoylphenyl)-1H-1,2,3-triazol-4-ylJmethyl  2-(3-
fluorophenyl)-1,3-dioxoisoindoline-5-carboxylate (7e). Beige solid,
yield 68 %, m.p. 207 °C; 'H NMR (300 MHz, DMSO-ds) & (ppm): 9.16 (s,
1H, H-Ar), 8.51 (d, 1H, H-Ar), 8.37 (d, 1H, H-Ar), 8.17 (s, 1H, H- tri-
azole), 8.12 (d, 2H, H-Ar), 8.07 (d, 2H, H-Ar), 8.02 (s, 1H, H-Ar),
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Figure 4. Molecular docking of hCA IX iso-
form (PDB ID 3IAI) with [1-(4-sulfamoyl-
phenyl)-1H-1,2,3-triazol-4-yllmethyl 1,3-
dioxo-2-phenylisoindoline-5-carboxylate
(7a). (A) 3D docking pose of analogue 7a
within the binding pocket of 3IAI In the 3D
panel, hydrogen bonds and pi-pi stacking
interactions are shown in yellow and blue
dashed lines, respectively. Only the inter-
acting amino acids are demonstrated for the
sake of clarity. (B) 2D interaction diagram of
3IAI with analogue 7a. (For interpretation of
the references to colour in this figure legend,
the reader is referred to the web version of
this article.)
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7.62-7.30 (m, 7H, H-Ar, -NH,) 5.63 (s, 2H, -CH,). '3C NMR (75 MHz,
DMSO-dg) & (ppm): 166.52, 164.70, 144.63, 143.69, 139.15, 136.42,
135.94, 135.45, 132.67, 131.30, 131.18, 128.22, 124.79, 124.25,
124.21, 124.12, 121.17, 115.26, 114.94, 59.29. IR (v, em™': 3235
(NH>), 3061 (=C—H), 1776 (C=0), 1097 (C—0), 1348 and 1159 (SO-).
QTOF LC-MS (m/zfound: (M—H): 520.0715; calculated
[C24H16FN506S]: 521.4835 [M]".

4.1.4.6. [1-(4-Sulfamoylphenyl)-1H-1,2,3-triazol-4-ylJmethyl 2-(2-iodo-
phenyD)-1,3-dioxoisoindoline-5-carboxylate (7f). White solid, yield 31 %,
m.p. 191 °C; 'H NMR (300 MHz, DMSO-dg) 5 (ppm): 9.12 (s, 1H, H-Ar),
8.50 (d, 1H, H-Ar), 8.42 (d, 1H, H-Ar), 8.19 (s, 1H, H-triazole), 8.14 (d,
2H, H-Ar), 8.03 (d, 2H, H-Ar), 7.99 (d, 1H, H-Ar), 7.56-7.40 (m, 4H, H-
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— Metal coordination
o Pi-Pi stacking

) Hydrophobic
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Ar, -NHy), 7.25 (m, 1H, H-Ar), 5.61 (s, 2H, -CH,). 3C NMR (75 MHz,
DMSO-de) & (ppm): 166.17, 164.63, 144.62, 139.80, 139.18, 136.76,
135.86, 135.79, 135.55, 132.60, 132.17, 131.30, 130.14, 128.22,
125.10, 124.55, 124.17, 121.20, 100.86, 59.38. IR (v, cm™': 3264
(NHy), 3077 (=C—H), 1781 (C=0), 1098 (C—O0), 1350 and 1161 (SOy).
QTOF LC-MS (m/zfound: (M—H): 628.9612; calculated [C24H16IN50¢S]:
629.3912 [M]".

4.1.4.7. [1-(4-Sulfamoylphenyl)-1H-1,2,3-triazol-4-yl]Jmethyl 2-(4-
cyanophenyl)-1,3-dioxoisoindoline-5-carboxylate (7g). Brown solid,
yield 60 %, m.p. 179 °C; 'H NMR (300 MHz, DMSO-dg) & (ppm): 9.11 (s,
1H. H-Ar), 8.47 (d, 1H, H-Ar), 8.35 (d, 1H, H-Ar), 8.16 (s, 1H, H- tri-
azole), 8.13 (d, 2H, H-Ar), 8.04 (d, 2H, H-Ar), 7.71 (d, 2H, H-Ar), 7.68

Bioorganic & Medicinal Chemistry 77 (2023) 117111

Figure 5. Molecular docking of hCA XII
isoform (PDB ID 1JD0) with [1-(4-sulfa-
moylphenyl)-1H-1,2,3-triazol-4-ylJmethyl 2-
(naphthalen-1-yl)-1,3-dioxoisoindoline-5-
carboxylate (7h). (A) 3D docking pose of
analogue 7h within the binding pocket of
1JDO. In the 3D panel, hydrogen bonds and
pi-pi stacking interactions are shown in yel-
low and blue dashed lines, respectively. Only
the interacting amino acids are demonstrated
for the sake of clarity. (B) 2D interaction
diagram of 1JDO with analogue 7h. (For
interpretation of the references to colour in
this figure legend, the reader is referred to
the web version of this article.)

—e Pi-cation
— Salt bridge

11

Solvent exposure

(d, 2H, H-Ar), 7.55 (s, 2H, -NH>), 5.59 (s, 2H, -CH,). *C NMR (75 MHz,
DMSO-dg) & (ppm): 166.27, 164.65, 144.64, 143.71, 139.17, 136.56,
136.49, 135.91, 135.56, 133.72, 132.67, 128.31, 128.21, 124.87,
124.31, 121.17, 119,08, 11.24, 59.34. IR (v, em™': 3315 (NH), 3077
(=C—H), 1779 (C=0), 1091 (C—0), 1345 and 1151 (SO,). QTOF LC-
MS (m/zfound: (M—-H): 527.0761; calculated [CosH16NgOgS]:
528.5043 [M]".

4.1.4.8. [1-(4-Sulfamoylphenyl)-1H-1,2,3-triazol-4-ylJmethyl = 2-(naph-
thalen-1-yl)-1,3-dioxoisoindoline-5-carboxylate (7h). Pink solid, yield 35
%, m.p. 185 °C; 'H NMR (300 MHz, DMSO-de) & (ppm): 9.16 (s, 1H, H-
Ar), 8.55 (d, 1H, H-Ar), 8.43 (s, 1H, H-Ar), 8.20 (s, 1H, H-triazole), 8.17
(d, 1H, H-Ar), 8.10 (d, 1H, H-Ar), 8.06 (d, 1H, H-Ar), 7.91 (d, 1H, H-Ar),
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Table 4
ADME-Tox related parameters” of novel synthesized 1,2,3-triazole based benzenesulfonamides 7a-1 and the reference inhibitor acetazolamide, a clinically used drug.
Compounds MW Dipole  Volume  QPlogPoct QPlogPw  QPlogPo/w  QPlogKp  QPlogKhsa  PSA Rule of Five  Rule of Three  PAINS
ID
7a 503.49 2.88 1457.50 28.10 20.26 1.68 -5.65 0.37 193.28 2 2 0
7b 537.93 4.36 1498.92 28.87 20.08 2.16 -5.61 0.14 192.37 2 2 0
7c 537.93 4.82 1501.00 28.94 20.02 2.15 -5.81 0.14 193.22 2 2 0
7d 531.54 4.28 1554.48 29.10 19.74 2.35 -5.47 0.28 188.57 2 2 0
7e 521.48 8.65 1475.17 29.00 20.06 1.91 -5.79 0.78 193.19 2 2 0
7f 629.39 4.88 1518.30 29.22 20.09 2.31 -5.63 0.19 193.57 2 2 0
78 528.50 7.94 1527.24 30.27 21.89 0.93 -7.00 -0.14 219.74 2 2 0
7h 553.55 4.27 1594.42 30.39 20.85 2.63 -5.28 0.37 192.77 2 2 0
7i 561.53 5.03 1546.05 29.44 20.81 1.57 -5.59 -0.11 213.43 2 2 0
7j 539.61 7.49 1706.32 29.08 17.81 2.92 -5.72 0.34 195.18 2 2 0
7k 511.55 2.28 1584.84 27.56 18.09 2.19 -5.91 0.13 195.18 2 2 0
71 483.50 8.40 1462.22 27.04 18.36 1.46 -6.07 -0.83 195.11 1 2 0
AAZ° 222.24 10.76 634.43 17.57 15.15 -1.75 -5.90 -0.97 134.97 0 0 0

@ Various computational pharmacodynamic and pharmacokinetic parameters of synthesized compounds in this research were predicted such as molecular weight of
the compound (MW; 130.00-725.00), computed dipole moment of the compound (Dipole; 1.00-12.50), total solvent-accessible volume in cubic angstroms using a
probe with a 1.4 A Radius (Volume; 500.00-2000.00), octanol/gas partition coefficient (QPlogPoct; 8.00-35.00), water/gas partition coefficient (QPlogPw;
4.00-45.00), octanol/water partition coefficient (QPlogPo/w; —2.00-6.50), skin permeability (QPlogKp; —8.00 - —1.00), prediction of binding to human serum albumin
(QPlogKhsa; —1.50-1.50), van der Waals surface area of polar nitrogen and oxygen atoms (PSA; 7.00-200.00), number of violations of Lipinski’s rule of five (max. 4),
number of violations of Jorgensen’s rule of three (max. 3), and pan-assay interference compounds (PAINS) alert.

b Acetazolamide.

7.85 (d, 2H, H-Ar), 7,82-7.56 (m, 7H, H-Ar, -NH,), 5.65 (s, 2H, —CH>).
13C NMR (75 MHz, DMSO-dg) & (ppm): 167.50, 164.82, 144.65, 143.75,
139.18, 136.46, 136.32, 1355.38, 134.41, 133.18, 130.73, 130.33,
128.97, 128.21, 128.08, 127.84, 127.35, 126.32, 124.86, 124.31,
124.24,123.63,121.21, 59.32. IR (v, cm ' 3363 (NHy), 3045 (=C—H),
1779 (C=0), 1099 (C—O0), 1349 and 1162 (SO3). QTOF LC-MS (m/
zfound: (M—H): 553.0812; calculated [C2gH19N506S]: 553.5517 [M]".

4.1.4.9. [1-(4-Sulfamoylphenyl)-1H-1,2,3-triazol-4-yl]methyl
(benzo[d]dioxol-5-ylmethyl)-1,3-dioxoisoindoline-5-carboxylate
(71i). Beige solid, yield 87 %, m.p. 210 °GC; 'H NMR (300 MHz,
DMSO-dg) & (ppm): 9.09 (s, 1H, H-Ar), 8.39 (d, 1H, H-Ar), 8.25-8.00 (m,
7H, H-Ar), 7.55 (s, 2H, -NH,), 6.85 (d, 1H, H-Ar), 6.80 (s, 1H, H-Ar),
5.94 (s, 2H, —-CHj), 5.58 (s, 2H, —CHj). 13C NMR (75 MHz, DMSO-dg) &
(ppm): 167.50, 164.71, 148.03, 147.27, 144.63, 143.72, 139.16,
136.16,136.06,135.18,132.78,130.74, 128.0, 124.40, 124.18, 123.93,
121.76, 121.15, 108.80, 101.71, 59.23. IR (v, cm™': 3265 (NHy), 3074
(=C—H), 1777 (C=0), 1094 (C—O0), 1355 and 1160 (SO3). QTOF LC-
MS (m/zfound: (M-H): 560.0863; calculated [CoeH19N508S]:
561.5372 [M]".

2-

4.1.4.10. [1-(4-Sulfamoylphenyl)-1H-1,2,3-triazol-4-ylJmethyl  2-octyl-
1,3-dioxoisoindoline-5-carboxylate (7j). White solid, yield 47 %, m.p.
181 °C; 'H NMR (300 MHz, DMSO-de) 6 (ppm): 9.11 (s, 1H, H-Ar), 8.38
(d, 1H, H-Ar), 8.24 (d, 1H, H-Ar), 8.17 (s, 1H, H-triazole), 8.14 (d, 2H, H-
Ar), 8.03 (d, 2H, H-Ar), 7.55 (s, 2H, -NH>), 5.58 (s, 2H, —-CHj), 3.55 (t,
2H, —CHj), 1.56 (quin, 2H, —-CHj), 1.20 (m, 10H, —-CHy),), 0.83 (t, 3H,
~CHs), *C NMR (75 MHz, DMSO-dg) & (ppm): 167.69, 164.69, 144.62,
143.70,139.15, 136.06, 135.05, 132.77, 128.19, 128.18, 123.67,
121.09, 59.20, 40.96, 31.87, 29.23, 29.19, 28.47, 26.91, 22.74, 14.58.
IR (v, em ™ 3340 (NHjy), 3156 (=C—H), 2923 (-CH), 1771 (C=0),
1706 (C=0), 1089 (C—0), 1347 and 1162 (SO3). QTOF LC-MS (m/
zfound: (M—H): 538.1748; calculated [CygHo9N506S]: 539.6124 [M]".

4.1.4.11. [1-(4-Sulfamoylphenyl)-1H-1,2,3-triazol-4-ylJmethyl 2-hexyl-
1,3-dioxoisoindoline-5-carboxylate (7k). Orange solid, yield 40 %, m.p.
194 °C; 'H NMR (300 MHz, DMSO-dg) § (ppm): 9.08 (s, 1H, H-Ar), 8.37
(d, 1H, H-Ar), 8.20 (d, 1H, H-Ar), 8.12 (s, 1H, H-triazole), 8.03 (d, 2H, H-
Ar), 7.94 (d, 2H, H-Ar), 7.54 (s, 2H, -NHy), 5.56 (s, 2H, -CHj), 3.53 (t,
2H, -CHjy), 1.54 (quin, 2H, -CHj), 1.21 (m, 6H, —-CHy), 0.79 (t, 3H,
—CHs). *C NMR (75 MHz, DMSO-dg) & (ppm): 167.69, 164.70, 144.64,
143.71, 139.15, 136.05, 135.07, 132.76, 128.20, 124.17, 124.13,

12

123.68, 121.11, 59.21, 40.97, 31.42, 28.43, 26.56, 22.61, 14.51. IR (v,
em™': 3366 (NHy), 3265 (=C—H), 2927 (-CH), 1770 (C=0), 1102
(C—0), 1350 and 1152 (SO;). QTOF LC-MS (m/zfound: (M—H):
510.1437; calculated [Ca4H25N506S]: 511.5526 [M].

4.1.4.12. [1-(4-SulfamoylphenyD-1H-1,2,3-triazol-4-yllmethyl  2-
butyl-1,3-dioxoisoindoline-5-carboxylate (71). Beige solid, yield 74 %,
m.p. 213 °G; TH NMR (800 MHz, DMSO-dg) & (ppm): 9.09 (s, 1H, H-Ar),
8.36 (d, 1H, H-Ar), 8.13 (s, 1H, H-triazole), 8.03 (d, 2H, H-Ar), 8.01 (d,
2H, H-Ar), 7.90 (t, 1H, H-Ar), 7.55 (s, 2H, -NH>), 5.57 (s, 2H,—CH3), 3.55
(t, 2H, —-CHy), 1.53 (quin, 2H, —-CH,), 1.27 (sextet, 2H, —-CH3), 0.86 (t,
3H, -CH3). 3C NMR (75 MHz, DMSO-dg) & (ppm): 167.75, 164.73,
144.63, 143.72, 139.10, 136.10, 136, 135, 132.81, 128.20, 124.20,
123.68, 121.15, 59.22, 39.29, 30.57, 20.16, 14.16. IR (v, cm ™' 3334
(NHy), 3256 (=C—H), 2963 (-CH), 1773 (C=0), 1094 (C—O0), 1340 and
1160 (SO5). QTOF LC-MS (m/zfound: (M—H): 482.1122; calculated
[C22H21N506S]2 483.5064 [M]-

4.2. Carbonic anhydrase inhibitory effect study

The esterase activity of the hCAs, hCA L, II, IV, IX, and XII isoforms
were tested using Verpoorte’s method® of detecting the change in
absorbance at 348 nm to determine the inhibitory effects of novel pro-
duced 1,3-dioxoisoindolin-5-carboxylate analogues 7a-1."""°° These
analogues (7a-1) and AAZ were dissolved in DMSO at an initial con-
centration of 1 mg/ml. Around 1 % of DMSO was present in the final
reaction mixture. As in past research, the substrate 4-nitrophenyl ace-
tate (PubChem CID: 13243) was used to assess the activity of hCA iso-
forms.®* %2 The amount of enzyme necessary to release mol of product
per minute at 25 °C was defined as one enzyme unit. Three measure-
ments were made on each sample. To investigate the in vitro inhibitory
mechanisms of the analogues (7a-l), kinetic assays were done with
various substrate and chemical concentrations.®®® The observed data
were used to produce ICsy plots, Michaelis-Menten curves, and
Lineweaver-Burk plots and to determine K constants and different types
of inhibition.

4.3. Antiproliferative activity study

For in vitro anticancer activity against the A549 cell line (CCL-
185™)  1,3-dioxoisoindolin-5-carboxylate analogues (7a-1) were eval-
uated using an MTT assay.®® A549 cells were seeded into 96-well
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microplates (5x10° cells/well). After overnight incubation at 37 °C, the
analogues (7a-1) were added in increasing concentrations (10, 20, 40,
80, 120, and 160 pM; the compounds dissolved in DMSO, and the final
DMSO concentration in the dilutions was less than 0.1 %). After 24 h of
exposure, 50 pL of MTT solution was added to a final concentration of
0.5 mg/ml, and the cells were incubated at 37 °C for 4 h. The medium
was aspirated, and formazan crystals were dissolved in DMSO (100 pL).
After the contents dissolved, the wells’ optical density was measured at
570 nm by a microplate spectrophotometer (Epoch™ spectrophotom-
eter, BioTek Instruments, Inc., Vermont, USA). The viability of cells was
determined by comparing formazan concentrations of the treated cells
with those of untreated control cells. The values were means from three
independent experiments (three wells each).

4.4. In silico study

Small-Molecule Drug Discovery Suite 2022-3 for Mac, the most
recent version, was used for the molecular docking investigation
(Schrodinger, LLC, NY, USA). The PDB IDs 1AZM (for hCA I, A chain,
2.00 A),%” 3HS4 (for hCA II, A chain, 1.10 A),°® 5JN8 (for hCA IV, A
chain, 1.85 A),%” 3IAI (for hCA IX, B chain, 2.20 A),”° and 1JDO (for hCA
XII, A chain, 1.50 A)”! for the hCA isoforms used as the model for the
experiment were taken from the RCSB Protein Data Bank (https://www.
resb.org). The Protein Preparation Wizard workflow of the suite was
used to prepare the protein structures to dock.”” The structures of the
1,3-dioxoisoindolin-5-carboxylate analogues (7a-1) were built using
ChemDraw software V21 for Mac (PerkinElmer, Inc., Waltham, MA,
USA). These benzenesulfonamides 7a-1 were optimized with Epik’® in
the optimal potential liquid simulations 4 (OPLS4) force field using the
LigPrep module,”* a component of the same software package, at pH 7.4
+ 0.5. The active site residues identified by the SiteMap tool’® were
defined in the Receptor Grid Generation module to create the receptor
grid in the Maestro panel.”® To dock ligands to hCA isoforms with the
default parameters, the extra precision (XP) approach of the Glide
application was used.”” ®° Additionally, it has been determined how
well the MM-GBSA predicts relative binding affinity in the VSGB energy
model® % and OPLS4 force field using the ligand complexes 1AZM,
3HS4, 5JN8, 3IAI and 1JDO.

4.5. Statistical study

Analysis of the data and drawing of graphs were realized using
GraphPad Prism V9 for Mac (GraphPad Software, La Jolla California
USA). The inhibition constants were calculated by SigmaPlot V12 for
Windows (Systat Software, San Jose California USA). The fit of enzyme
inhibition models was compared using the extra sum-of-squares F test
and the AICc approach. The results were exhibited as mean + standard
error of the mean (95 % confidence intervals). Differences between data
sets were considered statistically significant when the p-value was less
than 0.05.
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