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In this study, novel dithiocarbamate-sulfonamide derivatives (3a-3k) were synthesized to investigate
their inhibitory activity on purified human carbonic anhydrase (hCA) I and II. The IC50 and Ki values of the
compounds were calculated to compare their inhibition profiles on hCA I and II isoenzymes. Acetazol-
amide was used as the standard inhibitor in the enzyme inhibition assay. Compounds 3a, 3e, 3g, 3h, 3j
and 3k showed notable inhibitory effects against hCA I and II. Among these compounds, compound 3h
was found to be the most active derivate against both the hCA I and II enzymes with Ki values of
0.032 ± 0.001 mM and 0.013 ± 0.0005 mM, respectively. The cytotoxicity of compounds 3a, 3e, 3g, 3h, 3j
and 3k toward NIH/3T3 (mouse embryonic fibroblast cell line) was observed and the compounds were
found to be non-cytotoxic. Furthermore, molecular docking studies were performed to investigate the
interaction types between compound 3h and the hCA I and II enzymes. As a result of this study a novel
and potent class of CA inhibitors with good activity potential were identified.

© 2020 Elsevier Masson SAS. All rights reserved.
1. Introduction

Carbonic anhydrases (CAs) are a superfamily of metalloenzymes
that are involved in the fundamentals of biochemical processes in
which carbon dioxide reversibly passes protons to bicarbonate. CAs
are classified into seven genetically distinct families. Only the a-
class is exclusively present in humans which is further distin-
guished by 16 different hCA isoforms. Some of these isoforms are
cytosolic (CA I, CA II, CA III, CA VII, CA XIII), some are membrane-
bound (CA IV, CA IX, CA XII, CA XIV and CA XV), some are mito-
chondrial (CA VA and CA VB) and CA VI is secreted in saliva and
milk. These CA isoforms play a vital role in various physiological
processes such as carboxylation, ureagenesis, photosynthesis,
respiration, and various biochemical processes including
of Pharmacy, Department of

lık).

served.
calcification, pH regulation, bone resorption etc. all of which are
directly or indirectly associated with CO2 hydration reaction.
Abnormal activities or levels of these enzymes are associated with
many human disorders. Therefore, it is important to develop an
effective approach that can selectively inhibit the isoforms involved
in different diseases. CA inhibitors (CAIs) are used to treat many
diseases, including various neurological disorders, glaucoma, acid-
base disequilibria, and gastroduodenal ulcers [1e9].

It has been reported that sulfonamides (ReSO2NH2) are a sig-
nificant class of chemicals that possess the potency to inhibit the CA
isoenzymes involved in diverse physiological and pathological
processes such as antimicrobial, anti-HIV, antifungal, antibacterial,
antidiabetic, anticonvulsant, anticancer. Additionally, sulfonamide
derivatives are potent CAIs. These compounds bind to the active site
of CAs via an interaction between the catalytic zinc ion of the
enzyme and the deprotonated nitrogen of the sulfonamide moiety
and block the enzymatic activity of CA. Recent studies in the liter-
ature has also shown the potential CA inhibitory activity of
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sulfonamide compounds [10e20].
Dithiocarbamates (DTCs), which were recently discovered to be

CA inhibitors, have a wide range of application areas from agri-
culture to medicine. DTCs are well knownmetal complexing agents
that DTCs can also form complexes containing a wide variety of
transition metal ions in various oxidation modes owing to the
absence of anionic CS2 moiety. With the help of this inorganic
anion, the CS2� moiety was detected as a new zinc binding group
(ZBG) in the design of CAIs [21e24].

For these reasons, in this study a new CAIs was developed. In
this context, sulfonamide and dithiocarbamate moieties, which
were selected due to studies showing that both of them displayed
CAI activity, were synthesized and the effect of compounds con-
taining these two systems on CAs was investigated.
2. Result and discussion

2.1. Chemistry

The synthetic route to the target compounds 3a-3k are pre-
sented in Scheme 1. Initially, 2-chloro-N-(4-sulfamoylphenyl)acet-
amide (1) was obtained using an acetylation reaction. Secondly, the
dithiocarbamate derivatives (2a-2k) were obtained as a result of a
reaction between the carbonsulfide and secondary amines. Finally,
the dithiocarbamate derivatives (2a-2k) and acetylated product (1)
were reacted to obtain the target compounds. The structure of the
obtained compounds were elucidated by spectroscopic analyses
(1H NMR, 13C NMR and HRMS). In the 1H NMR spectrum, methylene
protons (-CH2-) were observed between 4.29 ppm and 4.34 ppm as
singlet. The amino protons of the sülfonamide gave peak between
7.24 ppm and 7.26 ppm as singlet. The 1,4-disubstituted benzene
ring to which the sulfonamide group was attached gave peaks be-
tween 7.72 ppm and 7.79 ppm. The amide protons gave peaks be-
tween 10.60 ppm and 10.76 ppm. In the 13C NMR spectrum,
Scheme 1. Synthesis way of the compounds 3a-3k.
carbonyl carbons were recorded between 166.34 ppm and
166.44 ppm, while thiocarbonyl carbons were recorded between
194.41 ppm and 195.34 ppm. In the HRMS, all masses were
matched well with the expected M þ H values.

2.2. Biological activity

2.2.1. Enzyme inhibition
The capability of compounds (3a-3k) in inhibiting two physio-

logically relevant hCA isoforms, namely hCA I and II, was assessed.
The inhibition data (IC50 and Ki) of the prepared compounds and
the standard inhibitor acetazolamide (AZA) against hCA isoforms
are summarized in Table 1. For hCA I enzyme, IC50 values were
calculated between 0.0.47 and 87.439 mM, however IC50 values
were obtained in 0.024e91.395 mM range for hCA 2 enzyme. Also,
these IC50 plots, which were gained by regression analysis, are
presented in Figs. 1 and 2. The Ki values of the compounds against
hCA I were found to be between 0.032 mM and 64.770 mM, whereas
the Ki values against hCA II were found to be in the range of
0.013 mMe67.700 mM. Compounds 3a, 3e, 3g, 3h, 3j and 3k showed
notable inhibitory effects against both hCA I and II. Among these
compounds, compound 3h was determined as the most active
derivate against both the hCA I and II enzymes with Ki values of
0.032 ± 0.001 mM and 0.013 ± 0.0005 mM, respectively. In addition,
it was observed that this compound had a selective inhibition
profile on hCA II.

Compounds 3a, 3g and 3jwere the other derivates active on hCA
II enzyme after compound 3h. Compound 3j was especially
important when making comparisons with the previous study
conducted by the authors of the present study, in which.it was
reported that the pyridine ring contributed to hCA II inhibition [13].
The present study also supported this information. Furthermore,
the dithiocarbamate group entering the structure increased activity
by about 10-fold (Ki value of compound 3j is 0.028 mM) compared to
the previous compound (2-(2-(Pyridin-3-ylmethylene)hydrazinyl)-
N-(4-sulfamoylphenyl) acetamide (Ki ¼ 0.288 mM)).

In addition, it was determined that methyl (3a), dimethylami-
noethyl (3g) and dimethylaminopropyl (3h) substituents contrib-
uted positively to the enzyme inhibition profile of hCA II. It was
thought that extended alkyl chains potentiated enzyme inhibition.
On the other hand, compounds bearing substituted phenyl and
benzyl rings had lower enzyme activity, which indicated that the
entering benzene ring decreased activity.

2.2.2. Enzyme kinetic studies
The enzyme kinetic studies of all synthesized compounds (3a-

3k) on both the hCA I and II enzymes were carried out in order to
determine the inhibition type and calculate the Ki values. The in-
hibition types are divided into two as reversible inhibition,
comprised of the uncompetitive, competitive, non-competitive and
mixed type inhibitions subtypes, and irreversible inhibition. All of
these subtypes of inhibition can be determined with Lineweaver-
Burk plots according to the style of the graphics [13,25].

The Lineweaver-Burk plots of the most active compound,
namely 3h, on the hCA I and II enzymes are presented in Figs. 3 and
4. It can be seen from these figures, that compound 3h showed non-
competitive inhibition type against both isoenzymes as the rele-
vant Lineweaver-Burk plots had the same intercept on x-axis and
diverse slopes and intercepts on y-axis in the graphics.

2.2.3. Cytotoxicity
According to the general medicinal chemistry approach, a drug

candidate should show biological activity but not be toxic. There-
fore, in order to evalaute the cytotoxicity profiles of the most active
derivatives, compounds 3a, 3e, 3g, 3h, 3j and 3k were screened by



Table 1
IC50 and Ki values (mM) of the compounds 3a-3k on human CA isoenzymes (hCA I and II).

Compounds IC50 (mM) Ki (mM)
hCA I hCA II hCA I hCA II

3a 0.152 ± 0.007 0.028 ± 0.001 0.098 ± 0.003 0.021 ± 0.001
3b 20.805 ± 0.853 0.522 ± 0.021 11.583 ± 0.536 0.360 ± 0.015
3c 21.326 ± 0.832 2.234 ± 0.091 11.887 ± 0.498 2.027 ± 0.099
3d 0.415 ± 0.017 0.251 ± 0.011 0.299 ± 0.012 0.180 ± 0.008
3e 0.375 ± 0.014 0.131 ± 0.005 0.280 ± 0.011 0.087 ± 0.003
3f 87.439 ± 3.061 91.395 ± 3.380 64.770 ± 2.547 67.700 ± 2.988
3g 0.081 ± 0.003 0.033 ± 0.013 0.049 ± 0.002 0.026 ± 0.001
3h 0.047 ± 0.002 0.024 ± 0.001 0.032 ± 0.001 0.013 ± 0.0005
3i 9.564 ± 0.411 0.857 ± 0.033 7.713 ± 0.380 0.597 ± 0.025
3j 0.281 ± 0.011 0.039 ± 0.001 0.164 ± 0.007 0.028 ± 0.001
3k 0.065 ± 0.002 0.191 ± 0.008 0.041 ± 0.002 0.107 ± 0.004
Acetazolamide 0.361 ± 0.014 0.175 ± 0.007 0.289 ± 0.010 0.135 ± 0.004
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using MTT assay on healthy NIH/3T3 (mouse embryonic fibroblast)
cell lines (ATCC CRL1658) [26].

Table 2 presents the IC50 (mM) values of these compounds
against the NIH/3T3 cell line. It can be seen that these IC50 values
(14.472 - >1000 mM) were higher than those obtained in the inhi-
bition assay for the hCA I and II enzymes (0.280e0.013 mM).
Consequently, these compounds were found to be non-toxic in
their effective concentration against the hCA I and II enzymes.
2.3. Molecular docking

According to the enzyme inhibition assay, compound 3h was
found to be the most active derivative against the hCA I and II en-
zymes. Docking studies were performed in order to gain more
insight into the binding modes of this compound to evaluate the
effects of structural modifications on the inhibitory activity against
hCA I and II. The X-ray crystal structures of hCA I (PDB ID: 1AZM)
[27] and hCA II (PDB ID: 3HS4) [28] were obtained from the Protein
Data Bank server (www.pdb.org). The docking poses of compound
3h are presented in Figs. 5e12.

According to the docking poses, the sulfonamide groups of
compound 3h were in N-deprotonated form, which serves as a
zinc-binding site and thus, this compound could expectedly bind to
the active sites of the enzymes with its sulfonamide groups coor-
dinated to the zinc ion [29]. The amino groups and one of the ox-
ygen atoms of the deprotonated sulfonamide groups bonded to the
Znþ2 ion by salt bridge and a metal coordination bond, respectively.
The other oxygen atom of the deprotonated sulfonamide group
created a hydrogen bondwith the amino of Thr199 of compound 3h
on both the hCA I and II isoenzymes. Both of these interactions were
typical for all sulfonamide-CA complexes investigated so far
[29e34].

When the docking poses of compound 3h on the hCA I and II
enzymes were analyzed, it was seen that certain functional groups
in the compound showed interaction in both enzyme active sites.
The phenyl ring in the chemical structure was in an p-p interaction
with imidazole rings of Hid200 of the hCA I enzyme andwith Hid94
of the hCA II enzyme. The hydrogen bond was observed between
the carbonyl of the amide group and the amino of Gln92 on the hCA
I enzyme active site and between the carbonyl and the amino of
groups of Asn62 and Asn67 on the hCA II enzyme active site. The
last interaction observed was related to the dimethylaminopropyl
group, which was thought to have caused the higher enzyme ac-
tivity. For the hCA I enzyme, the nitrogen atom of this group formed
a salt bridgewith Asp72 amino acid residue and created a hydrogen
bond with the carbonyl of Asp72.
It can be seen from Figs. 7, 8, 11 and 12 that the van der Waals
and electrostatic interactions provided stronger binding to the
enzyme active sites of hCA I and II for compound 3h. On the hCA I
enzyme active site, this compound showed favorable van derWaals
interactions with Phe91, Gln92, Hid94, Hid96, Leu131, Val143,
Leu198, Thr199, Hid200 and Trp209. On the hCA II enzyme active
site, the same compound, showed van der Waals interactions with
Asn67, Ile91, Gln92, Hid96, Hid119, Val121, Phe131, Leu198, Thr199
and Thy200, which were displayed in pink and red colours as
described in the user guide of Glide [35]. It was thought that the
phenyl and piperazine rings and the amide and dithiocarbamate
moieties enhanced the van derWaals interactions with the enzyme
active region. Furthermore, compound 3h showed promising
electrostatic contributions with Gln92, Hid94, Hid96, Glu106 and
Hid119 for both the hCA I and II enzymes.

Asmentioned in the enzyme inhibition assay, compound 3hwas
the most active derivative against the hCA I and II enzymes with Ki
values of 0.032 ± 0.001 mM and 0.013 ± 0.00050.176 mM, respec-
tively. The structurally common feature of this compound was
determined to be the dimethylaminopropyl group near to the
piperazine ring. In this context, the docking studies supports the
enzyme inhibition assay results. The interactions related to the
dimethylaminopropyl group were important in terms of explaining
the inhibitory activities of compound 3h. The docking results
showed that extended carbon chain enhances the van der Waals
interactions with the amino acids in the active site and intensified
the proper bonding. In addition, compound 3h demonstrated
additional interactions as a result of its amino in the dimethyla-
minopropyl group. Consequently, this difference influenced and
explained the binding capability of compound 3h to the enzyme
active sites of hCAI CA II and its enzyme inhibition potencies to-
wards these enzymes.
3. Conclusion

In conclusion, a new series of dithiocarbamate-sulfonamide
derivatives were designed and their biological activity for the in-
hibition of CA isozymes was evaluated. According to the IC50 and Ki
values, compound 3h, which contained a dimethylaminopropyl
alkyl chain, was found to be the most effective compound against
both hCA I and II. Enzyme inhibition studies have an important
place in drug design development and research in the field of
pharmaceutical chemist. Therefore, these findings showed that the
new sulfonamide derivatives inhibited hCA I and II enzyme activity
and suggested that sulfonamide derivatives could be improved in
future studies.

http://www.pdb.org


Fig. 1. IC50 plots of compounds 3a-3k and acetazolamide on esterase activity for hCA I enzyme (The graphs are formed using GraphPad Prism Version 6 via regression analyses).
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4. Experimental

4.1. Chemistry

All of the chemicals employed in the synthetic procedures in
this study were purchased from Sigma-Aldrich Chemicals (Sigma-
Aldrich Corp., St. Louis, MO, USA) or Merck Chemicals (Merck KGaA,
Darmstadt, Germany). The melting points of the obtained com-
pounds were determined with a MP90 digital melting point
apparatus (Mettler Toledo, OH, USA) and were uncorrected. The IR
spectra were obtained on an IR Prestige-21 (Shimadzu, Tokyo,
Japan). The 1H NMR and 13C NMR spectra of the synthesized
compounds were registered with Bruker 300 MHz and 75 MHz
digital FT-NMR spectrometers (Bruker Bioscience, Billerica, MA,
USA) in DMSO‑d6, respectively. The splitting patterns in the NMR
spectra were designated as follows: s: singlet; d: doublet; t: triplet;
m: multiplet. The coupling constants (J) were reported as Hertz.
TheMþ1 peaks were determined by Shimadzu LC/MS ITTOF system



Fig. 2. IC50 plots of compounds 3a-3k and acetazolamide on esterase activity for hCA II enzyme (The graphs are formed using GraphPad Prism Version 6 via regression analyses).
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Fig. 3. LineweavereBurk graphs of the compound 3h on hCA I.

Fig. 4. LineweavereBurk graphs of the compound 3h on hCA II.

Table 2
IC50 (mM) values of the compounds 3a, 3e, 3g, 3h, 3j and 3k derivatives against NIH/
3T3 cell line.

Compounds 3a 3e 3g 3h 3j 3k

IC50 (mM) 14.472
±0.433

58.064
±1.104

>1000 >1000 18.477
±0.397

16.525
±0.287
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(Shimadzu, Tokyo, Japan). All reactions were monitored by thin-
layer chromatography (TLC) using Silica Gel 60 F254 TLC plates
(Merck KGaA, Darmstadt, Germany).
4.1.1. General procedure for the synthesis of the compounds

4.1.1.1. Synthesis of 2-chloro-N-(4-sulfamoylphenyl)acetamide (1).
For the synthesis of the 2-chloro-N-(4-sulfamoylphenyl)acetamide,
4-aminobenzenesulfonamide (0.06 mol, 10.1 gr) were dissolved in
dimethylformamide (20 mL). The mixturewas cooled in an ice bath
and chloroacetyl chloride (0.07 mol, 5.8 mL) was added dropwise
with stirring. Then, the reaction mixture was stirred for 1h at room
temperature. The reaction content was poured into iced-water and
the precipitated product was washed with water, filtered, dried,
and then recrystallized from EtOH.
4.1.1.2. Synthesis of dithiocarbamate derivatives (2a-2k). For the
synthesis of the dithiocarbamate derivatives (2a-2k), a mixture of
carbondisulfide in ethanol was added to a mixture of appropriate
piperazine (0.22 mol, 3.73 g) and NaOH in EtOH (30 mL) and stirred
in an ice-bath for 2h. After the reaction was complete, the precip-
itated product was filtered, washed with diethylether and dried.
4.1.1.3. General procedure for the synthesis of target compounds (3a-
3k). For the synthesis of the target compounds (3a-3k), 2-chloro-
N-(4-sulfamoylphenyl)acetamide (1) (0.83 mmol) and the appro-
priate dithiocarbamate derivatives were stirred for 4h in acetone.
After the reactionwas complete, the acetone was evaporated under
reduced pressure. The precipitated product was washed with water
in order to remove the sodium chloride and then dried and
recrystallized from EtOH.



Fig. 5. Two-dimensional interaction mode of compound 3h in the enzyme active site of hCA I (CA I PDB Code: 1AZM).

Fig. 6. The interacting mode of compound 3h in the active region of hCA I. The in-
hibitor and the important residues in the active site of the enzyme are presented by
tube model. The inhibitor is colored with red, whereas the residues are lime green.

Fig. 7. The van der Waals interaction of compound 3h with active region of hCA I. The
active ligand has a lot of favorable van der Waals interactions (red and pink). (For
interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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4.1.1.3.1. 2-Oxo-2-((4-sulfamoylphenyl)amino)ethyl 4-
methylpiperazine-1-carbodithioate (3a). Yield: 85%,
M.P. ¼ 208e210 �C. 1H NMR (300 MHz, DMSO‑d6): d ¼ 2.22 (3H, s,
eCH3), 2.39e2.42 (4H, m, piperazine), 3.96 (2H, br.s., piperazine),
4.20 (2H, br.s., piperazine), 4.29 (2H, s, eCH2-), 7.25 (2H, s,
eSO2NH2), 7.75 (4H, d, J ¼ 2.8 Hz, 1,4-Disubstitutedbenzene), 10.61
(1H, br.s., eNH). 13C NMR (75 MHz, DMSO‑d6): d ¼ 41.68, 45.56,
50.20, 51.54, 54.43, 119.06, 127.20, 138.90, 142.34, 166.42, 194.84.
HRMS (m/z): [MþH]þ calcd for C14H20N4O3S3: 389.0770; found:
389.0767.

4.1.1.3.2. 2-Oxo-2-((4-sulfamoylphenyl)amino)ethyl 4-
cyclohexylpiperazine-1-carbodithioate (3b). Yield: 88%,
M.P. ¼ 200e201 �C. 1H NMR (300 MHz, DMSO‑d6): d ¼ 1.06e1.19
(5H, m, cyclohexyl), 1.55e1.59 (1H, m, cyclohexyl), 1.73e1.76 (4H,
m, cyclohexyl), 2.29 (1H, m, cyclohexyl), 2.58 (4H, br.s., piperazine),
3.92 (2H, br.s., piperazine), 4.17 (2H, br.s., piperazine), 4.29 (2H, s,
eCH2-), 7.24 (2H, s, eSO2NH2), 7.74 (4H, d, J ¼2.6 Hz, 1,4-
Disubstitutedbenzene), 10.60 (1H, br.s., eNH). 13C NMR (75 MHz,
DMSO‑d6): d ¼ 25.69, 26.27, 28.77, 41.62, 48.59, 50.86, 52.18, 62.72,



Fig. 8. The electrostatic interaction of compound 3h with active region of hCA I. The
residues are colored (blue and light blue) according to the distance from ligand by Per-
Residue Interaction panel.

Fig. 9. Two-dimensional interaction mode of compound 3h in the enzyme active site of hCA II (CA II PDB Code: 3HS4).

Fig. 10. The interacting mode of compound 3h in the active region of hCA II. The in-
hibitor and the important residues in the active site of the enzyme are presented by
tube model. The inhibitor is colored with red, whereas the residues are turquoise.
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119.05, 127.19, 138.90, 142.34, 166.44, 194.41. HRMS (m/z): [MþH]þ

calcd for C19H28N4O3S3: 457.1396; found: 457.1389.
4.1.1.3.3. 2-Oxo-2-((4-sulfamoylphenyl)amino)ethyl 4-(4-

nitrophenyl)piperazine-1-carbodithioate (3c). Yield: 82%,
M.P.¼ 209e211 �C. 1HNMR (300MHz, DMSO‑d6): d¼ 3.73 (4H, br.s.,
piperazine), 4.17 (4H, br.s., piperazine), 4.34 (2H, s,eCH2-), 6.95 (2H,
d, J ¼9.5 Hz, 1,4-Disubstitutedbenzene), 7.25 (2H, s, eSO2NH2), 7.75
(4H, d, J ¼2.3 Hz, 1,4-Disubstitutedbenzene), 8.10 (2H, d, J ¼9.4 Hz,
1,4-Disubstitutedbenzene),10.63 (1H, br.s.,eNH).13CNMR (75MHz,
DMSO‑d6): d ¼ 41.60, 45.17, 48.90, 50.59, 112.31, 119.08, 126.26,
127.21, 137.33, 138.92, 142.32, 154.16, 166.34, 195.12. HRMS (m/z):
[MþH]þ calcd for C19H21N5O5S3: 496.0778; found: 496.0779.
4.1.1.3.4. 2-Oxo-2-((4-sulfamoylphenyl)amino)ethyl 4-(4-
fluorobenzyl)piperazine-1-carbodithioate (3d). Yield: 86%,
M.P. ¼ 182e184 �C. 1H NMR (300 MHz, DMSO‑d6): d ¼ 2.45e2.48
(4H, m, piperazine), 3.52 (2H, s, eCH2-), 3.96 (2H, br.s., piperazine),
4.22 (2H, br.s., piperazine), 4.29 (2H, s, eCH2-), 7.13e7.19 (2H, m,
1,4-Disubstitutedbenzene), 7.25 (2H, s, eSO2NH2), 7.36 (2H, dd,
J1 ¼ 5.7 Hz, J2 ¼ 8.6 Hz, 1,4-Disubstitutedbenzene), 7.75 (4H, d,
J ¼ 2.6 Hz, 1,4-Disubstitutedbenzene), 10.62 (1H, br.s., eNH). 13C
NMR (75 MHz, DMSO‑d6): d ¼ 41.70, 50.27, 51.59, 52.28, 60.77,
115.45 (J¼ 21.0 Hz),119.06,127.19,131.29 (J¼ 7.9 Hz),134.18,138.90,
142.34, 161.84 (J ¼ 241.1 Hz), 166.41, 194.75. HRMS (m/z): [MþH]þ

calcd for C20H23FN4O3S3: 483.0989; found: 483.0989.



Fig. 11. The van der Waals interaction of compound 3hwith active region of hCA II. The
active ligand has a lot of favorable van der Waals interactions (red and pink). (For
interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

Fig. 12. The electrostatic interaction of compound 3h with active region of hCA II. The
residues are colored (blue and light blue) according to the distance from ligand by Per-
Residue Interaction panel. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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4.1.1.3.5. 2-Oxo-2-((4-sulfamoylphenyl)amino)ethyl 4-(4-
methylbenzyl)piperazine-1-carbodithioate (3e). Yield: 81%,
M.P. ¼ 197e199 �C. 1H NMR (300 MHz, DMSO‑d6): d ¼ 2.28 (3H, s,
eCH3), 2.46 (4H, br.s., piperazine), 3.49 (2H, s, eCH2-), 3.95 (2H,
br.s., piperazine), 4.21 (2H, br.s., piperazine), 4.29 (2H, s, eCH2-),
7.14 (2H, d, J¼ 7.9 Hz), 7.20 (2H, d, J¼ 7.9 Hz), 7.26 (2H, s,eSO2NH2),
7.72e7.79 (4H, m,1,4-Disubstitutedbenzene), 10.63 (1H, br.s.,eNH).
13C NMR (75 MHz, DMSO‑d6): d ¼ 21.19, 41.72, 50.29, 51.60, 52.31,
61.47, 119.07, 127.20, 129.29, 129.44, 134.77, 136.69, 138.90, 142.35,
166.42, 194.70. HRMS (m/z): [MþH]þ calcd for C21H26N4O3S3:
479.1240; found: 479.1233.

4.1.1.3.6. 2-Oxo-2-((4-sulfamoylphenyl)amino)ethyl 4-(4-
methoxybenzyl)piperazine-1-carbodithioate (3f). Yield: 79%,
M.P. ¼ 205e207 �C. 1H NMR (300 MHz, DMSO‑d6): d ¼ 2.43e2.46
(4H, br.s., piperazine), 3.46 (2H, s, eCH2-), 3.74 (3H, s, eOCH3), 3.95
(2H, br.s., piperazine), 4.21 (2H, br.s., piperazine), 4.29 (2H, s,eCH2-
), 6.89 (2H, d, J ¼ 8.6 Hz), 7.23 (2H, d, J ¼ 8.7 Hz), 7.25 (2H, s,
eSO2NH2), 7.75 (4H, d, J ¼ 2.9 Hz, 1,4-Disubstitutedbenzene), 10.61
(1H, br.s., eNH). 13C NMR (75 MHz, DMSO‑d6): d ¼ 41.70, 50.35,
51.62, 52.26, 55.49, 61.15, 114.09, 119.07, 127.20, 129.73, 130.69,
138.90, 142.34, 158.89, 166.42, 194.66. HRMS (m/z): [MþH]þ calcd
for C21H26N4O4S3: 495.1189; found: 495.1197.
4.1.1.3.7. 2-Oxo-2-((4-sulfamoylphenyl)amino)ethyl-4-(2-(dime-

thylamino)ethyl)piperazine-1-carbodithioate (3g). Yield: 75%,
M.P. ¼ 198e200 �C. 1H NMR (300 MHz, DMSO‑d6): d ¼ 2.16 (6H, s,
eCH3), 2.39e2.41 (2H, m, eCH2-), 2.43e2.45 (2H, m, eCH2-),
2.51e2.53 (4H, br.s., piperazine), 3.94 (2H, br.s., piperazine), 4.19
(2H, br.s., piperazine), 4.29 (2H, s, eCH2-), 7.25 (2H, s, eSO2NH2),
7.74 (4H, d, J ¼ 2.3 Hz, 1,4-Disubstitutedbenzene), 10.62 (1H, br.s.,
eNH). 13C NMR (75 MHz, DMSO‑d6): d ¼ 41.66, 45.85, 50.32, 51.62,
52.87, 55.33, 56.93, 119.06, 127.19, 138.90, 142.34, 166.42, 194.63.
HRMS (m/z): [MþH]þ calcd for C17H27N5O3S3: 446.1349; found:
446.1329.

4.1.1.3.8. 2-Oxo-2-((4-sulfamoylphenyl)amino)ethyl-4-(3-(dime-
thylamino)propyl)piperazine-1-carbodithioate (3h). Yield: 84%,
M.P. ¼ 185e187 �C. 1H NMR (300 MHz, DMSO‑d6): d ¼ 1.82e1.87
(2H, m,eCH2-), 2.41 (2H, t, J¼ 6.7 Hz), 2.71 (6H, s,eCH3), 3.01e3.06
(2H, m, eCH2-), 3.35 (4H, br.s., piperazine), 3.97 (2H, br.s., pipera-
zine), 4.21 (2H, br.s., piperazine), 4.31 (2H, s, eCH2-), 7.26 (2H, s,
eSO2NH2), 7.75 (4H, br.s., 1,4-Disubstitutedbenzene), 10.76 (1H,
br.s., eNH). 13C NMR (75 MHz, DMSO‑d6): d ¼ 21.37, 41.66, 42.52,
50.19, 51.47, 52.31, 54.26, 55.46, 119.04, 127.18, 138.87, 142.39,
166.43, 194.83. HRMS (m/z): [MþH]þ calcd for C18H29N5O3S3:
460.1505; found: 460.1492.

4.1.1.3.9. 2-Oxo-2-((4-sulfamoylphenyl)amino)ethyl 4-(furan-2-
carbonyl)piperazine-1-carbodithioate (3i). Yield: 89%,
M.P. ¼ 221e223 �C. 1H NMR (300 MHz, DMSO‑d6): d ¼ 3.87 (4H,
br.s., piperazine), 4.11 (2H, br.s., piperazine), 4.26 (2H, br.s., piper-
azine), 4.33 (2H, s, eCH2-), 6.60 (1H, dd, J1 ¼ 1.7 Hz, J2 ¼ 3.5 Hz,
Furan), 7.08 (1H, dd, J1 ¼ 0.7 Hz, J2 ¼ 3.5 Hz, Furan), 7.25 (2H, s,
eSO2NH2), 7.75 (4H, d, J ¼ 2.4 Hz, 1,4-Disubstitutedbenzene), 7.87
(1H, dd, J1 ¼ 0.7 Hz, J2 ¼ 1.7 Hz, Furan), 10.63 (1H, br.s., eNH). 13C
NMR (75 MHz, DMSO‑d6): d ¼ 41.66, 43.95, 49.46, 50.92, 111.91,
116.62, 119.08, 127.21, 138.92, 142.33, 145.59, 147.10, 158.95, 166.35,
195.34. HRMS (m/z): [MþH]þ calcd for C18H20N4O5S3: 469.0669;
found: 469.0659.

4.1.1.3.10. 2-Oxo-2-((4-sulfamoylphenyl)amino)ethyl 4-(pyridin-
2-yl)piperazine-1-carbodithioate (3j). Yield: 77%, M.P.¼172e174 �C.
1H NMR (300 MHz, DMSO‑d6): d ¼ 3.69 (4H, br.s., piperazine), 4.10
(2H, br.s., piperazine), 4.27 (2H, br.s., piperazine), 4.33 (2H, s,eCH2-
), 6.68 (1H, dd, J1 ¼ 5.0 Hz, J2 ¼ 6.7 Hz, Pyridine), 6.82 (1H, d,
J ¼ 8.6 Hz, Pyridine), 7.25 (2H, s, eSO2NH2), 7.57 (1H, td, J1 ¼1.9 Hz,
J2 ¼ 7.1 Hz, Pyridine), 7.76 (4H, d, J ¼ 1.9 Hz, 1,4-
Disubstitutedbenzene), 8.13e8.15 (1H, m, Pyridine), 10.63 (1H,
br.s., eNH). 13C NMR (75 MHz, DMSO‑d6): d ¼ 41.65, 44.07, 49.73,
51.13, 107.44, 113.79, 119.09, 127.21, 138.17, 138.91, 142.34, 148.06,
158.61, 166.40, 194.99. HRMS (m/z): [MþH]þ calcd for
C18H21N5O3S3: 452.0879; found: 452.0882.

4.1.1.3.11. 2-Oxo-2-((4-sulfamoylphenyl)amino)ethyl 4-(pyr-
imidin-2-yl)piperazine-1-carbodithioate (3k). Yield: 79%,
M.P. ¼ 187e189 �C. 1H NMR (300 MHz, DMSO‑d6): d ¼ 3.89 (4H,
br.s., piperazine), 4.11 (2H, br.s., piperazine), 4.27 (2H, br.s., piper-
azine), 4.33 (2H, s, eCH2-), 6.70 (1H, t, J ¼ 4.7 Hz, Pyrimidine), 7.25
(2H, s, eSO2NH2), 7.76 (4H, d, J ¼ 1.9 Hz, 1,4-Disubstitutedbenzene),
8.41 (2H, d, J ¼ 4.7 Hz, Pyrimidine), 10.63 (1H, br.s., eNH). 13C NMR
(75 MHz, DMSO‑d6): d ¼ 41.68, 42.96, 49.80, 51.19, 111.12, 119.09,
127.21, 138.91, 142.33, 158.48, 161.29, 166.39, 195.12 HRMS (m/z):
[MþH]þ calcd for C17H20N6O3S3: 453.0832; found: 453.0812.

4.2. Biological activity

4.2.1. Purification of CA isozymes from human erythrocytes by
affinity chromatography

The erythrocytes were purified from fresh human blood ob-
tained from the Blood Center of Ataturk University. The purification
of the CA isozymes from the human erythrocytes by affinity



B.N. Sa�glık et al. / European Journal of Medicinal Chemistry 198 (2020) 11239210
chromatography was performed as described in the previous study
of the authors of the present study. All procedures were performed
at 4 �C [13,36].

4.2.2. Measurement of CA activity
The hydratase activity assay was carried out according to the

Wilbur-Anderson method [37].
The assay of the esterase activity of the human erythrocyte CA

was carried out according to the method described by Verpoorte
et al. [38]. Accordingly, by measuring the change in the absorbance
of the 4-nitrophenyl acetate to the 4-nitrophenolate ion at 348 nm
of over a period of 3 min at 25 �C using a spectrophotometer.

4.2.3. Inhibition assays
The inhibitory effects of the newly synthesized compounds on

the CA enzyme activity were tested in triplicate for each concen-
tration used. The compounds were tested at 10�3-10�9 M concen-
trations. The IC50 values were calculated for the compounds at
different concentrations by utilizing the graphs of activity %. The
activities of the enzymes in the medium without inhibitors were
used as 100% activity. The IC50 values were calculated from the plots
of percentage enzyme activity versus the log of concentrations, and
the regression analyses were computed in GraphPad Prism Version
6. The Ki values of the compounds were calculated by Lineweaver-
Burk graphics [13].

4.2.4. Cytotoxicity test
The metabolic activity of viable cells was measured by MTT

assay based on the reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium salt to formazan product, which can be
quantified spectrophotometrically to determine the percentage of
viable cells. The anticancer activity of the compounds (3a-3k) were
screened according to the MTTassay using the NIH3T3 cell line. The
MTT assay were performed as previously described [39e41].

4.3. Molecular docking

A docking study was performed to investigate the binding
modes of compound 3h to the hCA I and II enzyme active sites by
using in silico procedure. The X-ray crystal structures of hCA I (PDB
ID: 1AZM) [27] and hCA II (PDB ID: 3HS4) [28] were retrieved from
the Protein Data Bank server (www.pdb.org). The docking pro-
cedure was applied as previously described by the research group
of the present study [13].

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.ejmech.2020.112392.
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