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Dual-tail approach was employed to design novel Carbonic Anhydrase (CA) IX inhibitors by simulta-
neously matching the hydrophobic and hydrophilic halves of the active site, which also contains a zinc
ion as part of the catalytic center. The classic sulfanilamide moiety was used as the zinc binding group.
An amino glucosamine fragment was chosen as the hydrophilic part and a cinnamamide fragment as the
hydrophobic part in order to draw favorable interactions with the corresponding halves of the active site.
In comparison with sulfanilamide which is largely devoid of the hydrophilic and hydrophobic in-
teractions with the two halves of the active site, the compounds so designed and synthesized in this
study showed 1000-fold improvement in binding affinity. Most of the compounds inhibited the CA
effectively with IC50 values in the range of 7e152 nM. Compound 14e (IC50: 7 nM) was more effective
than the reference drug acetazolamide (IC50: 30 nM). The results proved that the dual-tail approach to
simultaneously matching the hydrophobic and hydrophilic halves of the active site by linking hydro-
phobic and hydrophilic fragments was useful for designing novel CA inhibitors. The effectiveness of those
compounds was elucidated by both the experimental data and molecular docking simulations. This work
laid a solid foundation for further development of novel CA IX inhibitors for cancer treatment.

© 2017 Elsevier Masson SAS. All rights reserved.
1. Introduction

The carbonic anhydrases (CAs) form a family of metalloenzymes
playing an important role in many physiological processes of pro-
karyotes and eukaryotes [1]. They catalyze the reversible hydration
process of carbon dioxide to bicarbonate and proton [2]. So they are
also known as carbonate dehydratases. The family of human car-
bonic anhydrases (hCAs, EC 4.2.1.1) comprises 16 different a-car-
bonic anhydrase isoforms [3], including several cytosolic isoforms
(CA I~III, CAVII and CA XIII), five membrane-bound isoforms (CA IV,
CA IX, CA XII, CA XIV and CA XV), two mitochondrial isoforms (CA
6888@163.com (C. Guo).
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VA and CAVB), and one secreted into saliva (CAVI) [4e6]. The hCAs
are involved in various biological processes, such as gluconeogen-
esis, lipogenesis and ureagenesis.

Recently, tumor-associated membrane CA isoform (CA IX) has
drawnmuch attention [7]. Many reports are published studying the
roles of CA IX in tumor physiology, such as the control of tumor pH
and influence on other processes in the cell microenvironment that
promote cell proliferation, invasion, or metastasis [8]. The expres-
sion of CA IX is remarkably up-regulated via the hypoxia inducible
factor-1 (HIF-1) transcription factor [9]. The over-expression of CA
IX will induce the pH imbalance in tumor tissue, and contribute
significantly to the extracellular acidification of solid tumors. Thus,
CA IX has been a promising target for hypoxic tumor treatment
[10e12].

Many efforts have been made for the development of CA in-
hibitors (CAIs) in hopes of therapeutic cancer treatment. Some
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remarkable results have been achieved since the introduction of
the tail approach [13,14]. In this approach, “tails” are appended to
the scaffolds of aromatic/heterocyclic sulfonamides possessing
derivatizable moieties of the amino, imino or hydroxy type, in such
a way that an elongated molecule is obtained with its tail able to
interact with amino acid residues from the middle and edge of the
active site cavity [15]. Traditionally, most of the “tails” are hydro-
phobic moieties. Lately, glycosyl moieties were incorporated into
different CAI scaffolds as the hydrophilic kind of “tails”. Such an
approach was also termed “sugar approach”, which has led to the
development of numerous potent inhibitors of potential clinical use
[16e18]. Based on the analyses of the numerous crystallographic
structures of CAII and CA IX, it was revealed that the CA active site
cavity can be partitioned into two conserved subpockets, one of
which comprises a lining of hydrophobic amino acids while the
other comprises mainly hydrophilic amino acids [4,19]. Tradition-
ally, the tail approachwas utilized to fill the hydrophobic subpocket
whereas the sugar approach was utilized to fill the hydrophilic
subpocket. Neither approach was able to fill both the subpockets. It
is not surprising then that all of the clinically used CAIs so far
exhibit broad CA isozyme inhibition due to lack of specificity and
their use is associated with side effects. Tanpure et al. attempted to
improve the specificity with dual-tail moieties to match both the
hydrophobic and hydrophilic halves of the CA active site [20].
However, the compound with one hydrophobic tail and one hy-
drophilic tail designed by the dual-tail approach has less inhibitory
activity than the reference compound acetazolamide (AAZ), even
though both single-tail compounds have substantially improved
inhibition compared to AAZ. One likely reason is that the relative
positions of the two tails are not optimal for synergetic effects.

In this study, the same dual-tail approach was employed to
design novel CAIs by choosing an amino glucosamine fragment as
the hydrophilic part and a cinnamamide fragment as the hydro-
phobic part. The cinnamamide fragment was attached to the
glucosamine moiety by design to draw optimal interactions with
the active site cavity. The inhibitory activities for those compounds
confirmed the validity of the dual-tail approach, showing that
single-tail compound has moderate improvement and dual-tail
compounds have substantial improvement compared to the refer-
ence compound sulfanilamide. Molecular docking simulations
were performed to elucidate the modes of binding for those
compounds.

2. Results and discussion

2.1. Dual-tail approach to compound design

It was long known that sulfonamides and their isosteres (sul-
famates/sulfamides) constitute the main class of CAIs due to their
effective binding to the zincmetal ionwithin the enzyme active site
[21]. Other zinc-binding motifs also have emerged as new classes of
compounds that inhibit CAs from human or from bacterial and
fungal pathogens, such as dithiocarbamates and their derivatives,
hydroxamic acid and salicylaldoxime [22,23]. An aromatic ring is
usually attached directly to those the zinc-bing groups. Such a
strategy is also termed the ring approach. Most clinically used CAIs
are examples of this approach. The tail approach is another strategy
to further develop CAIs. In the tail approach, the aromatic sulfon-
amide ring incorporates further substitution with tail moieties that
are selected to modulate interactions with the active site cavity. If
the tail is a flexible hydrophobic group, it will generally adopt a
conformation to interact with the hydrophobic half of the CA active
site. Likewise, a flexible hydrophilic tail will generally interact with
the hydrophilic half of the active site. Traditionally, when devel-
oping CAIs, either a hydrophobic tail or a hydrophilic tail was
introduced. Dual-tail approach was introduced by Tanpure et al.
when they appended a phenyl moiety as the hydrophobic tail and a
glucosyl moiety as the hydrophilic tail. However, such a compound
was shown to have less inhibitory activity than the reference
compound acetazolamide. In this study, we revisited the dual-tail
approach by choosing different tails and more importantly,
different ways to connect both tails to each other. The cinnamic acid
moiety was chosen as the hydrophobic tail because it was found to
be a novel structural motif for CA inhibition by Maresca et al. [24].
An amino glucosamine moiety was chosen as the hydrophilic tail
because it was found to be active as CAIs in our laboratory (un-
published results). The approach is illustrated in Fig. 1. Nine target
compounds were designed by this approach (Table 1). The CA in-
hibition tests confirmed that those compounds were significantly
more active in both CA II inhibition and CA IX inhibition.

2.2. Chemistry

The general synthetic strategies for the formation of the target
compounds are shown in Scheme 1 and Scheme 2. D-Glucosamine
hydrochloride was selected as the starting material. Intermediate 3
was synthesized via selective protection of the primary amino us-
ing a Troc protecting group, followed by acetylation with acetic
anhydride in pyridine. Next, the glycosyl bromide 4 was prepared
by the reaction of 3 with HBreAcOH in good yield.

The formation of 5 was achieved after activation of a-bromide,
using silver carbonate in CH3OH by the classical KoenigseKnorr-
reaction reaction [25]. Then the addition of zinc to a solution of 5 in
acetic acid resulted in the selective removal of the Troc group.
Condensation of 6with substituted cinnamoyl chloride followed by
deacetylation with a catalytic amount of NaOCH3 in CH3OH gave
the target analog 8 [26].

As presented in Scheme 2, the starting compound 4 could be
readily converted to 9 with NH4SCN in the mixture of acetone and
acetonitrile (1:1). The subsequent treatment of 9 with sulfonamide
in the presence of pyridine led to the formation of 10 in 98% yield.
Then, the addition of zinc powder to a solution of 10 in acetic acid
resulted in the selective removal of the Troc group. The O-acetate of
11 was subsequently removed by catalytic amount of NaOCH3 in
CH3OH to liberate the fully deprotected sugar analog 12. Conden-
sation of 11 with substituted cinnamoyl chloride followed by
deacetylation with a catalytic amount of NaOCH3 in CH3OH gave
the target analogues 14a-14g.

2.3. Biological activity

2.3.1. CA inhibition studies
The CA inhibitory profile of all the newly synthesized com-

pounds and the reference compounds acetazolamide (AAZ) and
sulfanilamide (SA) have been investigated for the inhibition of
cytosolic, ubiquitous isozymes hCA II as well as membrane asso-
ciated isozymes hCA IX. The results are shown in Table 1.

The cytosolic isoform hCA II and hCA IX are not at all inhibited
by p-methoxycinnamic acid (IC50 > 100 mM) and are only weakly
inhibited by SA (IC50 ~ 10 mM). Because both compounds are the
parts of compounds designed by the dual-tail approach, it shows
that individual components are not active in hCA inhibition.
Compound 8, which is condensed from an amino glucoamine and a
p-methoxycinnamic acid, has better but still very poor inhibitory
activity against the two hCAs (IC50 ~ 10 mM). This is not surprising
considering that there is no zinc binding group in this compound.
However, the inhibitory activity increases into nanomolar range for
compound 12, which is a condensation between an amino gluco-
amine and SA via a thiourea linker. It shows that SA is very
important as a zinc binding group when designing CAIs, consistent



Fig. 1. Dual-tail approach to designing CAIs by attaching an amino glucosamine group as the hydrophilic fragment via a thiourea linker to a sulfanilamide as the zinc binding group
(ZBG) then attaching a cinnamamide group to the glucosyl moiety as the hydrophobic fragment.

Table 1
The inhibitory activities of the compounds against hCA II and hCA IX.

Compounds Structure IC50 (mM)a,b IC50 (mM)a,b

R hCA II hCA IX

p-methoxycinnamic acid e 760 850
SA e 7.5 12
8 e 14 20
12 e 0.203 0.667
14a 4-OCH3 0.065 0.152
14b 3-OCH3 0.045 0.095
14c 2-OCH3 0.053 0.060
14d 2,3-OCH3 0.034 0.033
14e 2,4-OCH3 0.025 0.007
14f 2,4,5-OCH3 0.063 0.037
14g 3,4,5-OCH3 0.055 0.046
AAZ e 0.013 0.030

a Human recombinant enzymes, by the esterase assay (4-nitrophenylacetate as substrate).
b Relative errors were in the range of 5e10% of the reported values, calculated from three independent assays.

Scheme 1. Synthesis of compound 8.
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with numerous previous findings in literature. It also shows the
importance of the hydrophilic glucosyl moiety. The combination of
both designed by the single-tail approach increases the inhibitory
activity by an order of magnitude, presumably due to simulta-
neously binding to the zinc ion and occupying the hydrophilic
subpocket of the active site. When the dual-tail approach is applied,
compounds 14a-14g show significant increase in the inhibitory
activity, improved by another order of magnitude compared to
compound 12. This put those compounds on a par with AAZ, which
is considered the par excellence CA inhibitor and is approved for
the treatment of a range of conditions including glaucoma, epi-
lepsy, and altitude sickness. Notably, compound 14e is even much
better than AAZ for hCA IX inhibition (IC50 7 nM vs 30 nM). This is
presumably due to the simultaneously matching the hydrophilic



Scheme 2. Synthesis of compounds 12, 14a-14g.

Fig. 2. Effects of compouds 14a-14g and acetazolamide, at 100 mM concentration, on
the viability of colon HT-29, breast MDA-MB-231 cell lines under normoxic and hyp-
oxic conditions. Values are the average of three independent experiments. Relative
errors are generally within 5e10%.
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half of the active site with the hydrophilic glucosyl moiety and the
hydrophobic half with the cinnamamide moiety, in addition to the
sulfonamide as the zinc binding group. The modes of binding will
be analyzed in detail in the docking analysis section.

2.3.2. Antitumor assay and MTT assay
To assess the antitumor ability and the ability to inhibiting the

metabolic activity of those compounds on the cellular level, two
cellular models, namely, the colon carcinoma HT-29 and the breast
cancer MDA-MB-231 cell models were selected. Cells were grown
subconfluent in 96-well plates under normal conditions (37 �C, 5%
CO2 in air), with half of the plates from each cell line incubated
under normal conditions (normoxia) and the other half subjected
to hypoxic conditions (1% O2, 5% CO2 and 94% N2) to induce the
expression of CA IX [27e29].

Compounds 14a-14g were evaluated on their in vitro growth
inhibitory activities against colon cancer cell lines that overexpress
a high amount of CA IX under normoxic conditions. We compared
the effects of compounds 14a-14g with those of the standard sul-
fonamide inhibitor AAZ under the same conditions. AAZ did not
show any activity in these ex vivo assays as suggested by the
uncompromised cell viability. However, reduced cell viability was
observed for compounds 14a-14g after 72 h incubation under both
normoxia and hypoxia conditions for both cancer cell lines (see
Fig. 2).

As shown in Fig. 2, all the compoundswere able to reduce tumor
cell viability in both cancer cell lines, with a greater impact elicited
in hypoxic conditions where CA IX is generally overexpressed. Co-
lon HT-29 cancer cell (73e79% cell viability) was slightly more
sensitive to the exposure of those compounds than breast MDA-
MB-231 cancer cell (89e99% cell viability) in normoxia while
much more sensitive in hypoxia (63%e77% cell viability for HT-29
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and 69.5%e79.9% cell viability for MDA-MB-231). It is worth noting
that even though AAZ has excellent inhibitory activity against both
CA II and CA IX enzymes, it has almost no activity against the cancer
cell lines investigated in this study. This is in sharp contrast with
the compounds designed by the dual-tail approach as CAIs, which
showed good inhibitory activities both at the enzyme level and at
the cellular level.

On the other hand, compound 14e does not show the best
antitumor activity among the test compounds, although it is the
highest one in CA IX inhibition assay. This indicates that CA IX is
merely one of tumor-associated targets and CA IX inhibitors are not
potent enough to be used alone in cancer therapy.
2.3.3. Inhibition of extracellular acidification in cancer cells by
compound 14e

CA IX is functionally linked to the control of tumor pH [30e32],
and hypoxia-induced extracellular acidosis is a measure of the
biological activity of CA IX in cultured cells [33]. MDA-MB-231
demonstrated increased CA IX expression upon hypoxia, while
HT-29 also had a high expression under ambient air [34]. Therefore,
we tested the compound 14e for its effect on pH in hypoxia and
normoxic conditions.We found sulfonamide 14ewas able to reduce
the extracellular acidification of cancer cells in 0.1 and 1 mM con-
centrations (Fig. 3). This compound resulted in a significant
reduction in hypoxia-induced extracellular acidosis, while the ef-
fect on cells exposed to ambient air was weak. Furthermore, a dose-
dependent effect was observed.
Fig. 3. Inhibition of extracellular acidification of HT-29 and MDA-MB-231 cancer cells
in normoxia and hypoxia upon treatment with compound 14e (0.1 and 1 mM). The pH
values were measured after 48 h. Three independent experiments with three parallel
dishes per sample were performed.
3. Molecular docking analyses

Molecular docking studies started with a redocking experiment
by AutoDock 4.2.6 with the AutoDock4Zn force field for AAZ with
CA IX (PDB: 3IAI). The redocking results showed that the crystal
pose of AAZ was reproduced fairly well, especially with the in-
teractions between the sulfonamide functional group of AAZ and
the zinc ion in CA IX. This is the characteristic of sulfonamides as
CAIs, which the compounds in Table 1 will follow. Next, the same
model was applied to the compounds listed in Table 1. The mo-
lecular docking results showed the cinnamamide segment of
compound 8 to be closely integrated with the hydrophobic region
of the CA active site cavity (Fig. 4). The “carbohydrate tail” region of
8 interacts primarily with the hydrophilic pocket of the enzyme,
especially with the nitrogen of the imidazole ring of H64.

The molecular docking results showed that sulfonamide can
bind to the Zn2þ ion and the “carbohydrate tail” region interacts
primarily with the hydrophilic pocket of the enzyme on the ni-
trogen of the imidazole ring of H64 (Fig. 5).

Once again, the molecular docking results showed that the
sulfonamide amine N atom of 14e binds directly to the active-site
Zn atom along with the side chains of HIS94, HIS96 and HIS119.
The sulfonamide group forms a hydrogen bond to THR199.
Furthermore, the guanidino nitrogen atom forms a hydrogen bond
to PRO201, and the two oxygen atoms of the glucosyl hydroxy
group form hydrogen bonds to SER201 and HIS64 respectively
(Fig. 6). The cinnamamide segment of compound 14e could interact
closely with the hydrophobic region of the CA active site cavity. All
of molecular docking results showed the flexible hydrophobic tail
of 14e allowed it to interact better with the resides in the hydro-
phobic pocket of carbonic anhydrase and this in turn helped to
stabilize the inhibitor leading to tighter binding compared to 8 and
12. Therefore, multiple interactions are applied between the com-
pound and the enzyme.
4. Conclusion

A dual-tail approach was applied to improve the affinity of CA
inhibitors by accessing additional hydrophobic and hydrophilic
interactions on CA active sites. A series of compounds were
designed and synthesized to test the validity of this approach. The
biological activity studies showed these compounds exhibited
inhibitory activity with 1000-fold of the initial fragment SA.
Furthermore, the antitumor activity of these compounds was also
evaluated under two different conditions. Compared to reference
drug acetazolamide, these compounds show increasing anti-
proliferation activity. Further studies on their suppressing migra-
tion of tumor cells are underway.
5. Experimental section

5.1. Chemistry

Reagents were used without further purification unless other-
wise specified. Solvents were dried and redistilled prior to use in
the usual way. Analytical TLC was performed using silica gel HF254.
Preparative column chromatographywas performed using silica gel
H. HPLC chromatograms were obtained on a Waters 1525e2489.
Melting points were obtained on a Büchi melting point B-540
apparatus. 1 H and 13 C NMR spectrawere recorded on a Bruker ARX
600 MHz spectrometer with TMS as the internal standard. NMR
spectra were analyzed and interpreted using MestReNova. ESI-MS
spectra were obtained on an Agilent ESI-QTOF instrument. HR-MS
were obtained on a Bruker micrOTOF_Q spectrometer.



Fig. 4. Interaction diagrams of the selected docked conformations for compound 8 inside the active site of CA IX enzyme. (a) The surface representation of binding pocket has been
shown at the top of the figure. (b) 3D ligand interactions diagram has been shown at the left-bottom. Hydrogen bond interactions are shownwith dotted lines in green. (c) 2D ligand
interactions diagram has been shown at the right-bottom and hydrophobic and hydrophilic interactions are drawnwith green lines. (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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5.2. 2-deoxy-2-[[3-(4-methoxylphenyl)-1-oxo-2-propenyl] amino]-
b-D-glucopyranose (8)

To a solution of compound 6 (100.0 mg, 0.087 mmol) in dry
CH2Cl2 (10 mL), substituted cinnamoyl chloride (0.11 mmol) and
pyridine (0.2 mL) were added at room temperature and the reac-
tion mixture was stirred for 1 h. The mixture was quenched by
addition of MeOH and concentrated. Then, to a solution of residue
in CH2Cl2-MeOH (1:1, 10 mL), freshly prepared NaOMe in MeOH
solution (1.0 mol/L, 1 mL) was added. After it was stirred overnight,
the mixture was neutralized with Dowex Hþ resin to pH 7, and then
filtered. The filtrate was concentrated and purified by a silica gel
column chromatography (10:1, CH2Cl2-MeOH) to afford 8 (84.6%) as
a white solid. M.p. 115.7e117.2 �C; 1 H NMR (600 MHz, DMSO-d6)
d 7.89 (d, J ¼ 9.1 Hz, 1H), 7.51 (d, J ¼ 8.7 Hz, 2H), 7.35 (d, J ¼ 15.7 Hz,
1H), 6.98 (d, J ¼ 8.7 Hz, 2H), 6.45 (d, J ¼ 15.7 Hz, 1H), 5.01 (d,
J ¼ 4.9 Hz, 1H), 4.97 (d, J ¼ 5.6 Hz, 1H), 4.56 (t, J ¼ 6.0 Hz, 1H), 4.26
(d, J ¼ 8.4 Hz, 1H), 3.79 (s, 3H), 3.71 (dd, J ¼ 10.9, 6.1 Hz, 1H), 3.57
(dd, J ¼ 18.7, 9.0 Hz, 1H), 3.48 (dt, J ¼ 11.3, 5.5 Hz, 1H), 3.33 (s, 4H),
3.11 (dd, J ¼ 15.0, 7.1 Hz, 2H). 13C NMR (150 MHz, DMSO-d6)
d 165.66, 160.72, 138.65, 129.47, 128.01, 120.81, 114.87, 102.39, 77.52,
74.97, 71.17, 61.55, 56.09, 55.81, 55.72. ESI-MS (m/z): 376.4 [Mþ Na]
þ; HRMS (ESI): Calcd for [M þ Na]þ C17H23NNaO7: 376.1478, Found
376.1459.
5.3. N-[4-(Aminosulfonyl) phenyl]-N,-(2-amino-2-deoxy-b-D-
glucopyranosyl) thiourea (12)

To a solution of 11 (100 mg, 0.19 mmol) in CH2Cl2-MeOH (1:1,
10mL), freshly prepared NaOMe inMeOH solution (1.0 mol/L, 1 mL)
was added. After it was stirred overnight, the mixture was
neutralized with Dowex Hþ resin to pH 7, and then filtered. The
filtrate was concentrated and purified by a silica gel column chro-
matography (10:1, CH2Cl2-MeOH) to afford 12 (64.8 mg, 85.6%) as a
white solid. M.p. 155.5e157.1 �C; 1 H NMR (600 MHz, DMSO-d6)
d 11.16 (s, 1H), 9.60 (s, 1H), 7.80 (s, 2H), 7.72 (d, J ¼ 7.6 Hz, 2H), 7.26
(s, 2H), 5.23 (s, 1H), 4.51 (s, 1H), 4.07 (s, 1H), 3.75 (s, 2H), 3.15 (d,
J¼ 16.7 Hz, 4H), 2.63 (s,1H),1.84 (s, 2H). 13 C NMR (151MHz, DMSO-
d6) d 182.55, 143.29, 139.18, 126.45, 122.52, 84.38, 78.90, 77.36,
70.33, 61.22, 56.57. ESI-MS (m/z): 415.1 [M þ Na]þ; HRMS (ESI):
Calcd for [M þ Na]þ C13H20N4NaO6S2: 415.0828, Found 415.0859.
5.4. General procedure for the synthesis of compounds (14a-14g)

To a solution of compound 11 (1 equiv) in dry dichloromethane,
substituted cinnamoyl chlorides (0.58 equiv) and pyridine were
added at room temperature and the reaction mixture was stirred
for 1 h. The mixture was quenched by addition of MeOH and
concentrated. Then, to a solution of residue in CH2Cl2-MeOH (1:1),



Fig. 5. Interaction diagrams of the selected docked conformations for compound 12 inside the active site of CA IX enzyme. (a) The surface representation of binding pocket has been
shown at the top of the figure. (b) 3D ligand interactions diagram has been shown at the left-bottom. Hydrogen bond interactions are shownwith dotted lines in green. (c) 2D ligand
interactions diagram has been shown at the right-bottom and hydrophobic and hydrophilic interactions are drawnwith green lines. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Z. Hou et al. / European Journal of Medicinal Chemistry 132 (2017) 1e10 7
freshly prepared NaOMe in MeOH solution (1.0 mol/L) was added.
After it was stirred overnight, the mixture was neutralized with
Dowex Hþ resin to pH 7, and then filtered. The filtrate was
concentrated and purified by a silica gel column chromatography
(10:1, CH2Cl2-MeOH) to afford 14a-14g (76.8%e92.7%) as a white
solid.
5.4.1. N-[4-(Aminosulfonyl) phenyl]-N,-[2-[(2E)-3-(4-
methoxylphenyl)-1-oxo-2-propen-1-yl] amino]-2-deoxy-b-D-
glucopyranosyl] thiourea (14a)

M.p. 165.5e167.2 �C; 1 H NMR (600 MHz, DMSO-d6) d 10.37 (s,
1H), 8.22 (s, 1H), 8.02 (s, 1H), 7.73 (d, J ¼ 8.7 Hz, 2H), 7.69 (d,
J ¼ 8.8 Hz, 2H), 7.51 (d, J ¼ 8.4 Hz, 2H), 7.39 (d, J ¼ 15.5 Hz, 1H), 7.27
(s, 2H), 6.98 (d, J ¼ 8.7 Hz, 2H), 6.51 (d, J ¼ 15.8 Hz, 1H), 5.42 (s, 1H),
5.04 (s, 2H), 3.82 (d, J¼ 9.3 Hz, 1H), 3.78 (s, 3H), 3.65 (d, J ¼ 10.8 Hz,
1H), 3.52 (dd, J ¼ 11.8, 4.5 Hz, 1H), 3.44 (d, J ¼ 7.0 Hz, 2H), 3.23 (dd,
J ¼ 17.2, 8.4 Hz, 1H), 3.16 (d, J ¼ 9.9 Hz, 1H). 13 C NMR (151 MHz,
DMSO-d6) d 182.27, 166.86, 160.93, 142.61, 139.68, 139.33, 129.68,
127.75, 126.67, 122.71, 120.08, 114.93, 113.81, 83.75, 78.98, 75.11,
70.78, 61.02, 55.76, 55.41, 54.70. ESI-MS (m/z): 575.4 [M þ Na]þ;
HRMS (ESI): Calcd for [M þ Na]þ C23H28N4NaO8S2: 575.1251, Found
575.1259.
5.4.2. N-[4-(Aminosulfonyl) phenyl]-N,-[2-[(2E)-3-(3-
methoxylphenyl)-1-oxo-2-propen-1-yl] amino]-2-deoxy-b-D-
glucopyranosyl] thiourea (14b)

M.p. 170.9e172.7 �C; 1 H NMR (600 MHz, DMSO-d6) d 10.38 (s,
1H), 8.33 (d, J¼ 6.6 Hz, 1H), 8.03 (s, 1H), 7.73 (d, J¼ 8.9 Hz, 2H), 7.69
(d, J ¼ 8.7 Hz, 2H), 7.41 (d, J ¼ 15.5 Hz, 1H), 7.33 (t, J ¼ 7.9 Hz, 1H),
7.29 (s, 2H), 7.14 (d, J ¼ 7.4 Hz, 1H), 7.12 (s, 1H), 6.97e6.94 (m, 1H),
6.66 (d, J ¼ 15.5 Hz, 1H), 5.43 (s, 1H), 5.10 (s, 2H), 3.83 (d, J ¼ 9.0 Hz,
1H), 3.78 (s, 3H), 3.64 (d, J ¼ 11.0 Hz, 1H), 3.51 (dd, J ¼ 11.8, 4.4 Hz,
1H), 3.44 (dd, J ¼ 14.0, 7.0 Hz, 2H), 3.23 (t, J ¼ 9.1 Hz, 1H), 3.16 (d,
J ¼ 8.8 Hz, 1H). 13 C NMR (151 MHz, DMSO-d6) d 182.25, 166.46,
160.10,142.60,139.72,139.54,136.65,130.54,126.69,122.98,122.72,
120.49, 116.01, 113.00, 83.67, 78.99, 75.10, 70.77, 63.58, 61.04, 55.61,
54.78. ESI-MS (m/z): 575.4 [M þ Na]þ; HRMS (ESI): Calcd for [M þ
Na]þ C23H28N4NaO8S2: 575.1221, Found 575.1241.
5.4.3. N-[4-(Aminosulfonyl) phenyl]-N,-[2-[(2E)-3-(2-
methoxylphenyl)-1-oxo-2-propen-1-yl] amino]-2-deoxy-b-D-
glucopyranosyl] thiourea (14c)

M.p. 172.9e174.5 �C; 1 H NMR (600 MHz, DMSO-d6) d 10.37 (s,
1H), 8.31 (s, 1H), 8.01 (s, 1H), 7.72 (dt, J ¼ 14.0, 8.8 Hz, 5H), 7.52 (d,
J¼ 7.3 Hz, 1H), 7.37 (t, J¼ 7.8 Hz, 1H), 7.27 (s, 2H), 7.07 (d, J¼ 8.3 Hz,
1H), 6.99 (t, J¼ 7.5 Hz,1H), 6.70 (d, J¼ 15.7 Hz,1H), 5.43 (s,1H), 5.07



Fig. 6. Interaction diagrams of the selected docked conformations for compound 14e inside the active site of CA IX enzyme. (a) The surface representation of binding pocket has
been shown at the top of the figure. (b) 3D ligand interactions diagram has been shown at the left-bottom. Hydrogen bond interactions are shownwith dotted lines in green. (c) 2D
ligand interactions diagram has been shown at the right-bottom and hydrophobic and hydrophilic interactions are drawn with green lines. (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, J ¼ 20.3 Hz, 2H), 4.52 (s, 1H), 3.85 (s, 3H), 3.65 (s, 1H), 3.55e3.50
(m, 1H), 3.44 (dd, J ¼ 7.0, 5.1 Hz, 2H), 3.24 (dd, J ¼ 14.8, 9.0 Hz, 1H),
3.16 (d, J ¼ 6.6 Hz, 1H). 13 C NMR (151 MHz, DMSO-d6) d 182.25,
166.96, 158.10, 142.59, 139.67, 134.91, 131.45, 128.60, 126.62, 123.55,
122.78, 121.21, 112.18, 111.00, 83.73, 78.93, 75.03, 70.76, 61.00,
56.05, 55.87, 54.69. ESI-MS (m/z): 575.5 [M þ Na]þ; HRMS(ESI):
Calcd for [M þ Na]þ C23H28N4NaO8S2: 575.1231, Found 575.1241.
5.4.4. N-[4-(Aminosulfonyl) phenyl]-N,-[2-[(2E)-3-(2,3-
dimethoxylphenyl)-1-oxo-2-propen-1-yl] amino]-2-deoxy-b-D-
glucopyranosyl] thiourea (14d)

M.p. 164.6e166.7 �C; 1 H NMR (600 MHz, DMSO-d6) d 10.41 (s,
1H), 8.37 (d, J ¼ 7.7 Hz, 1H), 8.01 (t, J ¼ 15.3 Hz, 1H), 7.76e7.66 (m,
5H), 7.30 (d, J¼ 10.1 Hz, 2H), 7.15 (d, J¼ 7.7 Hz,1H), 7.11 (t, J¼ 7.8 Hz,
1H), 7.07 (d, J¼ 8.0 Hz,1H), 6.67 (d, J¼ 15.9 Hz,1H), 5.43 (s,1H), 5.10
(s, 2H), 3.90e3.82 (m,1H), 3.81 (s, 3H), 3.72 (s, 3H), 3.64 (s,1H), 3.52
(dd, J ¼ 12.0, 4.2 Hz, 1H), 3.46e3.42 (m, 2H), 3.24 (t, J ¼ 9.1 Hz, 1H),
3.17e3.12 (m, 1H). 13 C NMR (151 MHz, DMSO-d6) d 181.87, 166.28,
152.97, 147.54, 142.26, 139.28, 133.74, 128.41, 126.29, 124.60, 123.27,
122.35, 118.57, 114.04, 83.34, 78.63, 74.71, 70.36, 60.81, 60.61, 60.42,
55.88, 55.77, 54.36. ESI-MS (m/z): 605.4 [M þ Na]þ; HRMS (ESI):
Calcd. For [M þ Na]þ C24H30N4NaO9S2: 605.1341, Found 605.1349.
5.4.5. N-[4-(Aminosulfonyl) phenyl]-N,-[2-[(2E)-3-(2,4-
dimethoxylphenyl)-1-oxo-2-propen-1-yl] amino]-2-deoxy-b-D-
glucopyranosyl] thiourea (14e)

M.p. 148.5e150.2 �C; 1 H NMR (600 MHz, DMSO-d6) d 10.46 (d,
J¼ 66.9 Hz,1H), 8.25 (dd, J¼ 27.8, 7.6 Hz,1H), 8.03 (s, 1H), 7.83e7.74
(m, 1H), 7.71 (dd, J ¼ 22.9, 8.8 Hz, 4H), 7.61 (d, J ¼ 16.2 Hz, 1H), 7.45
(d, J ¼ 8.4 Hz, 1H), 7.29 (s, 2H), 6.60 (s, 1H), 6.60e6.57 (m, 1H), 5.40
(s,1H), 5.08 (s, 2H), 4.56 (s,1H), 3.85 (s, 3H), 3.80 (s, 3H), 3.76 (s,1H),
3.63 (s,1H), 3.54e3.49 (m, 2H), 3.23 (dd, J¼ 16.4, 7.5 Hz,1H), 3.12 (s,
1H). 13 C NMR (151 MHz, DMSO-d6) d 182.30, 167.41, 162.37, 159.60,
142.64,139.68,134.90,130.05,126.68,122.81,122.30,120.29,116.49,
106.46, 98.99, 83.88, 78.97, 75.09, 70.78, 61.00, 56.18, 55.92, 55.50,
54.63. ESI-MS (m/z): 605.4 [M þ Na]þ; HRMS (ESI): Calcd for [M þ
Na]þ C24H30N4NaO9S2: 605.1339, Found 605.1346.
5.4.6. N-[4-(Aminosulfonyl) phenyl]-N,-[2-[(2E)-3-(2,4,5-
trimethoxylphenyl)-1-oxo-2-propen-1-yl] amino]-2-deoxy-b-D-
glucopyranosyl] thiourea (14f)

M.p. 164.4e167.2 �C; 1 H NMR (600 MHz, DMSO-d6) d 10.40 (s,
1H), 8.19 (s, 1H), 8.02 (s, 1H), 7.73 (d, J ¼ 8.6 Hz, 2H), 7.69 (d,
J¼ 8.7 Hz, 2H), 7.65 (d, J¼ 15.8 Hz,1H), 7.29 (s, 2H), 7.07 (s, 1H), 6.71
(s, 1H), 6.57 (d, J¼ 15.8 Hz,1H), 5.39 (s, 1H), 5.08 (s, 2H), 4.55 (s, 1H),



Z. Hou et al. / European Journal of Medicinal Chemistry 132 (2017) 1e10 9
3.84 (s, 3H), 3.83 (s, 3H), 3.78 (d, J ¼ 11.5 Hz, 1H), 3.74 (s, 3H),
3.54e3.49 (m, 1H), 3.44 (qd, J ¼ 7.0, 5.1 Hz, 2H), 3.23 (dd, J ¼ 14.7,
8.8 Hz, 1H), 3.14 (s, 1H). 13 C NMR (151 MHz, DMSO-d6) d 182.30,
167.44, 153.52, 151.91, 143.41, 126.64, 122.83, 114.92, 111.47, 98.51,
83.84, 78.89, 75.03, 70.87, 61.10, 56.84, 56.55, 56.31. ESI-MS (m/z):
635.4 [M þ Na]þ; HRMS(ESI): Calcd for [M þ Na]þ

C25H32N4O10S2Na: 635.1441, Found 635.1454.
5.4.7. N-[4-(Aminosulfonyl) phenyl]-N,-[2-[(2E)-3-(3,4,5-
trimethoxylphenyl)-1-oxo-2-propen-1-yl] amino]-2-deoxy-b-D-
glucopyranosyl] thiourea (14g)

M.p. 207.4e210.6 �C; 1 H NMR (600 MHz, DMSO-d6) d 10.35 (s,
1H), 8.25 (s, 1H), 8.03 (s, 1H), 7.73 (d, J ¼ 8.7 Hz, 2H), 7.69 (d,
J¼ 8.8 Hz, 2H), 7.38 (d, J¼ 15.6 Hz,1H), 7.27 (s, 2H), 6.90 (s, 2H), 6.61
(d, J¼ 15.5 Hz,1H), 5.41 (s, 1H), 5.06 (d, J¼ 16.4 Hz, 2H), 4.52 (s, 1H),
3.81 (s, 7H), 3.68 (s, 3H), 3.67e3.63 (m,1H), 3.54e3.50 (m,1H), 3.44
(d, J ¼ 6.8 Hz, 1H), 3.25e3.21 (m, 1H), 3.17 (s, 1H). 13 C NMR
(151 MHz, DMSO-d6) d 182.24, 166.54, 153.57, 142.56, 139.67, 139.21,
130.83, 126.70, 122.65, 122.04, 105.43, 83.69, 78.97, 75.11, 70.77,
61.01, 60.57, 56.34, 54.69. ESI-MS (m/z): 635.5 [M þ Na]þ; HRMS
(ESI): Calcd for [M þ Na]þ C25H32N4O10S2Na: 635.1441, Found
635.1452.
5.5. CA inhibition

Both CA isoenzyme activities were determined according to the
method described previously by Verpoorte et al. (1967) [35]. Initial
rates of 4-nitrophenyl acetate hydrolysis catalyzed by different CA
isozymes were monitored spectrophotometrically, at 400 nm, with
a Cary 3 instrument interfaced with an IBM-compatible PC. Solu-
tions of substrate were prepared in DMSO; the substrate concen-
trations were 1 mM at 25 �C. A molar absorption coefficient of
400 M �1 cm �1 was used for the 4-nitrophenolate formed by hy-
drolysis in the conditions of the experiments (pH 7.5). Nonenzy-
matic hydrolysis rates were subtracted from the observed rates. The
experiments were repeated three times at each inhibitor concen-
tration. Stock solutions of the inhibitor (50 mM) were prepared and
diluted up to 0.5 nM with DMSO. At least 8 different inhibitor
concentrations have been used, ranging from 5 mM, 0.5 mM,
50 mM, 5 mM, 0.5 mM, 50 nM, 5 nM, 0.5 nM. Inhibitor and enzyme
solutions were preincubated together for 15 min at r.t. prior to the
assay study, to allow for the formation of the E-I complex. Enzyme
concentrations were 1 ng/L for CA II [36]. Isoforms hCA IX has a low
esterase activity compared to hCA II. However, we also obtained a
good test condition by constantly adjusting the dosage of hCA IX
enzyme.
5.6. MTT assay in vitro

Cell viability was evaluated using an MTT assay. Cancer cells
were seeded into 96-well plates at a density of 5� 104 cells per well
and stabilized at 37 �C for 24 h. Compounds AAZ and 14a -14gwere
added to each well at one concentration (0.1 mM), and then the
cells were incubated for 72 h. The MTT solution (20 mL 5 mg/mL)
was added to each well, and the cells were incubated for another
4 h. Formazan crystals were dissolved in 150 mL of DMSO. Cell
viability was assessed by measuring the absorbance at 540 nm
wavelength using a microplate reader (BioTek ELx800 USA).

Low oxygen conditions were acquired in a hypoxic workstation
(HypoxiaModular Incubator ChamberMIC-101, Billups-Rothenberg
Inc, USA). The atmosphere in the chamber consisted of 0.5% O2
(hypoxia), 5% CO2, and residual N2. Inparallel, normoxic (20% O2)
dishes were incubated in air with 5% CO2.
5.7. Measurement of extracellular pH

Changes in pHe were assessed by using procedures published
previously [37]. In brief, cells were plated and allowed to recover
overnight. A standard volume of 3 mL of fresh media/dish was then
added and cells were incubated in normoxia or hypoxia for 72 h.
Care was taken to ensure that cultures grown in normoxia and
hypoxia were subconfluent and contained similar cell numbers.
Mediawas collected and pHwasmeasured immediately by a digital
pH meter.

5.8. Molecular docking simulations

The experimental crystallographic structure of CA IX complex
was retrieved from the Protein Data Bank [38] (PDB: 3IAI [39]). The
molecular model of the sulfonamide derivatives were built by
Discovery Studio 3.5. Both the protein and the ligands were pre-
pared by adding polar hydrogen atoms and partial charges with the
assistance of AutoDockTools 1.5.6. AutoDock4Zn force field [40] was
used to handle the zinc ion in the binding site. Grid points were
increased to 60 at x, y, z axes. The number of Dock runs was
increased to 20. All other parameters were kept as their default
values [41].
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