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Abstract—A series of sulfonamides has been obtained by reacting sulfanilamide or 5-amino-1,3,4-thiadiazole-2-sulfonamide with ®-
chloroalkanoyl chlorides, followed by replacement of the @-chlorine atom with secondary amines. Tails incorporating heterocyclic
amines belonging to the morpholine, piperidine and piperazine ring systems have been attached to these sulfonamides, by means of
an alkanoyl-carboxamido linker containing from two to five carbon atoms. The new derivatives prepared in this way were tested as
inhibitors of three carbonic anhydrase (CA, EC 4.2.1.1) isozymes, the cytosolic isozymes CA I and II, and the catalytic domain of
the transmembrane, tumor-associated isozyme CA IX. Several low nanomolar CA I and CA II inhibitors were detected both in the
aromatic and heterocyclic sulfonamide series, whereas the best hCA IX inhibitors (inhibition constants in the range of 22-35nM) all

belonged to the acetazolamide-like derivatives.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Inhibition of the zinc enzyme carbonic anhydrase (CA,
EC 4.2.1.1) with sulfonamides may be exploited clini-
cally for the treatment and prevention of a multitude
of diseases.!> With the early report that sulfanilamide
13 acts as an inhibitor of CA, a great scientific adventure
initiated, leading to the development of several classes of
drugs based on the sulfonamide motif, such as the anti-
hypertensives of the benzothiadiazine and high-ceiling
diuretics types, the CA inhibitors (CAls) initially used
as antiglaucoma agents, some anti-thyroid drugs, hypo-
glycemic sulfonamides and ultimately to some novel
types of anticancer and antiviral agents.!:>#8
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Several sulfonamide CAIs are used clinically, such as
acetazolamide 2, methazolamide 3, dichlorophenamide
4, ethoxolamide 5, dorzolamide 6 and brinzolamide 7.+

Recently, the interest in this class of pharmacological
agents has been revived by the finding that some of
the 15 presently known CA isozymes in humans, are
mainly found in tumors,!>#8 and that their inhibition
may lead to tumor cell growth inhibition by complex
mechanisms, that involve change of the tumor pH
among others.*? Very recently, Robertson et al.”° dem-
onstrated the critical role played by CA IX in tumor
growth and survival by using RNA interference proto-
cols. One of our groups on the other hand reported
inhibitors of one of the isozymes involved in tumorigen-
esis, that is, CA IX,*® based both on the sulfonamide*®
as well as sulfamate types of compounds,'®!" showing
that such agents may be useful for the imaging of tum-
ors or for inhibiting their growth both alone, or in com-
bination with other anticancer agents.® Thus, CA IX
represents a new and attractive target for the develop-
ment of novel anti-tumor agents possessing different
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mechanisms of action.!'>? Here we extend this research
in the design of such enzyme inhibitors, and present
the synthesis and CA IX inhibition data for two series
of sulfonamides based on the sulfanilamide and acet-
azolamide motifs. These compounds have also been
tested for the inhibition of the major cytosolic isozymes
I and II, widely distributed in the human body, and
participating in important physiological/pathological
processes. !

2. Chemistry

In previous work!? from one of our groups, some ana-
logues of acetazolamide and o-fluorobenzyl sulfon-
amides were synthesized. In vitro inhibitory activity of
such compounds showed them to be potent inhibitors
of isozyme CA II. Considering the fact that a general
approach for the synthesis of strong CAls with different
applications both as antiglaucoma or anti-tumor agents
among others has recently been described, that is, the
tail approach,'? in this paper we report the application
of the tail approach for the synthesis of CAls incorpo-
rating protonatable heterocyclic moieties in the sulfanil-
amide and acetazolamide scaffolds, in order to design
putative CA IX inhibitors with enhanced affinity for
the enzyme and eventually increased water solubility.

Our first aim was to synthesize novel sulfanilamide
derivatives of type 9-17 (Scheme 1). Sulfanilamide 1
was reacted with 3-chloropropionyl chloride (or the con-
generic derivatives with one, two or four carbon atoms
in their molecule) in the presence of triethylamine
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Scheme 1. Synthesis of the new derivatives 9-17 and 20-24 reported in
the paper.

(TEA) or N-ethyl-morpholine (NEM). The chloro-sub-
stituted amide key intermediates 8 were then treated
with secondary amines such as methylpiperazine,
morpholine, benzyl-piperidine, benzyl-piperazine and
methyl-piperidine in dry THF, in order to obtain the de-
sired tertiary amines 9-17 (Table 1).

Our second aim was to synthesize novel acetazolamide
derivatives of type 20-24, by the same approach de-
scribed above for the corresponding sulfanilamide com-
pounds 9-17 (Scheme 1). Acetazolamide 2 was used as
starting material, being deacetylated with concentrated
hydrochloric acid, when 5-amino-1,3,4-thiadiazole-2-
sulfonamide 18 was obtained.'* The second step of the
synthesis consisted in the reaction of amine 18 with chlo-
roacyl chlorides (i.e., 2-chloroethanoyl chloride or 3-
chloropropanoyl chloride), leading to the second key
intermediates, of types 19, which have been further deri-
vatized as shown above for the corresponding sulfanil-
amide compounds. The new sulfonamides 20-24 were
thus obtained in good yield (Table 2 and Scheme 1).!°

3. CA inhibition

Inhibition data against three CA isozymes, that is, hCA
I, IT and IX, with the new sulfonamides reported here
and some standard CAls, of types 1-6, are shown in
Table 3.16

The following should be noted regarding data of Table
3: (i) derivatives 9-17 and 20-24 reported here generally
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Table 1. Sulfanilamide derivatives 9-17 prepared in this study

n Compd no R,oN- Yield%
2 9 H,C—N N— 15
\__/
2 10 0 N— 75
__/
N
2 1 N— 65

2 13 Q\CN\ 62
1 14 lo} N— 70
_/

3 15 H;C N— 64
3 16 0 N— 65
__/

4 17 0 N— 65
__/

Table 2. Acetazolamide-like derivatives 20-24 synthesized in this study
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Table 3. Inhibition data for sulfonamides 9-24 investigated in the
present paper and standard sulfonamide CAls 1-6, against isozymes
hCA L, II and IX'¢

Inhibitor Ki* (nM) Selectivity ratio
hCAI® hCAII® hCAIX® K;(hCA II)/
K; (hCA IX)
14 28,000 300 294 1.02
2d 900 12 25 0.48
3d 780 14 27 0.52
44 25 8 34 0.23
54 1200 38 50 0.76
6¢ 50,000 9 52 0.05
9 644 165 235 0.70
10 94 82 184 0.44
11 549 234 240 0.97
12 381 173 197 0.87
13 752 258 248 1.04
14 96 87 181 0.48
15 820 265 90 2.94
16 371 104 246 0.42
17 79 77 163 0.47
18¢ 8600 60 41 1.46
20 14.0 0.9 22 0.04
21 8.2 3.8 35 0.10
22 7.6 1.8 67 0.02
23 9.6 1.6 31 0.05
24 7.1 1.9 33 0.05

#Errors in the range of 5-10% of the reported value (from three dif-
ferent assays).

® Human (cloned) isozymes, by the CO, hydration method.

¢ Catalytic domain of human, cloned isozyme, by the CO, hydration
method.?

4From Ref. 24.

act as better inhibitors against all three investigated iso-
zymes, as compared to the parent sulfonamides from
which they were prepared, that is, sulfanilamide 1 in
the case of the first derivatives, and aminothiadiazole-
sulfonamide 18, in the case of the acetazolamide-like
derivatives 20-24; (ii) against hCA I, three sulfanil-
amides, that is, 10, 14 and 17, and all the acetazol-
amide-like derivatives 20-24, act as very potent
inhibitors, with inhibition constants in the range of
7.1-14.0nM, being much more effective than the two
lead compounds 1 and 18, which showed Kj values in
the range of 8600-28,000nM. These compounds are also
much better hCA 1 inhibitors as compared to the clini-
cally used derivatives 1-6 (Table 3). It is very interesting
to note that for the sulfanilamide derivatives 10, 14 and
17, all these potent inhibitors incorporate the morpho-
line moiety in their tail, whereas for the heterocyclic ser-
ies 20-24, the corresponding morpholine derivative (20)
was the least active. It is quite difficult to rationalize
these results at the present moment. The number of ali-
phatic carbon atoms separating this heterocyclic amine
moiety from the sulfanilamide scaffold in derivatives
10, 14 and 17 seems to be less important for these aro-
matic CAls, since both the mono-, two- or four-carbon
atoms derivatives showed quite comparable enzyme
inhibitory activity. On the other hand, the other aro-
matic derivatives, that is, 9, 11-13, 15 and 16, showed
moderate hCA I inhibitory properties, with Kj values
in the range of 371-820nM; (iii) against hCA TI, the
five heterocyclic sulfonamides 20-24 showed excellent
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inhibitory properties, with Ky values in the range of 0.9—
3.8nM, being thus much better inhibitors than the clini-
cally used compounds 1-6 or the lead molecule 18. In
the aromatic subseries, again 10, 14 and 17 were the best
inhibitors, with Kj values in the range of 77-87nM,
whereas the other derivatives (9, 11-13, 15 and 16)
showed weaker inhibition, with K values in the range
of 104-265nM. Thus, SAR is relatively simple, since
heterocyclic, acetazolamide-like derivatives act as excel-
lent inhibitors irrespective of the heterocyclic moiety
incorporated into the tail, whereas for the sulfanil-
amide-like compounds 9-17, best CA inhibitory proper-
ties are induced by morpholine-containing tails. Other
heterocyclic tails (piperazine, benzyl/methyl-piperazine,
methylpiperidine, etc.) and diverse length of the spacer
between the heterocyclic moiety and the sulfanilamide
scaffold (from C1 to C4), influence less the biological
activity of these derivatives; (iv) against the tumor-asso-
ciated isozyme hCA IX, best inhibitory activity was
shown by four of the heterocyclic compounds, that is,
20, 21, 23 and 24, which possessed Kj values in the range
of 22-35nM, being more effective inhibitors than the
lead molecule 18 (K; of 41nM) and having activity in
the same range as the clinically used derivatives 2-6 (Ta-
ble 3). Weaker inhibitors were then 22 and the aromatic
sulfonamide 15 (Kj values in the range of 67-90nM),
whereas the other sulfanilamide-like compounds (i.e.,
9-14 and 16, 17) showed moderate hCA IX inhibitory
properties, with inhibition constants in the range of
163-248nM; (v) very few of the new derivatives reported
here showed any selectivity for the tumor-associated
over the cytosolic isozyme II. Thus, only compound 15
has a selectivity ratio close to 3, derivative 13 has this
parameter close to the unity, whereas all other deriva-
tives, similarly to the clinically used sulfonamides, act
as better CA II than CA IX inhibitors (Table 3).

4. Conclusions

A series of sulfonamides has been obtained by applying
the tail approach to the sulfanilamide and 5-amino-
1,3,4-thiadiazole-2-sulfonamide scaffolds. Tails incorpo-
rating heterocyclic amines belonging to the morpholine,
piperidine and piperazine ring systems have been at-
tached to such sulfonamides, by means of an alkanoyl-
carboxamido linker containing from two to five carbon
atoms. The new derivatives prepared in this way were
tested as inhibitors of three CA isozymes, the cytosolic
major isozymes I and II; and the transmembrane, tu-
mor-associated isozyme IX. Several low nanomolar
CA I and CA II inhibitors were detected both in the aro-
matic and heterocyclic sulfonamide series, whereas the
best hCA IX inhibitors (inhibition constants in the
range of 22-35nM) all belonged to the acetazolamide-
like derivatives.
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was recrystallized from water to give the title compound.
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cDNA of the catalytic domain of hCA IX (isolated as
described by Pastorek et al.??) was amplified by using PCR
and specific primers for the glutathione S-transferase
(GST)-Gene Fusion Vector pGEX-3X. The obtained
fusion construct was inserted in the pGEX-3X vector
and then expressed in E. coli BL21 Codon Plus bacterial
strain (from Stratagene). The bacterial cells were soni-
cated, then suspended in the lysis buffer (10mM Tris
pH7.5, 1mM EDTA pH3&, 150mM NacCl and 0.2% Triton
X-100). After incubation with lysozime (approx. 0.01g/L)
the protease inhibitors Complete™ were added to a final
concentration of 0.2mM. The obtained supernatant was
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column, extensively washed with buffer and the fusion
(GST-CA IX) protein was eluted with a buffer consisting
of 5mM reduced glutathione in 50mM Tris—-HCI, pH 8.0.
Finally the GST part of the fusion protein was cleaved
with thrombin. The advantage of this method over the
previous one,”'® is that CA IX is not precipitated in
inclusion bodies from which it has to be isolated by
denaturing-renaturing in the presence of high concentra-
tions of urea, when the yields in active protein were rather
low, and the procedure much longer. The obtained CA IX
was further purified by sulfonamide affinity chromato-
graphy,!” the amount of enzyme being determined by spec-
trophotometric measurements and its activity by stopped-
flow experiments, with CO, as substrate®> The
specific activity of the obtained enzyme was the same as
the one previously reported,”'® but the yields in active
protein were 5-6 times higher per litre of culture medium.
An SX.18MV-R Applied Photophysics stopped-flow
instrument has been used for assaying the CA-catalyzed
CO, hydration activity.>* Phenol red (at a concentration
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concentration, and the values reported throughout the
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pH".
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