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Abstract—A detailed inhibition study of carbonic anhydrases (CAs, EC 4.2.1.1) belonging to the B- and y-families from Archaea
with sulfonamides has been performed. Compounds included in this study were the clinically used sulfonamide CA inhibitors, such
as acetazolamide, methazolamide, ethoxzolamide, topiramate, valdecoxib, celecoxib, dorzolamide, sulfanilamide, dichlorophan-
amide, as well as sulfanilamide analogs, halogenated sulfanilamides, and some 1,3-benzenedisulfonamide derivatives. The two y-
CAs from Methanosarcina thermophila (Zn-Cam and Co-Cam) showed very different inhibitory properties with these compounds,
as compared to the o-CA isozymes hCA I, 11, and IX, and the B-CA from Methanobacterium thermoautotrophicum (Cab). The best
Zn-Cam inhibitors were sulfamic acid and acetazolamide, with inhibition constants in the range of 63-96nM, whereas other inves-
tigated aromatic/heterocylic sulfonamides showed a rather levelled behavior, with Kis in the range of 0.12-1.70 uM. The best Co-
Cam inhibitors were topiramate and p-aminoethyl-benzenesulfonamide, with Kis in the range of 0.12-0.13 uM, whereas the worst
one was homosulfanilamide (K; of 8.50 uM). In the case of Cab, the inhibitory power of these compounds varied to a much larger
extent, with sulfamic acid and sulfamide showing millimolar affinities (Kis in the range of 44-103 mM), whereas the best inhibitor
was ethoxzolamide, with a K} of 5.35uM. Most of these sulfonamides showed inhibition constants in the range of 12-100 uM against
Cab. Thus, the three CA families investigated up to now possess a very diverse affinity for sulfonamides, the inhibitors with impor-
tant medicinal, and environmental applications.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction among which furosemide, a high ceiling diuretic is

widely used clinically,® a large number of matrix metal-

Ever since the report of Domagk in 1935' that prontosil
and its metabolite, sulfanilamide, showed potent biolog-
ical activity as antibacterials, sulfonamides have been
widely investigated by medicinal chemists in the search
of compounds with putative applications as drugs.?'°
Indeed, considering this simple molecule, sulfanilamide
as lead compound, nowadays a very large number of dif-
ferent pharmacological agents incorporating the sulfon-
amide moiety have been developed, such as among
others the antibacterial sulfadrugs (exemplified by sulfa-
thiazole, Fig. 1), the carbonic anhydrase (CA) inhibi-
tors (CAls) among which acetazolamide (Fig. 1) is the
best known representative,>* different types of diuretics,
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loprotease inhibitors,® the cycloxygenase 2 (COX-2)
‘specific’ inhibitors, such as valdecoxib,’ the HIV-1 pro-
tease inhibitor amprenavir,® the antitumor sulfonamide
in clinical development indisulam,’ as well as the hypo-
glycemic agent glibenclamide (Fig. 1).!° Interestingly,
among the small number of privileged building blocks
recurrently used in designing potent drug molecules,
the sulfonamide one confers to the derivatives incorpo-
rating such very different biological activities, correlated
with a low toxicity or a lack of toxicity.> !0

The CAIs of the sulfonamide type are widely used pharma-
cological agents for the treatment or prevention of a
variety of diseases, such as glaucoma, cystoid macular
edema, diabetic retinopathy, epilepsy, neurological/
neuromuscular disorders (hemiplegic migraine, ataxia,
periodic paralysis, neuropathic pain, essential tremor),
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Figure 1. Drugs developed from sulfanilamide as lead molecule: antibacterials such as sulfathiazole; carbonic anhydrase inhibitors (CAls) such as
acetazolamide; diuretics, such as furosemide; matrix metalloprotease inhibitors of the sulfonylated amino acid hydroxamate type; cycloxygenase 2
(COX-2) ‘specific’ inhibitors, such as valdecoxib; HIV-1 protease inhibitors, such as amprenavir; antitumor drugs such as indisulam or hypoglycemic

agents, such as glibenclamide.

edema (due to congestive heart failure, renal/hepatic dis-
ease, diabetes, drugs), obstructive pulmonary disease,
sleep apnea, osteoporosis, and cancer.>>!! These multi-
ple applications of the sulfonamide CAls are mainly due
to the fact that at least 14 different a-CA isozymes are
present in diverse tissues/organs of higher vertebrates,
including humans, and in fact these are the best studied
CAs up to now. Still, in recent years, four other gene
families encoding CAs have been discovered in different
organisms all over the phylogenetic tree, the - to e-CA
classes of enzymes.>!?"16 These CAs are far less investi-
gated as compared to the different a-CA isozymes men-
tioned earlier. Two of them were isolated from Archaea
by one of our groups: a B-CA, denominated Cab, in
the methanoarchaeon Methanobacterium thermoauto-
trophicum,'® and a y-CA, denominated Cam, in the
methanogenic archaeon Methanosarcina thermophila.'?
Recently, this group investigated the inhibition of both
Cam (the zinc(II)- and cobalt(IT)-containing enzymes)'’
as well as Cab with anions,'® finding important differ-
ences between these enzymes and a-CAs in their behavior
toward anions, which represent the second class of CAls,
in addition to the sulfonamides.? Since the interaction
between B-CAs or y-CAs with sulfonamides received lit-

tle attention up to now, we present here a detailed inhibi-
tion study of three such enzymes, that is, Cab (a zinc
containing B-CA), Zn-Cam, and Co-Cam with a large
series of aromatic and heterocyclic sulfonamides, among
which are also the clinically used CAls.

2. Chemistry

Buffers, sulfamide, sulfamic acid, and sulfonamides 1-17
were commercially available, of highest purity available,
and were used without further purification. Sulfon-
amides 18-20 were prepared as reported earlier by this
group.'??® Recombinant Cab and Cam isozymes were
obtained as previously reported.!3'® The recombinant
o-CA isozymes used for comparison in this study were
obtained as previously reported.?!

3. CA inhibition

There are very few literature data on the inhibition of
non-o-CAs with sulfonamides. Forsman®® reviewed
these data recently, showing that only acetazolamide 1
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and ethoxzolamide 3 inhibition data of several plant B-
CAs (such as e.g., the enzymes isolated from the dicotyle-
dons Petroselinus crispus, Solanum tuberosum, Spinacia
oleracea, Pisum sativum, and Phaseolus vulgaris, the
monocotyledons Tradescantia albiflora and Hordeum
vulgare, and algae belonging to the Coccomyxa genera)
are available, these sulfonamides inhibiting such f-
CAs with inhibition constants in the range of 2-
50 uM, being thus much more resistant to these inhibi-
tors as compared to the higher vertebrates CAs (such
as e.g., the human red cell isozyme, hCA 11, for which
these sulfonamides show low nanomolar inhibition con-
stants).>* Thus, this is one of the first systematic inhibi-
tion studies of non-a-CAs with sulfonamides.
Compounds included in this study were the clinically
used sulfonamide CAIs,>* such as acetazolamide 1,
methazolamide 2, ethoxzolamide 3, topiramate 4,3° valde-
coxib 5,7 celecoxib 6,”° dorzolamide 7, sulfanilamide 8,
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dichlorophanamide 17, as well as sulfanilamide analogs
(compounds 9, 10, 18-20), halogenated sulfanilamides
recently developed by this group,3' as well as some
1,3-benzenedisulfonamide derivatives (15 and 16), struc-
turally related to dichlorophenamide.

Inhibition data against three a-class CA isozymes (the
cytosolic hCA T and hCA 11, and the membrane-associ-
ated hCA IX), Cab and Zn(II)- and Co(II)-Cam with
sulfamic acid, sulfamide (the most simple compounds
incorporating a sulfonamide moiety), and sulfonamides
1-20 are shown in Table 1. Two Cam isozymes were
included in this study, one with Zn(Il), the other with
Co(Il) at the active site, since it is not known up to
now which is the metal ion present in this enzyme in nat-
ure, as purification of Cam in anaerobic conditions led
to a very active Fe(Il)-containing enzyme, which is
unstable in the presence of oxygen.3?
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Table 1. Inhibition constants of sulfonamide/sulfamate inhibitors against a-isozymes hCA 1, 11, IX, v isozymes Zn-Cam and Co-Cam, and B-class

enzyme Cab, for the CO, hydration reaction, at 20°C°

Inhibitor K

hCA I¢ hCA TI¢ [uM] hCA IX® [uM] Zn-Cam [pM] Co-Cam [uM] Cab [uM]
HOSO,NH," 21 390,000 nt 0.096 3.36 103,000
H,NSO,NH, 310 1,130,000 nt 69.86 5.96 44,000
1 (Acetazolamide) 0.25 12 25 0.063 143 12.1
2 (Methazolamide) 0.05 14 27 0.14 0.17 32.1
3 (Ethoxzolamide) 0.025 8 34 0.20 0.74 5.35
4 (Topiramate) 0.25 5 58 1.02 0.12 23.5
5 (Valdecoxib) 54 43 27 0.13 0.24 61
6 (Celecoxib) 50 21 16 0.14 1.01 38.5
7 (Dorzolamide) 50,000 9 52 0.41 1.71 30.7
8 (Sulfanilamide) 28 300 294 0.25 3.93 57.8
9 25 170 103 0.35 8.50 28.5
10 21 160 33 0.27 0.13 25.7
11 8.3 60 245 0.97 0.42 53.4
12 9.8 110 264 0.14 0.74 111
13 6.5 40 269 1.72 0.28 77
14 6.0 70 285 0.28 0.66 98
15 5.8 63 24 0.83 0.95 50.0
16 8.4 75 39 0.12 0.61 62.1
17 1.2 38 50 0.19 0.15 105
18 78.5 320 305 2.20 0.22 127
19 25 240 238 0.17 1.24 14.3
20 0.10 33 31 0.18 6.36 524

# Errors were in the range of 3-5% of the reported values, from three different assays.

® As sodium salt.
“Data for hCA 1, 11, and IX inhibition from Refs. 7b,9¢,27,28.

The following SAR can be drawn from data of Table 1,
regarding Zn-Cam inhibition with the investigated
derivatives: (i) very potent Zn-Cam inhibitors were sulf-
amic acid (as sulfamate, since the experiments have
been done at pH7.4 when this compound is ionized)
and acetazolamide 1, which showed inhibition constants
in the range of 63-96nM. The data of sulfamate are
really surprising, since this compound whose X-ray crys-
tal structure in the adduct with hCA II has recently been
reported,®? is a much weaker inhibitor of the a-CA iso-
zymes hCA I and 11, as well as for Co-Cam and Cab.
Sulfamic acid may be thus considered a true Zn-Cam-
specific inhibitor. At this point it is also important to
note the very weak Zn-Cam inhibitory properties of
sulfamide, which has an inhibition constant of around
70 uM for this enzyme, being the worst inhibitor in the
entire series of investigated derivatives. We cannot ex-
plain these important differences between the two simple
and structurally related compounds (sulfamic acid and
sulfamide), nor the differences between these diverse
CAs in their behavior toward these two inhibitors; (ii)
a rather large number of the investigated sulfonamides,
such as 2, 3, 5-10, 12, 14, 16, 17, 19, and 20, showed a
rather efficient Zn-Cam inhibition, with Kjs in the range
of 0.12-0.41 uM. The first feature hitting our attention
in this case was the rather similar inhibitory properties
of such very diverse sulfonamides, which in the case of
the different a-CA isozymes showed a much more vari-
able behavior, with affinities between the low nanomolar
to the micromolar range. It is thus probable that the ac-
tive site of Zn-Cam is somehow less differentiated for the
interaction with these relatively large organic molecules,
as compared to the active site of the a-CAs, but this

speculation must be checked experimentally by resolving
the X-ray crystal structure of adducts of Zn-Cam with
diverse sulfonamides; (iii) the sulfamate 4 (topiramate)
as well as several other sulfonamides, such as 11, 13,
15, and 18, showed a decreased affinity for Zn-Cam as
compared to the previously mentioned derivatives, with
Kis in the range of 0.83-1.72 uM.

Co-Cam showed a completely different behavior toward
these sulfonamide/sulfamate inhibitors, as compared to
Zn-Cam. Thus, (i) several of these derivatives, such as
the clinically used derivatives methazolamide 2, topira-
mate 4, valdecoxib 5, dichlorophenamide 17, or the sim-
ple sulfanilamide analogs 12, 13, and 18, showed good
Co-Cam inhibitory properties, with Kis in the range of
0.12-0.28uM. It is obvious that these compounds
showed completely different inhibitory properties to-
ward the o-CA isozymes and Cab investigated here
(Table 1); (ii)) another group of derivatives, including
acetazolamide 1, ethoxzolamide 3, celecoxib 6, dorzol-
amide 7, as well as derivatives 11, 12, 14-16, and 19,
showed less effective Co-Cam inhibitory properties, with
Kis in the range of 0.42-1.71pM. Again these com-
pounds belong to rather disparate classes of sulfon-
amides, and no clear-cut SAR can be drawn; (iii) some
other derivatives such as sulfamic acid, sulfamide, sulf-
anilamide 8, compounds 9, and 20, were the least effective
Co-Cam inhibitors, with Kjs in the range of 3.36—
8.50uM. The difference of activity between homosulfa-
nilamide 9 (the worst Co-Cam inhibitor) and its close
derivative 10 (the second best Co-Cam inhibitor discov-
ered here) is rather impressive, considering that the two
compounds differ by only a CH, moiety, and show again
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that much is to be understood regarding inhibition of
non-a-CAs by sulfonamides.

Inhibition data of the B-class enzyme, Cab, are again
very different from those of the y-CAs (Zn-Cam and
Co-Cam) as well as those of the three a-CA isozymes
considered here (hCA I, II, and IX) (Table 1). Thus,
(1) sulfamic acid and sulfamide are very weak Cab inhibi-
tors, with affinities in the range of 44-103mM; (ii) a
rather large group of sulfonamides, such as 5, 8, 11—
18, and 20, showed moderate Cab inhibitory activity,
with Kis in the range of 50-127 uM. It is thus apparent
that Cab is less prone to be inhibited by sulfonamides
as compared to both the a- and y-CAs, being thus more
similar to the plant-type B-class enzymes investigated
by Forsman,” who reported comparable inhibition
data of acetazolamide and ethoxzolamide for some
of these enzymes; (iii)) the best Cab inhibitors
detected here were acetazolamide 1, methazolamide 2,
ethoxzolamide 3, topiramate 4, celecoxib 6, dorzolamide
7, as well as derivatives 9, 10, and 19, with Kis
in the range of 5.35-38.5uM. It appears that heterocy-
clic sulfonamides (and especially the bicyclic derivative
ethoxzolamide) lead to the strongest inhibitors,
but clear-cut SAR is again difficult to draw from these
data.

In conclusion, a detailed inhibition study of CAs belong-
ing to the B- and y-CA families from Archaea with sulfo-
namides is presented for the first time here. The two
v-CAs from Methanosarcina thermophila (Zn-Cam and
Co-Cam) showed very different inhibitory properties
with these compounds, as compared to the o-CA iso-
zymes hCA 1, II, and IX, and the B-CA from Methano-
bacterium thermoautotrophicum (Cab). The best Zn-Cam
inhibitors were sulfamic acid and acetazolamide, with
inhibition constants in the range of 63-96nM, whereas
other investigated aromatic/heterocylic sulfonamides
showed a rather levelled behavior, with Kis in the range
of 0.12-1.70uM. The best Co-Cam inhibitors were
topiramate and p-aminoethyl-benzenesulfonamide, with
K;s in the range of 0.12-0.13 uM, whereas the worst one
was homosulfanilamide (K; of 8.50puM). In the case of
Cab, the inhibitory power of these compounds varied
to a much larger extent, with sulfamic acid and sulf-
amide showing millimolar affinities (Kjs in the range of
44-103mM), whereas the best inhibitor was ethoxzol-
amide, with a Ky of 5.35uM. Most of these sulfonamides
showed inhibition constants in the range of 12-100 uM
against this enzyme. Thus, the three CA families investi-
gated up to now possess a very diverse affinity for sulf-
onamides, the inhibitors with important medicinal, and
environmental applications.
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