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Abstract: The carbonic anhydrases (CAs, EC 4.2.1.1) are ubiquitous zinc enzymes which catalyze a very simple physio-
logical reaction, the interconversion between carbon dioxide and the bicarbonate ion, and are involved in physiological
and pathological processes. The different isozymes have been considered as important targets for inhibitors with clinical
applications. Several sulfonamide carbonic anhydrase inhibitors (CAls) were used for decades as diuretics, anti-glaucoma,
anti-epileptic, anti-ulcer agents, or as drugs for treating other neurological/neuromuscular disorders, whereas presently
several such agents still find wide applications in therapy, mainly as topically acting anti-glaucoma drugs, anti-cancer, or
anti-obesity agents. Although sulfonamides were considered the moiety par excellence to coordinate the catalytic zinc and
for designing potent CAls, in recent years related functional groups such as sulfamate, sulfamide and others have proven
to be successful in the design of selective CAls. The present review will deal with these different zinc binding functions

recently reported in literature.

INTRODUCTION

The zinc (II) ion is one of the most important transition
metal ions with physiological function. This essential ele-
ment plays catalytic, structural or regulatory roles in biologi-
cal systems, with several hundred zinc proteins that have
been identified up to now, belonging to each of the funda-
mental enzyme classes (oxidoreductases, transferases, hy-
drolases, lyases, isomerases, and ligases) [1-3]. Among
them, the carbonic anhydrases (CAs, EC 4.2.1.1) are wide-
spread zinc enzymes that catalyze the interconversion be-
tween carbon dioxide and bicarbonate at the physiological
pH (a proton being also formed in this reaction). Carbonic
anhydrase inhibitors (CAlIs) are widely used therapeutic
agents in the management or prevention of many diseases [4-
7]. This is mainly due to the wide distribution of the 16 pres-
ently described human CA isozymes in many cells, tissues
and organs, where they play crucial physiological functions.
Still, the available pharmacological agents are far from being
perfect, as they possess many undesired side effects, mainly
due to their lack of selectivity for the different isozymes.
Thus, development of isozyme-specific or at least organ-
selective inhibitors would be highly beneficial both for ob-
taining novel types of drugs, devoid of major side effects, as
well as for physiological studies in which specific/ selective
inhibitors may constitute valuable tools for understanding the
physiology/ physiopathology of these enzymes [4-7].
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The catalytic and inhibition mechanisms of these
enzymes are understood in great detail, and this was helpful
for the design of potent inhibitors. For the development of
novel CAls the knowledge of groups that can be incorpo-
rated into the inhibitors for coordinating the zinc ion, is criti-
cal. This metal coordination both leads to the enzyme inhibi-
tion and can provide significant binding energy through sup-
plementary interactions between such zinc-binding functions
and amino acid residues from the active site. Further elabo-
ration of these core structures can be also used to develop
specific inhibitors for the multitude of CA isoforms presently
known in humans, of for the design of inhibitors of CAs be-
longing to other gene families, such as those present in bac-
teria, Archaea, etc.

Thus, up to recently, only sulfonamides of type ArSO,NH,
(where Ar is an aromatic or heterocyclic moiety) were
known to possess high affinity for CAs. Some recent data
indicate that potent CAls may be designed from many other
types of compounds [4-7]. Fig. (1) shows the most general
structure of a CAI complexed to the enzyme active site.
Thus, such a compound must possess: (i) a zinc binding
function (ZBF) by which it interacts with the metal ion of the
enzyme and the residues Thr199 and Glul06 in its neigh-
bourhood; (ii) the organic scaffold — usually an aromatic or
heterocyclic moiety, which may be present or absent in new
generation CAls; (iii) a tail attached to the scaffold, which
usually was absent in the first and second generation of sul-
fonamide CAls, but which is extremely important (and gen-
erally present) for the last generation of such derivatives. All
these structural elements interact both with the hydrophobic
as well as the hydrophylic halves of the active site, whereas
ZBF interacts with Thr199 and Glul06 as shown in the Fig.
(1). Thus, sulfonamides constitute just a particular case for
this type of general interaction.

© 2006 Bentham Science Publishers Ltd.
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Fig. (1). The general structure of a CAI complexed to the enzyme (a-CA) active site: ZBF = zinc binding function; the organic scaffold may
be present or absent; the tail too. These structural elements interact both with the hydrophobic as well as the hydrophilic halves of the active
site (representative amino acid residues involved in binding are shown), whereas ZBF interacts with the Zn(II) ion as well as the neighbour-

ing residues Thr 199 and Glu 106.

Incorporation of potent and eventually more selective
ZBFs for the active site Zn(II) ion is necessary to improve
the development of new generation inhibitors. Herein we
highlight new ZBFs that have been proposed as alternative to
the classical sulfonamide one: sulfamates, sulfamides, sub-
stituted sulfonamide, Schiff’s bases, urea and hydroxyurea,
as well as hydroxamates (Fig. (2)). It may be observed that
most of them are structurally related to the sulfonamide moi-
ety, and clearly this was the lead for drug design develop-
ments in this field.

I. N-SUBSTITUTED SULFONAMIDES AS CARBONIC
ANHYDRASE INHIBITORS

Krebs reported in 1948 that substitution of the sulfona-
mido moiety in compounds of type ArSO,NHR (i.e., R dif-

ferent of H) drastically reduces the CA inhibitory properties
as compared to the corresponding derivatives possessing
primary sulfonamido groups, ArSO,NH,.[8] As a conse-
quence, other zinc-binding functions except for the SO,NH,
one have rarely been taken into consideration in the design
of CAls, although many other zinc enzymes are inhibited by
a multitude of derivatives possessing an entire range of zinc
binding functions, such as thiols, phosphonates, carboxy-
lates, hydroxamates, etc. [9-10]. Only recently several de-
tailed studies regarding the possible modifications of the
sulfonamido moiety, compatible with the retention of strong
binding to the enzyme, have been reported [11-16]. Com-
pounds of type (1-3) were studied kinetically, for inhibition
of reactions catalyzed by CA I and II (CO, hydration and
ester hydrolysis), but their binding to the enzyme has also
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Fig. (2). Zinc binding functions (ZBFs) for the design of potent CAls: sulfonamides, sulfamates, sulfamides, substituted sulfona-
mides/sulfamates/sulfamides, Schiff’s bases, urea, hydroxyurea and hydroxamates. All these groups bind in deprotonated form, as anions to
the Zn(II) ion within the enzyme active site, presumably in monodentate fashion.
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Table 1.
Sulfamic Acid (3) (Briganti e al. [11])
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Inhibition of hCA I and hCA II with Compounds Incorporating Modified Sulfonamide Moieties (1a-t), Sulfamide (2) and

4-Me-C¢HsS0O,-X H,NSO,NH, HOSO,NH,
la-t 2 3
Inhibitor X Ki (VD
hCA1 hCA Il

la NH, 50 11
1b NHOH 41 9
1c NHOMe 220 173
1d NO 35 24
le NCS 30 18
1f N; 27 45
1g imidazol-1-yl 160 34
1h NHNH, 70 53
1i NHNHPh >1000 120
1j NHCI 19 2.1
1k NCl, 12 3.6
1m NHCN 210 125
1n NHOCH,COOH 150 85
1p OH 130 460
1q SH 5 10
1r NHCONH, >1000 460
1s NHCSNH, >1000 410
1t NHC(NH)NH, >1000 540
2 310 1130
3 21 390

* Errors in the range of 5-10% of the data shown from 3 different assays.

been monitored spectroscopically, by studying the electronic
and "H-NMR spectra of adducts of such inhibitors with
Co(Il)-CA I [11].

Thus, for the series of derivatives with modified sul-
fonamido moieties (1-3) (Table 1) it has been observed that
the presence of bulky substituents at the sulfonamido moiety
(such as phenylhydrazino, ureido, thioureido, guanidino, etc)
led to compounds with weak inhibitory properties, whereas
moieties present in inorganic anion CAls (such as NO, NCS,
N3) or compact moieties substituting the sulfonamide nitro-
gen (such as OH, NH,, CN, halogeno) led to compounds
with appreciable inhibitory properties. Thus, the N-hydroxy
sulfonamide (1b), the N-chloro-substituted derivatives (1j,k),
as well as the nitroso- and thiocyanato derivatives (1d,e)
possessed the same affinity for the two investigated isozymes
as the unsubstituted sulfonamide (1a). Interestingly, the thio-
sulfonic acid (as sodium salt) (1q) was one of the best in-

hibitors in this series, in contrast to the sulfonate (as sodium
salt) (1p), which behaved as a very weak inhibitor. Indeed,
by using such compounds as leads, several series of much
stronger inhibitors were then reported, possessing modified
sulfonamido moieties as zinc-binding functions, of the type
SO,NHOH, SO,NHCN, SO,NHPO;H,, SO,NHSO,NH,, SO,
NHSO;H or SO,NHCH,CONHOH among others [12-13, 15-
16].

Thus, compounds such as (4-13), possessing N-cyano, N-
hydroxy, or N-phosphoryl-sulfonamido moieties, or the re-
lated modified sulfamide/sulfamic acid zinc-binding func-
tions, and diverse alkyl, aryl or heterocyclic moieties in their
molecules, showed affinities in the low nanomolar range for
hCA 1I (except for 10), being equipotent or better inhibitors
than the corresponding unsubstituted sulfonamides [12-13,
15-16]. Compound (10) is a weak inhibitor of hCA II (affin-
ity constant of 1.2 uM), but it has a much higher affinity (50
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nM) for hCA 1, being thus one of the most “selective” hCA 1
inhibitors reported up to now [15].

Sulfonylated amino acid hydroxamates were also shown
to possess strong CA inhibitory properties [14]. Such hy-
droxamates generally act as potent inhibitors of metallopro-
teases containing catalytic zinc ions, such as the matrix met-
alloproteinases (MMPs) or the bacterial collagenases [9].
They bind to the Zn(Il) ions present in these enzymes bi-
dentately, coordinating through the hydroxamate (ionized)
moiety [9]. Scolnick et al. showed that two simple hydrox-
amates, of the type RCONHOH (R = Me, CF;) act as mi-
cromolar inhibitors of hCA II, and bind to the Zn(II) ion of
this enzyme, as demonstrated by X-ray crystallography [17].
By using these two derivatives as lead molecules, Scoz-
zafava and Supuran [14] designed a series of sulfonylated
amino acid hydroxamate derivatives possessing the general
formula RSO,NHCH(R’)CONHOH and showed that they
bind to the Zn(II) ion of CA, by means of electronic spectro-
scopic studies on the Co(Il)-substituted CA. Some of these
compounds, such as (12) and (13), showed affinity in the low
nanomolar range for the major CA isozymes (CA I, II and
IV), but substitution of the sulfonamide nitrogen by a benzyl
or a substituted-benzyl moiety led to a drastic reduction of
the CA inhibitory properties, and to an enhancement of the

MMP inhibitory properties. Thus, between the two types of
zinc enzymes, the zinc proteases and the CAs, there exist
some cross-reactivity from the point of view of the hydrox-
amate inhibitors, but generally strong MMP inhibitors are
weak CAls, and viceversa.

All these data demonstrate that in addition to the classical
CAlIs of the aromatic/heterocyclic sulfonamide type, other
compounds may be designed with very strong affinity for the
active site of different isozymes, a fact that may be relevant
for obtaining diverse pharmacological agents that modulate
the activity of these wide-spread enzymes.

II. THE SULFAMATE MOTIF IN THE DESIGN OF
CARBONIC ANHYDRASE INHIBITORS

Up to recently, only sulfonamides were known to possess
high affinity for carbonic anhydrases. Closely related variant,
the sulfamate moiety, has demonstrated very attractive pos-
sibilities for the design of various pharmacological agents,
especially in the carbonic anhydrase field [18].

The first sulfamates which were investigated as CAls, of
type (14), were reported by Lo ef al. [19] in the search of
topically acting antiglaucoma agents. Indeed, several m- or
p-imidazolyl-phenyloxyethyl/propylsulfamates (14) were
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shown to possess CA inhibitory properties (ICso in the range
of 23-250 nM, against bovine red cell CA) and to moderately
decrease intraocular pressure in albino rabbits after topical
administration directly into the eye [19].

But the investigation of the simplest sulfamate, i.e., sul-
famic acid (3), as CAI has been performed some years later
by Briganti et al. [11] who showed that sulfamic acid is a
moderately weak CAI with K; of 21 uM against the human
isozyme hCA I, and of 97 uM against hCA II — for the es-
terase activity of these enzymes. The X-ray crystal structure
of the adduct of this compound with the physiologically
most important isozyme (hCA II) has been subsequently
reported by the same group [20]. It was shown that sulfamic
acid binds to the zinc ion of the enzyme as a dianion, via its
(NH)SO5>" sulfamate bianionic species (Zn-N distance of
2.07 A), whereas the NH moiety of the inhibitor also partici-
pates in a hydrogen bond with Thr1990y (Fig. (3)). An addi-
tional third hydrogen bond is formed from this NH to an
adjacent water molecule at 2.75 A distance. The second
nearest contact of the ligand to Zn, an oxygen atom, leading
to extra-coordination, is at a distance of about 3.07 A from

Fig. (3). hCA II adduct with sulfamic acid (3) (as dianionic spe-
cies) as determined by X-ray crystallography. The zinc coordina-
tion sphere and amino acid residues in the neighborhood of the
bound inhibitor are shown (figures represent distances in A). (With
Permission from American Chemical Society, 2006).

the metal ion, whereas the remaining two oxygens of the SO;
moiety are involved in two other hydrogen bonds, one with
the backbone NH group of Thr 199 at a distance of 2.99 A
and the other to a water molecule at a distance of 2.87 A.
This extended extra-coordination results in a distorted tetra-
hedral arrangement around the metal ion, the remaining three
ligands of zinc being His94, His96 and His119 (as in the
uninhibited enzyme) [20]. In summary, this very simple in-
hibitor showed a large number of favorable contacts in the
binding pocket of CA II, and may be used as a lead molecule
for the design of tighter-binding CAls. This has been
achieved in several studies which will be presented in the
following section.

Indeed, two sugar sulfamates [21, 22] topiramate (15)
and RWJ-37497 (16) were recently shown to behave as very
potent CAls and their X-ray crystal structures in complex
with isozyme hCA II have been reported [23, 24] (Fig. (4)).

Both sugar derivatives (15) and (16) bind with their sul-
famate moiety to zinc, resulting in a tetrahedral coordination
of the metal ion (Fig. (4)), which is coordinated to the three
histidine residues as in the uninhibited enzyme (His94, 96
and 119) as well as the nitrogen atom of the sulfamate moi-
ety, which is presumably in deprotonated state, as for the
sulfonamide CAls complexed within the active site of the
enzyme [4, 7, 9, 19, 25-26]. In addition, both compounds
make two hydrogen bonds to the side chain oxygen atom of
Thr199 and the backbone NH nitrogen atom of the same
residue. The hydroxy group of Thr199 forms an additional
hydrogen bond with Glul06, such that the Thr199 hydroxyl
acts as a hydrogen-bond acceptor for inhibitor binding. A
total of eight hydrogen bonds between topiramate bound to
the enzyme and amino acid residues from the cavity have
been evidenced, which explain the very potent inhibitory
activity of topiramate against hCA II (K; of 5 nM) [24]. De-
spite the similarity in anchoring to the Zn(Il) ion, a surpris-
ing difference is observed in the binding mode of the two
inhibitors with respect to the ring system. Topiramate also
forms several hydrogen bonds to amino acid side chains in a
hydrophilic binding pocket (Asn67, Gln92) and to a water
molecule that donates a hydrogen bond to Thr200 (Fig. (4A)).
In addition, this water interacts with the oxygen atom of the
six-membered ring of (15). RWJ-37497 (16) on the other
hand, shows a quite different binding mode in which the ring
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Fig. (4). Schematic representation of the binding mode of topiramate (15) (A) and RWJ-37497 (16) to hCA II (B) [23, 24]. Hydrogen bonds
between enzyme and inhibitor are shown as dotted lines. Distances are given in A and are measured between the corresponding non-

hydrogen atoms [25].

system is rotated by about 180° in comparison to that of topi-
ramate. Therefore, surprisingly, the cyclic sulfate group points
towards a more hydrophobic pocket lined by residues Leul98,
Pro202, Phel31 (although this moiety is more hydrophilic as
compared to the corresponding diisopropylidene moiety of
topiramate), and except for the sulfamate anchoring group no
further hydrogen bonds are observed (Fig. (4B)). RWJ-
37497 was reported to have an ICsy of 36 nM against hCA 11
[22]. Tt is interesting to note that the topiramate isomer (17),
possessing the sulfamate-methyl moiety in a different posi-
tion as compared to (15), is a much weaker CAI as compared
to topiramate or RWJ-37497, having K;-s of 400 uM against
hCA I, 16 uM against hCA II and 27 uM against bCA IV (h
= human, b = bovine; m = murine isozymes) [24].

Potter’s and Reed’s groups also investigated the CA in-
hibitory properties of several of the STSIs developed during
their research of novel therapies for hormone-dependent tu-
mors (see the preceding section for details) [27-28]. Some of
their best STSIs, such as 667COUMATE (18), EMATE (19),
the bis-sulfamate (20) (R = Et) as well as the coumarin sul-
famate (36) (R1 = Me; R2 = cyclohexylethyl) were tested as
hCA 1I inhibitors, being shown to possess ICsy values of 17
nM, 9 nM, 290 nM, and 15 nM, respectively [27-28]. It may
be seen that except for the bis-sulfamate (20) possessing an
ethyl group in ortho (which presumably interferes with the
coordination to the Zn(II) ion within the enzyme active site),
the other sulfamates investigated showed very strong CA II
inhibitory properties, which may be a beneficial feature for
the antitumor effects of such pharmacological agents. The
same group also reported docking studies of some of these
inhibitors to hCA II [27] and hCA XII [28]. The predictions
regarding EMATE binding to hCA II [27] have been soon
thereafter shown to be wrong, after the report of the X-ray
crystal structure of EMATE with hCA II, by this group [29]
(Figs. (5) and (6)).

Fig. (5). The hCA II — EMATE (19) adduct: the enzyme is shown
as ribbon diagram, with the zinc ion (central blue sphere) and its
protein ligands (His94, 96 and 119) shown. The inhibitor molecule
lies towards the hydrophobic half of the enzyme cavity [29]. (With
Permission from Elsevier Ltd. 2006).

The binding of EMATE (19) to the hCA 1I is similar to
that of other sulfamates/sulfonamides, considering the inter-
actions of the zinc anchoring group (Fig. (6)), but differs
considerably when the steroidal scaffold of the inhibitor is
analyzed. This part of the inhibitor interacts only within the
hydrophobic half of the CA active site (Fig. (5)), interacting
with residues Vall21, Phel31, Vall35 and Pro202, and
leaving the hydrophilic half able to accomodate several wa-
ter molecules not present in the uncomplexed enzyme (Fig.
(6)). In addition, a very short bond of 1.78 A between the
zinc ion and the coordinated nitrogen atom of the sulfamate
moiety is observed, which may explain the high affinity of
this inhibitor for hCA II (K; of 10 nM) [29].
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Fig. (6). Detailed schematic representation of EMATE (19) bound
within the hCA II active site (figures represent distances in A) [29].

But the most interesting studies regarding the design of
CAlIs of the sulfamate type with putative antitumor applica-
tions have been reported by Winum ez al. [31, 32] In these
studies detailed SAR data were obtained for two series of
sulfamates, the first one preponderently including aromatic
and steroidal derivatives [31] (Table 2), whereas the second
one including mostly aliphatic sulfamates [32] (Table 3),
which were tested for their interaction with the red cell
isozymes hCA I and II, but also for the first time, with the
tumor-associated isozyme CA IX, which is overexpressed in
a large range of tumors [30].

As seen from data of Table 2, very potent (nanomolar)
inhibitors were detected against the three investigated CA
isozymes [31]. Best hCA I inhibitors were phenylsulfamate
21a, and some of its 4-halogenoderivatives, as well as the
aliphatic compound #-octyl sulfamate 21r (K;-s in the range
of 2.1 — 4.6 nM — these are among the most potent hCA |
inhibitors ever reported !). Against hCA II, low nanomolar
inhibitors (1.1 — 5 nM) were phenylsulfamate (21a) and
some of its 4-halogeno-/nitro-derivatives, n-octyl sulfamate
(21r), and estradiol 3,17B-disulfamate (21u) among others.
All the investigated sulfamates showed efficient CA IX in-
hibitory properties, with inhibition constants in the range of
18-63 nM. The best CA IX inhibitor detected so far was 4-
chlorophenylsulfamate (21d) (K; of 18 nM). These data are
critical for the design of novel antitumor properties, mainly
for hypoxic tumors that overexpress CA IX [30], which are
non-responsive to radiation or chemotherapy. The antitumor
properties of the STSIs (discussed above in this review) in
clinical trials may on the other hand also be due to their po-
tent inhibitory properties of CA isozymes involved in tu-
morigenicity, such as CA II and especially CA IX, and con-
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stitute an attractive dual mechanism of action for such anti-
tumor agents [31, 32].

Seen the excellent (and unexpected) CA inhibitory prop-
erties of the only aliphatic sulfamate (21r) investigated in the
first study [31], the same group reported a large series of
aliphatic (and some polycyclic) sulfamates of type (22), and
their interaction with the same physiologically relevant three
CA isozymes, i.e., h\CA I, Il and IX [31] (Table 3).

For this new series, the best hCA 1 inhibitor was n-tetra-
decylsulfamate (22j) and some (substituted) benzyl/phenethyl
sulfamates (inhibition constants in the low micromolar
range). Against hCA II, low nanomolar inhibitors (0.7 — 3.4
nM) were n-decylsulfamate (22g) and the (substituted)benzyl/
phenethyl derivatives mentioned above, (22v-x). Good CA 11
inhibition was also observed for the hydroxy/keto-derivatives
of dehydroepiandrosterone sulfamate (22ab) and (22ac).
Efficient hCA IX inhibitory properties, with inhibition con-
stants in the range of 9-23 nM, was observed for the aliphatic
sulfamates C;y — Cy¢ (With the best inhibitor the n-dodecyl
derivative, K; of 9 nM), and the (substituted)benzyl/phen-
ethyl sulfamates (22v-x). The inhibition profile of the three
investigated isozymes with this type of compounds was
rather different, allowing us to hope that the preparation of
CA IX-selective inhibitors is possible. These data are critical
for the design of novel antitumor therapies, mainly for hy-
poxic tumors that overexpress CA IX, which are non-
responsive to radiation or chemotherapy [32].

By analogy with the phosphorylated-sulfonamide, with
several compounds of the type Ar-SO,NH-PO;H, (where Ar
= Ph, 4-halogeno-C¢Hy- ; 4-Me-CgH,- and 4-H,;N-C¢Hy-, etc)
recently shown by our group [16] to act as good inhibitors of
isozymes CA I and II (K values in the range of 8-280 nM
against isozyme CA II, and of 42-450 nM against isozyme
CA 1), sulfamates possessing a phosphoryl moiety substitut-
ing the nitrogen atom, of the type R-O-SO,NH-PO;H, have
been reported. We demonstrated that the phosphorylated
sulfamate zinc binding group is very efficient for the design
of low nanomolar CA inhibitors. Aliphatic compounds in-
corporating C8-C16 chains lead to inhibitors with affinities
of 8-16 nM against hCA I, and 5 — 12 nM against hCA II
[33].

III. THE SULFAMIDE MOTIF IN THE DESIGN OF
CARBONIC ANHYDRASE INHIBITORS

Sulfamide motif attracts permanent interest as a lot of
enzyme inhibitors containing sulfamide fragments exhibit a
broad spectrum of activities [34].

The first inhibition study of some CA isozymes with sul-
famide (H,NSO,NH,;) has been reported by this group [11].
It has been shown that this simple compound behaves as a
weak inhibitor against the classical cytosolic isoforms CA I
and CA II, with inhibition constants of 0.31 mM and 1.13
mM, respectively (for the physiological reaction catalyzed
by these enzymes). Furthermore, working with the Co(Il)-
substituted CA II (in which the active site zinc ion has been
replaced by the colored, paramagnetic Co(Il) ion) it has been
proved by means of electronic- and "H-NMR spectroscopy
(in paramagnetic systems) that the inhibitor directly coordi-
nates to the metal ion within the enzyme active site, which
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Table 2.  Inhibition Data for Derivatives (21) Investigated by Winum ez al. [31], Against Isozymes I, IT and IX
RO-SO,NH,
2la-y
Ki (nM)
No Inhibitor 21 R
hCA T hCA IT' hCA IX"

Sulfamic acid (H,NSO;H) 21,000 97,000 nt
Topiramate - 250 5 nt

a Ph 2.1 1.3 63

b 4-Me-CsHy 3.8 1.9 59

[ 4-Ph-C¢H, 113 95 50

d 4-C1-C¢Hs 4.6 1.1 18

e 4-Br-C¢H,4 7.3 1.5 19

f 4-1-C¢H,4 9.5 3.8 23

g 4-MeO-C¢Hy 33 1.6 34

h 4-PhO-C¢H, 115 98 51

i 4-AcNH-CsH,4 37 18 45

j 4-O,N-C¢Hy 40 1.5 36

k 4-NC-C¢H, 480 149 41

1 4-t-Bu-C¢Hy 43 2.9 33

m 4-CF3-C¢Hy 369 138 54

n CeFs 415 113 47

[ CeCls 432 125 39

P 2,4,6-CL,CeH, 454 138 37

q 2-naphthyl 103 63 40

r n-CsH,, 35 2.7 25

S A 105 76 43

t A (EMATE) 37 10 30

u A 6 5 58

\ A 15 13 32

w A 31 27 44

X A 278 15 39

y A 28 23 26

* Human (cloned) isozymes, by the esterase method; b Catalytic domain of human, cloned isozyme, by the CO, hydration method, nt = not tested. A - see structure in the text

Table 3. Inhibition Data for Sulfamates (22) Investigated by Winum e al. [32], Against Isozymes hCA I, II and IX
RO-SO,NH,
22a-ac
K
No Inhibitor R

22 hCA T hCA IT* hCA IX®

M) (nM) (nM)
a Me 40 6000 >1000
b Et 38 5500 >1000
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(Table 3. Contd....)

No Inhibitor R K
22 hCA T hCA IT* hCA IX"
(M) (nM) (nM)
¢ n-Pr 3.70 750 >1000
d i-Pr 690 >10000 >1000
e n-Bu 3.10 70 >1000
f n-CsHy, 0.71 58 126
g n-CyoHa 0.53 0.7 23
h n-CyHas 0.43 4.7 17
i n-C;Hos 0.27 10.0 9
j n-C4Hao 0.15 87 15
k n-CHas 58 97 22
1 n-CsHs; 65 129 120
m CF;-CH, 7.8 845 458
n n-C¢F3CH,CH, 400 8000 335
o n-CgF,,CH,CH, >1000 9000 142
p (CF;),CH 3.54 1580 279
q CH,=CHCH,CH, 800 883 386
r CH=CCH,CH, 990 5900 633
s CICH,CH,CH, 4.62 570 >1000
t c-CsHy >1000 >10000 >1000
u c-CeHy, 59 60 >1000
v PhCH, 0.76 3.4 14
w PhCH,CH, 0.41 1.1 12
X p-Me-C¢H,CH, 0.10 2.7 13
y p-Ph-C¢H,CH, >1000 > 10000 >1000
z A (Fluorenylmethyl) 38 4500 >1000
aa A (Cholesteryl) >1000 > 10000 >1000
ab A 0.40 13 65
ac A 0.41 23 76

* Human (cloned) isozymes, by the CO, hydration method; ® Catalytic domain of human,

presumably remains in its tetrahedral geometry, as in the
wild type, uninhibited enzyme [11]. This result was thereaf-
ter confirmed when the same group reported the high resolu-
tion X-ray crystal structure of the adduct of sulfamide with
human CA II [20] (Fig. (7)).

As observed in Fig. (7), the inhibitor molecule, presuma-
bly as monoanion, is coordinated to the zinc ion by means of
a nitrogen atom (Zn — N distance of 1.76 A) similarly to the
sulfonamides for which such studies have been performed [4,
7, 9]. The same NH moiety coordinated to zinc participates
in a hydrogen bond with the OH group of Thr199 (which in
turn is hydrogen bonded to the carboxylate moiety of Glu106,
these two amino acid residues being known asthe “door-

cloned isozyme, by the CO, hydration method. A — See structure in the text.

keepers”in the CA active site, and are conserved in all o-
CAs [4, 9, 7]). Another hydrogen bond then involves one of
the oxygen atoms of sulfamide and the backbone NH of
Thr200, which in turn participates to another hydrogen bond
with this inhibitor: its OH group makes a 3.26 A hydrogen
bond with the second NH, moiety of sulfamide (the one non-
coordinated to zinc). This second amino moiety also partici-
pates in two other hydrogen bonds with water molecules
present in the active site, as shown in Figs. 7A and 7B [20].
All these data showed for the first time that CAls may pre-
sumably be designed from the sulfamide class of derivatives,
as the lead compound (the simple inorganic sulfamide (2)),
although being a weak inhibitor, makes a lot of favorable
interaction with the amino acid residues in the CA II active
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site, at the same time possessing a derivatizable NH, group
positioned in a favorable position for introducing bulkier
moieties, in the search of more potent inhibitors. Indeed, in
another study [15] it has been then shown that this group can
be derivatized by means of reactions with sulfonyl halides,
arylsulfonyl isocyanates or aromatic/heterocyclic aldehydes,
leading to derivatives of types (23-25), some of which
showed inhibition constants against isozymes CA I, II and
IV in the low nanomolar range.

The sulfonylated sulfamides (23), the arylsulfonyl-
carbonylsulfamides (24), or the Schiff bases (25) incorpo-
rated a large variety of moieties R, belonging mainly to the
aromatic/heterocyclic class. For derivatives (23), some ali-
phatic derivatives have also been prepared, but their activity
was generally weaker as compared to that of the aro-
matic/heterocyclic compounds [15]. Thus, the main conclu-
sion of this work was that starting from a millimolar lead
molecule, sulfamide (2), low nanomolar CAls could be ob-
tained by means of very simple derivatization reactions. Pre-
sumably, these compounds bind to the metal ion within the

enzyme active site similarly to the lead 1, as the electronic
spectra of the Co(II)-substituted enzyme with some of them
were similar to those of the Co(II)-CA II — sulfamide adduct
investigated earlier [11, 15].

In another study [35], a series of N, N-disubstituted- and
N-substituted-sulfamides of types (10) and (11) were pre-
pared from the corresponding amines and N-(zerz-butoxycar-
bonyl)-N-[4-(dimethylazaniumylidene)-1,4-dihydropyridin-1-
ylsulfonyl]azanide or the unstable N-(zerz-butoxycarbonyl)
sulfamoyl chloride. The disubstituted compounds being too
bulky, were ineffective as CAls (Table 1), whereas mono-
substituted derivatives (incorporating aliphatic, cyclic and
aromatic moieties) as well as a bis-sulfamide, behaved as
micro — nanomolar inhibitors of two cytosolic isozymes,
hCA I and hCA 1I, responsible for critical physiological
processes in higher vertebrates. Aryl-sulfamides were more
effective than aliphatic derivatives. Low nanomolar inhibi-
tors have been detected, which generally incorporated 4-
substituted phenyl moieties in their molecule (Table 5). This
was another interesting example of CAls in which low

(@) (6]
HCo, HiC HiC
HsC CH;
CHj CHj;
' CH; CH;
/,.
O OH o (@]
(0] (6] 1 1
| | 0=S=0 0=S=0
0=S=0 O0=S=0 [ 1
1 | NH; NH,
NH, NH,
22z 22aa 22ab 22ac
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Table 4. CA Inhibition Data with Compounds (23-26) and Standard Inhibitors Against Human Isozymes hCA I and hCA II
Compound Ki (M)
hCAT hCATI
23 n-CsH;7-0-SO,NH-PO;H, 8.2 53
24 n-C,H,5-0-SO,NH-POsH, 10.5 9.9
25 n-C4H30-0-SO,NH-PO;H, 14.6 11.9
26 n-C,¢H33-0-SO,NH-POsH, 16.1 11.2
(acetazolamide) 900 12
(sulfanilamide) 28,000 300
(topiramate) 250 5
21r n-CgH,7-O-SO,NH, 35 2.7
22i n-C,H»5-O-SO,NH, 270 10
22 n-C14H5-0-SO,NH, 150 87
22k n-C¢H33-0-SO,NH, 58,000 97

* Errors in the range of 5-10 % of the reported value (from 3 different assays).

nanomolar inhibitors were generated starting from an inef-
fective lead molecule.

A small library of N-hydroxysulfamides (28) was then
synthesized by an original approach in order to investigate
whether this novel zinc binding function is efficient for the
design of inhibitors targeting the cytosolic (hCA I and II)
and transmembrane, tumor associated (hCA IX and XII) CAs
[26]. The parent derivative, N-hydroxysulfamide (28a) was a
more potent inhibitor as compared to sulfamide or sulfamic

acid against all investigated isozymes, with inhibition con-
stants in the range of 473 nm — 4.05 uM. Its substituted »n-
decyl-, n-dodecyl-, benzyl- and biphenylmethyl- derivatives
were less inhibitory against hCA I (K;-s in the range of 5.8 —
8.2 uM) but more inhibitory against hCA II (K;-s in the
range of 50.5 — 473 nM) (Table 2). The same situation was
true for the tumor associated isozymes, with K;-s in the range
of 353 — 790 nM against hCA IX and 372 — 874 nM against
hCA XII. Some sulfamides/sulfamates of types (26) and
(21), respectively, possessing similar substitution patterns

H
O-H
1
1
Thr200 1291
1
H H
(e} O—H\‘~\ /H _____ O(
326 N 337 H
“H----- 0
\/N H '
C T g =0
“0 / V317
Thr199 RN Y
H 282 0
; \
176 7.2+ /=N
257 :' FERREEEN
o K I/ \\ —
o / > .
N His9%4
N7 N
\ / S N
Glul06 N

His96 His119

Fig. (7). The hCA II — sulfamide adduct: A — the inhibitor is shown in space fill and stick model, with the zinc ion (gray sphere), its ligands
(His94, His96 and His119), water molecules (red balls) and other amino acid residues involved in the binding; B — schematic reprsentation of
the inhibitor binding with numbers representing distances in A [20]. (With Permission from American Chemical Society, 2006).
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Table 5. Inhibition Data for Derivatives (10) and (11) Against the Cytosolic, Human Isozymes hCA I and hCA II, by an Esterase
Assay Method with 4-Nitrophenyl Acetate as Substrate [35]

RR’N-SO,NH, NH,SO,-NH-RR’-NH-SO,NH,
26 27
No Inhibitor R R’ K (M)
hCA T hCA II*
2 H,NSO,NH, - - 35,000 82,000

26a n-Bu H 173 148
26b cyclohexyl H 164 450
26¢ 2-adamantyl H 960 890
26d PhCH, H 133 123
26d i-Bu i-Bu > 100,000 > 100,000
26e i-Pr i-Pr > 100,000 > 100,000
26f cyclohexyl cyclohexyl > 100,000 > 100,000
26g PhCH, PhCH, > 100,000 647
26h -(CH,)s- 155 148
26i -(CH,)s~ 163 131
26j Ph H 13 12
26k 4-Me-CsH,4 H 15 13
261 4-CF;-C¢Hy H 8 7
26m 4-C1-C¢H,4 H 19 15
26n 4-Br-Cg¢H, H 23 21
26p 4-1-CH,4 H 18 17
26k 4-MeO-C¢H,y H 14 11
26r 4-HO-C¢H,4 H 16 12
26s 4-O,N-C¢H,4 H 18 13
26t 4-EtO,C-C¢H, H 26 19
26u 4-NC-C¢H, H 20 16
26v 4-Me,N-C¢H,4 H 17 21
26x CeFs H 34 32
26y 3-benzoyl-C¢H, H 62 49
26z 2-naphthyl H 39 36
27 (CH,),-SS-(CH>), 149 27

“Human (cloned) isozymes, by the esterase method [34].




New Zinc Binding Motifs

Mini-Reviews in Medicinal Chemistry, 2006, Vol. 6, No. 8 933

Table 6. Inhibition of Isozymes hCA I, II, IX and XII with Sulfamide, Sulfamic Acid, N-Hydroxysulfamides (28), Sulfamides (26)
and the Corresponding Sulfamates (21) [36]
RNHSO,NHOH RNHSO,NH, ROSO,NH,
28 26 21
Inhibitor R Ki* (M)
hCA T hCA IT* hCA IX" hCA XI1°
H,NSO,NH, - 0.31.10° 1.13.10° 9.6.10° 13.2.10°
H,NSO;H* - 0.21.10° 0.39. 10° 9.2.10° 10.7.10°
28a H 4050 566 865 1340
28b 1n-CioHas 5800 473 506 874
28¢ n-CyHos 6000 89.6 485 539
28d PhCH, 8200 313 790 633
28e 4-PhC¢H,CH, 8100 50.5 353 372
26a 4-CF3CH, 8 7 26 48
21a 4-CF3CH, 369 138 54 103
26b 4-CNCeH, 20 16 30 45
21b 4-CNCeH, 480 149 41 76
26¢ CoFs 34 32 40 19
21c¢ CoFs 415 113 47 34
26d 2-Naphthyl 39 36 38 30
21d 2-Naphthyl 103 63 40 62

* Errors in the range of 5 — 10 % of the shown data, from 3 different assays. * Human recombinant isozymes; ° Catalytic domain of the human recombinant isozyme, CO, hydrase

assay method [36].

have also been investigated for the inhibition of these
isozymes, being shown that in some particular cases sul-
famides were more efficient inhibitors as compared to the
corresponding sulfamates. Potent CAls targeting the cytoso-
lic or tumor-associated CA isozymes can thus be designed
from various classes of sulfonamides, sulfamides or sul-
famates and their derivatives, considering the extensive in-
teractions in which the inhibitor and the enzyme active site
are engaged, based on the X-ray crystallographic data showed
above and on this study which evaluated comparatively these
compounds possessing different zinc binding groups and
their relative efficiency in inhibiting various isoforms [36].

0
B @— NHSO,NH,
0
29

Finally, a very interesting sulfamide derivative incorpo-
rating boron, of type (29), was designed and synthesized in
order to obtain compounds with application in boron neutron
capture therapy (in the management of tumours). This com-

pound showed only moderate CA inhibitory properties, with
inhibition constants in the range of 48 — 92 nM against iso-
forms hCA I, IT and IX [37].

IV. UREA AND HYDROXYUREA AS CARBONIC
ANHYDRASE INHIBITORS

Cyanamide (30) (with the tautomeric form (31)) is a lin-
ear molecule isoelectronic to CO,, the physiologic substrate
of the CAs, whereas the structures of the corresponding CAs
catalyzed hydration products (urea and bicarbonate ion re-
spectively) are also very similar. In both cases we observe
the evolution from a linearly hybridized sp carbon atom in
the substrates to a trigonal sp® carbon in the reaction prod-
ucts, the cyanamide hydrolysis reaction mimicking very effi-
ciently the physiological one (although cyanamide exists in
two tautomeric forms [38]

0
=C= —_— )I\
HN=C=NH + HO0 ——= H,N NH,
H,N—C=N ——=  HN—C=—NH
30 31
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Due to the chemical simplicity of CO,, it is difficult to
design substrate analogues, as in the case of many other en-
zymes. Among the few molecules which are isoelectronic
(and/or isosteric) with CO,, N,O was shown by Khalifah
[39] not to act as inhibitor and cyanate is a strong suicide
inhibitor being slowly hydrolysed to carbamate which re-
mains bound within the active site [40].

Data from our laboratory clearly showed that cyanamide
bound within CA active site subsequently undergoes hy-
drolysis to ureate as indicated from the time dependence of
the electronic spectrum of the adduct of Co(II)-substituted
CA with cyanamide, and from the activity measurements
data in solution as well as from the X-ray crystallographic
studies. X-ray analysis of crystals of hCA II soaked in solu-
tions of cyanamide for different periods of time (3 - 24 hours
up to one week) always yielded the structure of the complex
of hCA 1I with urea, instead of the expected cyanamide ad-
duct. This is probably due to the fact that the cyanamide hy-
drolysis continues within the crystals during data collection
(24-36 hours). Thus, cyanamide is one of the first molecules
behaving as a suicide inhibitor for CAs, being catalytically
transformed to urea. It has to be mentioned that cyanate
probably behaves in a similar manner, but in that case the
rates of the spontaneous and of the CA catalyzed hydration
are of the same order of magnitude [40], whereas in the case
of cyanamide, the uncatalyzed rate is practically negligible.

The catalyzed cyanamide hydrolysis presents some inter-
esting features. The hydration process is rather slow, since
appreciable amounts of urea started to be evidenced only
after several hours of incubation of enzyme with cyanamide.
Practically, after 4 hours of incubation, around 5% of the
cyanamide is hydrated by hCA I, whereas for the most active
isozyme, hCA 1I, this is around 10 %. After 24 hours of in-
cubation, about 85 % of cyanamide is hydrated by hCA I,
and 90-95 % by hCA II. The reaction is practically com-
pleted after 40 hours, when an amount of urea equimolar to
the enzyme has been detected.

Thr 200
\OH wi22
) HOH
v B gy L
1 AY "”I
307 1 PR
w99 N
HOH __.-- HNH o
251 /, Ssl33
\ c! - W 123
~
\‘\(') _-->HOH

Thr 199

ZnZ}
His 94 \ His 119
His 96

Fig. (8). Binding or urea (urate) within the hCA II active site (Brig-
anti et al [41]).

Winum et al.

We have observed that the pH at which the reactions
have been performed does not influence the hydration rate.
Furthermore the spontaneous dissociation rate at the physio-
logical pH of the urea-hCA II adduct is negligible so that we
need to heat-denature the enzyme in order to achieve the
release of urea into the solution. Behaviour comparable to
this has been previously evidenced only for the amide in-
hibitors of CAs by Khalifah’s group, who showed a very
slow dissociation process of the E-I adducts, for amides such
as ethyl uretane (H,NCOOEt), or oxamate (H,NCO-COOH)
[42].

N
C NH
N N=C
_-OH [
— . —
His Zln\ . His ~ /Zn\ ©
His His His  His
A B
0 NH
HN —C HN — C,
! NH !
His ~ %n . o< His ~ %"v o
His His His His
D C

Fig. (9). Proposed mechanism for cyanamide hydration to urea
(Briganti et al., [41]).

The proposed catalytic mechanism (Fig. (9)) of cyana-
mide hydration to urea within CA active site is shown below.
Since, as mentioned above, the binding mode (and tautomeric
form) of cyanamide are unknown, this molecule has been
shown schematically (Fig. (9A)). We propose a direct attack
of the zinc bound hydroxyde ion to the initially bound cy-
anamide, with formation of a pentacoordinated intermediate
(Fig. 9B), which is similar to the bicarbonate adduct of the
Thr-200—His mutant of CA 1I, described by Lindskog’s and
Liljas’s groups [43]. We hypothesize that the initial pentaco-
ordinated intermediate is then converted to the tetracoordi-
nated adduct shown in (Fig. (9C)), which subsequently un-
dergoes an isomerisation reaction, with the production of an
ureate ion bound to zinc (Fig. (9D)). As suggested by spec-
troscopic, kinetic and structural data reported in this work,
this product is strongly bound into the active site cavity, thus
preventing subsequent turnover. Therefore cyanamide is
indeed a suicide substrate for carbonic anhydrases. In fact
this binding mode of cyanamide to hCA II was thereafter
confirmed by cryoscopic X-ray crystallography. In fact,
working at very low temperatures and with a short incuba-
tion time between enzyme and cyanamide, a frozen in-
termdiate of the catalytic turnover, of type A has been evi-
denced and characterized, confirming thus the above men-
tioned catalytic mechanism of cyanamide hydration to
urea(te) [44]. As mentioned above, the ureate thus formed is
very strongly fixed within the enzyme active site and cannot
be displaced even by very string sulfonamide inhibibitors. It
can be thus concluded that the ureate ZBG is one of the most
effective oned for the design of CAls. However, it cannot be
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Fig. (10). Hypothetic binding of hydroxyurea within the hCA II active site (A), based on the hCA II — urea structure, as compared to the
binding of trifluoromethyl hydroxamate to hCA II (B), and that of a hydroxamate inhibitor within the MMP-8 active site (C), both deter-
mined by meand of X-ray crystallographic techniques (From Scozzafava and Supuran, [45]).

used in the drug design of inhibitors, since substituted cy-
anamides are not CA substrates.

The interaction of hydroxyurea (HONHCONH,) with the
cytosolic isozymes hCA I and hCA II has also been investi-
gated by means of kinetic and spectroscopic techniques. Hy-
droxyurea acts as a weak, non-competitive inhibitor of both
isozymes, for the 4-nitrophenyl acetate esterase activity, with
inhibition constants around 0.1 mM for both isozymes. The
spectrum of the adduct of hydroxyurea with Co(II)-hCA 1I is
similar to the spectra of tetrahedral adducts (such as those
with sulfamide, acetazolamide or cyanamide), proving a di-
rect interaction of the inhibitor molecule with the metal cen-
ter of the enzyme, whose geometry remains tetrahedral.
Based on the X-ray crystal structure of the adducts of hCA 11
with ureate and hydroxamate inhibitors, the hypothetical
binding of hydroxyurea is proposed to be achieved in de-
protonated state, with the nitrogen atom coordinated to
Zn(IT), and the OH group of the inhibitor making a hydrogen
bond with Thr 199 (Fig. (10)). This binding may be ex-
ploited for the design of both CA as well as matrix metallo-
proteinase (MMP) inhibitors, since hydroxyurea is the sim-
plest compound incorporating hydroxamate functionality in
its molecule. Indeed, such inhibitors of the sulfonylated
amino acid hydroxamate type have been generated, with
potencies in the low nanomolar range for both type of en-
zymes, CAs and MMPs [45].

CONCLUSION

The different zinc binding functions presented in this
review illustrate the important advances which have been
made in the design of potent and sometimes also selective
carbonic anhydrase inhibitors during the past few years. Re-
cent developments have led to the discovery of very potent
inhibitors in the sulfonamide, N-substituted sulfonamide,
sulfamide and sulfamate series, as well as their related com-
pounds.

It is evident that modulation of carbonic anhydrase
isozymes activities offers new pharmacological opportunities
for the treatment of various pathologies, and that develop-
ment of selective inhibitors with improved therapeutic po-
tencies is of great interest.

Considering our recent knowledge of the structure-
activity relationship for carbonic anhydrase inhibitors, and
with respect to the drug design, work in this area may lead to
the development of new selective inhibitors with more pow-
erful activity and devoid of serious side effects.
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