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Carbonic anhydrases (CAs, EC 4.2.1.1) are wide-spread
enzymes, present in mammals in at least 14 different
isoforms. Some of these isozymes are cytosolic (CA I, CA
II, CA III, CA VII, CA XIII), others are membrane-bound
(CA IV, CA IX, CA XII and CA XIV), CA V is
mitochondrial and CA VI is secreted in the saliva and
milk. Three cytosolic acatalytic forms are also known
(CARP VIII, CARP X and CARP XI). The catalytically
active isoforms, which play important physiological and
patho-physiological functions, are strongly inhibited by
aromatic and heterocyclic sulfonamides. The catalytic
and inhibition mechanisms of these enzymes are under-
stood in great detail, and this greatly helped the design of
potent inhibitors, some of which possess important
clinical applications. The use of such CA inhibitors
(CAIs) as antiglaucoma drugs are discussed in detail,
together with the recent developments that led to
isozyme-specific and organ-selective inhibitors. A recent
discovery is connected with the involvement of CAs and
their sulfonamide inhibitors in cancer: many potent CAIs
were shown to inhibit the growth of several tumor cell
lines in vitro and in vivo, thus constituting interesting
leads for developing novel antitumor therapies. Future
prospects for drug design of inhibitors of these
ubiquitous enzymes are dealt with. Although activation
of CAs has been a controversial issue for some time,
recent kinetic, spectroscopic and X-ray crystallographic
experiments offered an explanation of this phenomenon,
based on the catalytic mechanism. It has been demon-
strated recently, that molecules that act as carbonic
anhydrase activators (CAAs) bind at the entrance of the
enzyme active site participating in facilitated proton
transfer processes between the active site and the
reaction medium. In addition to CA II-activator adducts,
X-ray crystallographic studies have been also reported
for ternary complexes of this isozyme with activators and
anion (azide) inhibitors. Structure–activity correlations
for diverse classes of activators is discussed for

the isozymes for which the phenomenon has been
studied, i.e., CA I, II, III and IV. The possible
physiological relevance of CA activation/inhibition is
also addressed, together with recent pharmacological/
biomedical applications of such compounds in different
fields of life sciences.

Keywords: Carbonic anhydrase; Isozymes; Inhibitors; Sulfon-
amide; Clinical application

INTRODUCTION

Among the metalloenzymes extensively studied
in the past, the carbonic anhydrases (CAs,
EC 4.2.1.1) occupy a special place for several reasons:
(i) these enzymes are ubiquitous in all kingdoms,
starting with Archaea, Eubacteria, algae and green
plants, and ending with superior animals,
including vertebrates;1 – 4 (ii) their physiological
function is essential for these organisms, as CAs
catalyze a fundamental physiological reaction,
the interconversion between carbon dioxide and
bicarbonate.1 – 4 This reaction is critical for respiration
and transport of CO2 between metabolizing
tissues and excretion sites, secretion of electrolytes
in a variety of tissues and organs, pH regulation and
homeostasis, CO2 fixation (for algae and green
plants), several metabolic biosynthetic pathways,
such as gluconeogenesis, lipogenesis and ureagen-
esis, bone resorption, calcification, tumorigenicity
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(in vertebrates), etc.;1 – 3 (iii) inhibition (but also
activation) of these enzymes may be exploited
clinically in the treatment or prevention of a variety
of disorders.1 – 3 In consequence, CA inhibitors
(CAIs) and to a lesser extent up to now, CA
activators (CAAs) possess a variety of applications
in therapy.1 – 4 In higher vertebrates, including
humans, 14 different CA isozymes or CA-related
proteins (CARP) have been described (Table I), with
very different subcellular localization and tissue
distribution.1 – 3 Among the active enzymes, there are
several cytosolic forms (CA I–III, CA VII, CA XIII),
four membrane-bound isozymes (CA IV, CA IX, CA
XII and CA XIV), a mitochondrial form (CA V), as
well as a secreted CA isozyme (CAVI).1,2 As it will be
discussed shortly, many of these isozymes are
important targets for the design of inhibitors with
clinical applications.

In addition to the physiological reaction, the rever-
sible hydration of CO2 to bicarbonate (reaction 1,

Figure 1), CAs catalyze a variety of other reactions,
such as: the hydration of cyanate to carbamic acid, or
of cyanamide to urea (reactions 2 and 3); aldehyde
hydration to gem-diols (reaction 4); hydrolysis of
carboxylic, or sulfonic esters (reactions 5, 6), as well as
other less investigated hydrolytic processes, such as
those described by Equations (7–9) in Figure 1.2,4 – 6

It should be mentioned that the previously reported
phosphatase activity of CA III was recently proven to
be an artefact.7 It is unclear at this moment whether
CA catalyzed reactions other than the CO2 hydration
have physiological significance. The X-ray crystal
structure has been determined for six a-CAs at this
moment (isozymes CA I–V and CA XII),8,9 as well as
for the representatives of the b- and g-CA families.10

METAL ION, ITS LIGANDS, CATALYTIC AND
INHIBITION MECHANISMS OF CAS

The Zn(II) ion of CAs is essential for catalysis.1 – 4,7

X-ray crystallographic data has shown that fora-CAs,
the metal ion is situated at the bottom of a 15 Å deep
active site cleft (Figure 2), being coordinated by three
histidine residues (His 94, His 96 and His 119) and
a water molecule/hydroxide ion.1 – 4,7,11 The zinc-
bound water is also engaged in hydrogen bond
interactions with the hydroxyl moiety of Thr 199,
which in turn is bridged to the carboxylate moiety of
Glu 106; these interactions enhance the nucleophili-
city of the zinc-bound water molecule, and orient
the substrate (CO2) in a favorable location for the
nucleophilic attack (Figure 3).1 – 4,7,11 – 13 The active
form of the enzyme is the basic one, with hydro-
xide bound to Zn(II) (Figure 3A).13 This strong
nucleophile attacks the CO2 molecule bound in
a hydrophobic pocket in its neighbourhood (the
elusive substrate-binding site comprises residues Val
131, Val 143 and Leu 198 in the case of the human

TABLE I Higher vertebrate a-CA isozymes, their relative CO2 hydrase activity, affinity for sulfonamide inhibitors and sub-cellular
localization

Isozyme Catalytic activity (CO2 hydration) Affinity for sulfonamides Sub-cellular localization

CA I low medium cytosol
CA II high very high cytosol
CA III very low very low cytosol
CA IV high high plasma membrane
CA V moderate-high# high mitochondria
CA VI moderate medium-low secreted into saliva
CA VII high very high cytosol
CARP VIII acatalytic * cytosol
CA IX high high plasma membrane
CARP X acatalytic * cytosol
CARP XI acatalytic * cytosol
CA XII low low plasma membrane
CA XIII low high cytosol
CA XIV high high plasma membrane

#Moderate at pH 7.4, high at pH 8.2 or higher. *The native CARP isozymes do not contain Zn(II), so that their affinity for the sulfonamide inhibitors has not
been measured. By site-directed mutagenesis it is possible to modify these proteins and transform them in enzymes with CA-like activity, which probably are
inhibited by sulfonamides, but no studies on this subject are available at present.

FIGURE 1 Reactions catalyzed by a-CAs.
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isozyme CA II12) (Figure 3B), leading to the formation
of bicarbonate coordinated to Zn(II) (Figure 3C). The
bicarbonate ion is then displaced by a water molecule
and liberated into solution, leading to the acid form of
the enzyme, with water coordinated to Zn(II)
(Figure 3D), which is catalytically inactive.2,7,11 In
order to regenerate the basic form A, a proton transfer
reaction from the active site to the environment takes

place, which may be assisted either by active site
residues (such as His 64—the proton shuttle in
isozymes CA I, II and IV) or by buffers present in
the medium. The process may be schematically
represented by Equations (10) and (11) below:

EZn2þ –OH2 þ CO2 , EZn2þ –HCO2
3

, EZn2þ –OH2 þ HCO2
3 ð10Þ

EZn2þ –OH2 , EZn2þ –HO2 þ Hþ ð11Þ

The rate limiting step in catalysis is the second
reaction, i.e., the proton transfer that regenerates
the zinc-hydroxide species of the enzyme.13 In the
catalytically very active isozymes, such as CA II, CA
IV, CA VII and CA IX, the process is assisted by
a histidine residue placed at the entrance of the
active site (His 64), as well as by a cluster of
histidines, which protrudes from the rim of the
active site to the surface of the enzyme, assuring thus
a very efficient proton tranfer process.11 This also
explains why CA II is one of the most active enzymes
known (with a kcat=Km ¼ 1:5 £ 108 M21 s21), approach-
ing the limit of diffusion control,7 – 13 and also has
important consequences for the design of inhibitors
with clinical applications.

Two main classes of CA inhibitors (CAIs) are
known: the metal complexing anions, and the
unsubstituted sulfonamides, which bind to
the Zn(II) ion of the enzyme either by substituting

FIGURE 2 hCA II, with active site details: the zinc(II) ion (red sphere) coordinated by His 94, His 96 and His 119, and its fourth ligand,
a water molecule/hydoxide ion (blue sphere) are seen.

FIGURE 3 Schematic representation of the catalytic mechanism
for the catalyzed CO2 hydration by a-CAs.
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the non-protein zinc ligand (Equation 12 in
Figure 4) or add to the metal coordination sphere
(Equation 13 in Figure 4), generating trigonal-
bipyramidal species.2,7,14,15 Sulfonamides, which
are the most important CAIs, bind in a tetrahedral
geometry of the Zn(II) ion (Figure 4A), in the
deprotonated state, with the nitrogen atom of
the sulfonamide moiety coordinated to Zn(II);
anions may bind either in tetrahedral geometry
of the metal ion or as trigonal-bipyramidal adducts,
such as for instance the thiocyanate adduct shown
in Figure 4B.16

X-ray crystallographic structures are available for
many adducts of sulfonamide inhibitors with
isozymes CA I, II and IV.2,7,16 – 18 In all these adducts,
the deprotonated sulfonamide is coordinated to the
Zn(II) ion of the enzyme, and its NH moiety
participates in a hydrogen bond with the Og of Thr
199, which in turn is engaged in another hydrogen
bond to the carboxylate group of Glu 106.16 – 18 One of
the oxygen atoms of the SO2NH moiety also
participates in a hydrogen bond with the backbone
NH moiety of Thr 199.16 – 18 In Figure 5, the crystal
structures of the hCA II adducts with the simplest
compound incorporating a sulfamoyl moiety (sulf-
amide) is shown. The monoanion of sulfamide
NHSO2NH2

2 was shown to bind to the Zn(II) ion
within the enzyme active site.17 This structure
provides some close insights into why this functional
group (the sulfonamide one) appears to have unique
properties for CA inhibition: (i) it exhibits a negatively
charged, most likely mono-protonated nitrogen
coordinated to the Zn(II) ion; (ii) simultaneously,
this group forms a hydrogen bond as donor to the
oxygen Og of the adjacent Thr 199, and (iii) a
hydrogen bond is formed between one of the SO2

oxygens to the backbone NH of Thr 199. Thus, the
basic structural elements explaining the strong

affinity of the sulfonamide moiety for the Zn(II) ion
of CAs were defined in all details by using this simple
compound as prototypical CAI, without the need to
analyze the interactions of the organic scaffold
usually present in other inhibitors (generally belong-
ing to the aromatic/heterocyclic sulfonamide class).17

The physiological function of the major red cell
isozyme, CA I (present in concentrations of up to
150mM in the blood)1,2 is still unknown. Recently, the
X-ray crystal structure of a natural mutant of CA I, i.e.,
CA I Michigan 1 was reported (this isozyme was
isolated from three generations of a family of European
Caucasians19). CA I Michigan 1 differs from wild type
CA I in a single amino acid residue present into the
active site cavity, i.e., Arg 67 instead of His 67.19 This
amino acid residue is located in an important region of
the catalytic site, which is involved both in shuttling
protons from the active cavity to the environment and
also in the binding of aromatic/heterocyclic sulfon-
amides, the classical, clinically important CAIs.
The structure of the native mutant enzyme has been
determined, as well as its adduct with a second zinc
ion, which revealed the presence of a second metal ion
binding site within the active cavity. Arg 67 appeared
to promote the binding of this second zinc ion to His 64,
His 200 and itself (through one of the guanidino
nitrogen atoms).19 This second metal ion bound into
the active cavity is involved in the previously observed
activation mechanism for substrate specific a- and b-
naphthyl acetates hydrolyses.19 Furthermore, this is
the first example of a Zn(II) enzyme containing an
arginine residue in the metal ion coordination sphere,
as well as the first CA isozyme that binds two metal
ions within its active site.19 The crystal structures of
sulfanilamide 1 (4-aminobenzenesulfonamide) com-
plexed to native hCA I Michigan 1 variant and to its
(Zn)2 adduct have also been reported20 (Figure 6).
Comparisons among these structures and the corre-
sponding sulfonamide adduct of hCA I showed
significant differences in the orientation of the inhibitor
molecule and in its interactions with active site
residues such as His 200, Thr 199, Leu 198, Gln 92,

FIGURE 4 CA inhibition mechanism by sulfonamide and anionic
inhibitors.

FIGURE 5 Schematic binding of sulfamide (as monoanion) to
hCA II, as determined by X-ray crystallography.16
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and Arg/His 67 which are known to play important
roles in substrate or inhibitor binding and recog-
nition.1,2,19,20 In CA I Michigan 1 it was observed that
there was a lengthening of the Zn–N1 sulfanilamide
bond distance and a corresponding shortening of the
distance between the sulfamido group and Thr 199
with respect to wild type CA I. When the second Zn(II)
ion was present in the active site, the p-amino group
and the aromatic ring of the inhibitor molecule
appeared tilted towards Gln 92 and Arg 67, moving
away from residues His 200 and Leu 198. The
structural differences in inhibitor binding between
the CA I isozyme and the CA I Michigan 1 variant
showed that even a point mutation within the active
site of a CA isozymes may have relevant consequences
for the binding of inhibitors.20 This work opens new
ways for the design of isozyme-specific CAIs.

Many bacteria, some archaeas (such as Methano-
bacterium thermoautotrophicum), algae and the chloro-

plasts of superior plants contain CAs belonging to
the b-class.10,21 – 24 The principal difference between
these enzymes and the a-CAs discussed above
resides in the fact that usually the b-CAs are
oligomers, generally formed of 2–6 monomers of
molecular weight of 25–30 kDa. The X-ray structure
of four such b-CAs are available at present: the
enzyme isolated from the red alga Porphyridium
purpureum,10 the enzyme from chloroplasts of Pisum
sativum,23 another prokariotic enzyme, this time
isolated from Escherichia coli24 and "cab", an enzyme
isolated from the archaeon Methanobacterium thermo-
autotrophicum.25 The Porphyridium purpureum CA
monomer is composed of two internally repeating
structures, being folded as a pair of fundamentally
equivalent motifs of an a/b domain and three
projecting a-helices. The motif is very distinct from
that of either a- or g-CAs. This homodimeric CA
appeared like a tetramer with a pseudo 2-2-2
symmetry.10 b-CAs are thus very different from the
a-class enzymes. The Zn(II) ion is essential for
catalysis in both families of enzymes, but its
coordination is different and rather variable for the
b-CAs: thus, in the prokaryotic b-CAs the Zn(II) ion
is coordinated by two cysteinate residues, an
imidazole from a His residue and a carboxylate
belonging to an Asp residue (Figure 7A), whereas the
chloroplast enzyme has the Zn(II) ion coordinated by
the two cysteinates, the imidazole belonging to a
His residue, and a water molecule (Figure 7B).23 – 25

The polypeptide chain folding and active site
architecture is obviously very different from those
of the CAs belonging to the a-class.

Since no water is directly coordinated to Zn(II) for
some members of the b-CAs (Figure 7A), the main
problem is whether the zinc-hydroxide mechanism
presented in this here for the a-CAs is valid also for
enzymes belonging to the b-family. A solution has
been given by Mitsuhashi et al.10 who have proposed
the catalytic mechanism shown in Figure 8.

As there are two symmetrical structural motifs in
one monomer of the Porphyridium purpureum
enzyme, resulting from two homologous repeats
which are related to each other by a pseudo

FIGURE 7 Schematic representation of the Zn(II) coordination sphere in b-CAs: A—Porphyridium purpureum and Escherichia coli
enzymes;9,23 B—Pisum sativum chloroplast and Methanobacterium thermoautotrophicum enzyme,22,24 as determined by X-ray crystallography.

FIGURE 6 Model of sulfanilamide binding within the active site
of the natural mutant, blood isozyme hCA I Michigan 1 containing
two zinc ions (only molecule A shown), as determined by X-ray
crystallography.18,19

CARBONIC ANHYDRASES 203

Jo
ur

na
l o

f 
E

nz
ym

e 
In

hi
bi

tio
n 

an
d 

M
ed

ic
in

al
 C

he
m

is
tr

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
M

al
m

o 
H

og
sk

ol
a 

on
 1

2/
23

/1
1

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2-fold axis, there are two Zn(II) ions coordinated by
the four amino acids mentioned above. In this case
these pairs are: Cys 149/Cys 403, His 205/His 459,
Cys 208/Cys 462, and Asp 151/Asp 405.10 A water
molecule is also present in the neighborhood of each
metal ion, but it is not directly coordinated to it,
forming a hydrogen bond with an oxygen belonging
to the zinc ligand Asp 151/Asp 405 (Figure 8A). It is
hypothesized that a proton transfer reaction may
occur from this water molecule to the coordinated
carboxylate moiety of the aspartate residue, with
generation of a hydroxide ion that may then be
coordinated to Zn(II) which acquires a trigonal
bipyramidal geometry (Figure 8B). Thus, the strong
nucleophile which may attack CO2 bound within
a hydrophobic pocket of the enzyme is formed
(Figure 8C), with generation of bicarbonate bound
to Zn(II) (Figure 8D). This intermediate is rather
similar to the reaction intermediate proposed for the
a-CA catalytic cycle (Figure 3C), except that for the
b-class enzyme, the aspartic acid residue originally
coordinated to zinc is proposed to participate in a
hydrogen bond with the coordinated bicarbonate
(Figure 8D). In the last step, the coordinated
bicarbonate is released in solution, together with a
proton (no details regarding this proton transfer
process are available), the generated aspartate re-
coordinates the Zn(II) ion, and the accompanying
water molecule forms a hydrogen bond with it. The
enzyme is thus ready for another cycle of catalysis.

The structure of the b-CA from the dicotyledonous
plant Pisum sativum at 1.93 Å resolution, has also
been reported.23 The molecule assembles as an
octamer with a novel dimer of dimers of dimers
arrangement. The active site is located at the
interface between two monomers, with Cys 160,
His 220 and Cys 223 binding the catalytic zinc ion
and residues Asp 162 (oriented by Arg 164), Gly 224,
Gln 151, Val 184, Phe 179 and Tyr 205 interacting with
acetic acid. The substrate binding groups have a one
to one correspondence with the functional groups in
the a-CA active site, with the corresponding residues
being closely superimposable by a mirror plane.
Therefore, despite differing folds, a- and b-CAs have
converged upon a very similar active site design and
are likely to share a common mechanism of action.23

Cab exists as a dimer with a subunit fold similar to
that observed in plant-type b-CAs. The active site
zinc ion was shown to be coordinated by the amino
acid residues Cys 32, His 87, and Cys 90, with the
tetrahedral coordination completed by a water
molecule.25 The major difference between plant-
and cab-type b-CAs is in the organization of the
hydrophobic pocket (except for the zinc coordination
mentioned above). The structure also revealed a
Hepes buffer molecule bound 8 Å away from the
active site zinc, which suggests a possible proton
transfer pathway from the active site to the solvent.25

No structural data are available at this moment
regarding the binding of inhibitors to this type

FIGURE 8 Proposed catalytic mechanism for prokaryotic b-CAs(Porphyridium purpureum enzyme numbering).9
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of CAs, except for the fact that acetate coordinates to
the Zn(II) ion of the Pisum sativum enzyme.23

The prototype of the g-class CAs, "Cam" has
been isolated from the methanogenic archaeon
Methanosarcina thermophila.26 The crystal structures
of zinc-containing and cobalt-substituted Cam were
reported in the unbound form and co-crystallized
with sulfate or bicarbonate.26 Cam has several
features that differentiate it from the a- and b-CAs.
Thus, the protein fold is composed of a left-handed b-
helix motif interrupted by three protruding loops and
followed by short and long a-helixes. The Cam
monomer self-associates in a homotrimer with the
approximate molecular weight of 70 kDa.26,27

The Zn(II) ion within the active site is coordinated
by three histidine residues, as ina-CAs, but relative to
the tetrahedral coordination geometry seen at the
active site of a-CAs, the active site of this g-CA
contains additional metal-bound water ligands, so
that the overall coordination geometry is trigonal
bipyramidal for the zinc-containing Cam and
octahedral for the cobalt-substituted enzyme. Two of
the His residues coordinating the metal ion belong to
one monomer (monomer A) whereas the third one is
from the adjacent monomer (monomer B). Thus, the
three active sites are located at the interface between
pairs of monomers.26,27 The catalytic mechanism of
g-CAs was proposed to be similar with the one
presented for the a-class enzymes. Nevertheless, the
finding that Zn(II) is not tetracoordinated as
originally reported27 but pentacoordinated,26 with
two water molecules bound to the metal ion,
demonstrates that much is still to be understood
regarding these enzymes. At this moment, the zinc
hydroxide mechanism is accepted as being valid for
g-CAs, as it is probable that the equilibrium exists
between the trigonal bipyramidal and the tetrahedral
species of the metal ion from the active site of the
enzyme. Ligands bound to the active site were shown
to make contacts with the side chain of Glu 62 in a
manner that suggests this side chain to be probably
protonated. In the uncomplexed zinc-containing
Cam, the side chains of Glu 62 and Glu 84 appear to
share a proton; additionally, Glu 84 exhibits multiple
conformations. This implies that Glu 84 may act as a
proton shuttle, which is an important aspect of the
reaction mechanism of a-CAs, for which a histidine
active site residue generally plays this function,
usually His 64. Anions, such as bicarbonate or
sulfate were shown to bind to Cam, but no
information is available regarding its inhibition by
sulfonamides.26,27

X-ray absorption spectroscopy at the Zn K-edge
indicates that the active site of the marine diatom
Thalassiosira weissflogii CA (TWCA1) is strikingly
similar to that of mammalian a-CAs. The zinc has
three histidine ligands and a single water molecule,
being quite different from the b-CAs of higher plants

in which zinc is coordinated by two cysteine
thiolates, one histidine, and a water molecule.28

The diatom carbonic anhydrase shows no significant
sequence similarity with other carbonic anhydrases
and may represent an example of convergent
evolution at the molecular level. We propose here
that this enzyme is the first member of the d-CA
family. In the same diatom a rather perplexing
discovery was then made, that of the first cadmium-
containing enzyme, which is a CA-type protein.29

The marine diatom Thalassiosira weissflogii growing
under conditions of low zinc, typical of the marine
environment, and in the presence of cadmium salts,
led to increased levels of cellular CA activity,
although the levels of TWCA1, the major intracellu-
lar Zn-requiring isoform of CA in T. weissflogii,
remained low.29,109 Cd labelling comigrates with a
protein band that showed this CA activity to be
distinct from TWCA1 on native PAGE of radio-
labeled T. weissflogii cell lysates. The levels of the Cd
protein were modulated by CO2 in a manner that
was shown to be consistent with a role for this
enzyme in carbon acquisition. Purification of the CA-
active fraction lead to the isolation of a Cd-contain-
ing protein of 43 kDa, it being clear that T. weissflogii
expresses a Cd-specific CA, which, particularly
under conditions of Zn limitation, can replace the
Zn enzyme TWCA1 in its carbon-concentrating
mechanism.29

NEW REPRESENTATIVES AND THEIR
CHARACTERIZATION

As mentioned above, CAs were recently shown to be
present in a multitude of prokaryotes, where these
enzymes play important functions such as respir-
ation, transport of carbon dioxide and photo-
synthesis.21,22 The possibility to develop CA
inhibitor-based antibiotics, by inhibiting bacterial
CAs present in pathogenic species, raised much
interest some years ago, with promising results in the
use of ethoxzolamide for the treatment of meningi-
tis.30,31 This type of inhibition has also been exploited
for developing selective culture media for other
pathogenic bacteria, such as Branhamella catarrhalis,31

in the presence of different Neisseria species. Some
strains of Pseudomonas, Staphylococcus, Streptococcus,
Serratia and Proteus, were reported to strongly express
a gene product immunologically related to CA.31 On
the other hand,a-,b- and g-CAs have been purified in
many species of bacteria, such as Neisseria spp., E. coli,
Synechocystis spp., Acetobacterium woodi, Anabaena
variabilis and Rhodospirillum rubrum, but it is
established that these enzymes are nearly ubiquitous
in prokaryotes.22,31 – 34 Lindskog’s group reported the
isolation, purification and characterization of
some a-CAs from pathogenic bacteria, such as
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Helicobacter pylori or Neisseria gonorrhoeae.31 – 34

Because the CA from Helicobacter pylori strain 26695
was toxic to Escherichia coli, a modified form of the
gene lacking a part that presumably encodes a
cleavable signal peptide was used for the expression.
This truncated gene could be expressed in E. coli
yielding an active enzyme comprising 229 amino acid
residues, with the amino acid sequence showing 36%
identity with that of the enzyme from Neisseria
gonorrhoeae and 28% with that of hCA II.34 The
H. pylori CA was purified by sulfonamide affinity
chromatography and its kinetic parameters for CO2

hydration were determined. Thiocyanate showed an
uncompetitive inhibition pattern at pH 9 indicating
that the maximal rate of CO2 hydration is limited by
proton transfer reactions between a zinc-bound water
molecule and the reaction medium in analogy to
higher vertebrate a-CAs. The 4-nitrophenyl acetate
hydrolase activity of the H. pylori enzyme was shown
to be quite low, whereas the esterase activity against
2-nitrophenyl acetate as substrate was much better.34

The kinetic properties of the CA isolated from
Neisseria gonorrhoeae (NGCA) as well as for some
mutant of such enzymes, have also been investigated
by the same group.33 Qualitatively, the enzyme shows
the same kinetic behaviour as the well studied hCA II,
suggesting a ping-pong mechanism with buffer as the
second substrate. The ratio kcat/Km is dependent on
two ionizations with pKa values of 6.4 and 8.2,
suggesting that His 66 in NGCA has the same
function as a proton shuttle, as His 64 in hCA II. The
kinetic defect in some of the NGCA mutants lacking
His 66 can partially be overcome by some buffers,
such as imidazole and 1,2-dimethylimidazole, acting
as endogenous activators. The bacterial enzyme
shows similar Ki values for the inhibitors cyanate,
thiocyanate and azide as hCA II, while cyanide and
the sulfonamide ethoxzolamide are considerably
weaker inhibitors of the bacterial enzyme than of
hCA II.33 An excellent review on prokaryotic CAs has
recently been published by Smith and Ferry.22

The recent report of parasitic CAs by Krungkrai
et al.,35,36 who discovered the presence of at least two
different a-CAs in Plasmodium falciparum, the malaria
provoking protozoa, opens new vistas to the
development of pharmacological agents based on
CA inhibitors. Red cells infected by Plasmodium
falciparum contained CA amounts approximately
2-fold higher than those of normal red cells. The
three developmental forms of the asexual stages of
the parasite (i.e., ring, trophozoite and schizont)
were isolated from their host red cells and found to
have stage-dependent CA activity. The enzyme was
then purified to homogeneity, showing a Mr of
32 kDa, being active in monomeric form (the human
red cell enzyme was also purified for comparison
with the parasite enzyme in this study).35,36

The parasite enzyme activity was sensitive to

well-known sulfonamide-CA inhibitors such as
sulfanilamide and acetazolamide. The kinetic prop-
erties and the aminoterminal sequences of the
purified enzymes from the parasite and host red
cell were found to be different, indicating that the
purified protein was a distinct enzyme, i.e.,
P. falciparum CA. In addition, the above-mentioned
enzyme inhibitors showed antimalarial effect against
in vitro growth of P. falciparum. This very important
contribution shows that CA inhibitors may represent
valuable future drugs for the treatment of malaria.35,36

In higher plants, algae and cyanobacteria, all
members of the three CA families were found to be
present.37 For example, analysis of the Arabidopsis
database revealed that at least 14 different CAs are
present in this plant, whereas in the unicellular green
alga Chlamydomonas reinhardtii, six such enzymes are
present.37 In algae, CAs were found in mitochondria,
the chloroplast thylakoid, cytoplasm and periplas-
mic space.37 – 39 In C3 dicotyledons two types of CAs
have been isolated, one in the chloroplast stroma and
one in cytoplasm, whereas in C4 plants these
enzymes are present in the mesophyl cells, where
they provide bicarbonate to phosphoenolpyruvate
(PEP) carboxylase, the first enzyme involved in CO2

fixation into C4 acids.39 In CAM (crassulacean acid
metabolism) plants CAs are quite abundant, being
probably present in the cytosol, and very abundant
in chloroplasts, where they participate in CO2

fixation, providing bicarbonate to PEP carboxylase.39

The plant CAs are exhaustively reviewed by Badger
and Price.39 These enzymes are highly abundant in
terrestrial vegetation and seem to be correlated with
the content of atmospheric CO2, and thus with the
global warming processes.40

DRUG DESIGN OF CA INHIBITORS

CA inhibition with sulfanilamide (1) discovered by
Mann and Keilin41 was the beginning of a great
scientific adventure that led to important drugs, such
as the antihypertensives of benzothiadiazine and
high-ceiling diuretics type,42 the sulfonamides with
CA inhibitory properties mainly used as anti-
glaucoma agents,2,4,42,43 some anti-thyroid drugs,42

the hypoglycemic sulfonamides44 and, ultimately,
some novel types of anticancer agents.45
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Up to recently, only sulfonamides were known to
possess high affinity for CAs. Some recent data indicate
that CA inhibitors (CAIs) may be designed from many
other types of compounds. Figure 9 shows the most
general structure of a CAI complexed to the enzyme
active site. Thus, such a compound must possess:
(i) a zinc binding group (ZBG) by which it interacts with
the metal ion of the enzyme and the residues Thr 199
and Glu 106 in its neighborhood; (ii) the organic
scaffold-usually an aromatic or heterocyclic moiety,
which may be present or absent in new generation
CAIs; (iii) a tail attached to the scaffold, which usually
was absent in the first and second generation of
sulfonamide CAIs, but which is extremely important
(and generally present) for the last generation of such
derivatives.4 All these structural elements interact both
with the hydrophobic as well as the hydrophilic halves
of the active site, whereas ZBG interacts with Thr 199
and Glu 106 as shown in the Figure.4 Thus,
sulfonamides constitute just a particular case for this
type of general interaction.

Indeed, in recent years, an entire range of new
ZBGs were reported, mostly by our group,4 as shown
in Figure 10. These new ZBGs include, in addition to
the classical sulfonamides sulfamates, sulfamides,
substituted sulfonamide, Schiff’s bases, urea and
hydroxyurea, as well as hydroxamates.

The binding of some non-classical CAIs to the
most investigated isozyme, hCA II, is shown in
Figure 11. Thus, urea binds as ureate to the Zn(II)
ion and participates in a network of eight hydrogen
bonds which make this complex the most potent CAI
ever reported (Figure 11A).5 Hydroxamates bind to
hCA II46 in a very different manner (Figure 11B)
as compared to their binding to matrix metallo-
proteinases (MMP-8)47—(Figure 11C)—coordinating
to the Zn(II) ion monodentately through the nitrogen
atom of the hydroxamate moiety.48

Returning to the classical CAIs, the report of
Krebs49 that mainly the unsubstituted aromatic
sulfonamides of type ArSO2NH2 act as strong
CAIs, and that the potency of such compounds is

FIGURE 10 Zinc binding groups: sulfonamides, sulfamates, sulfamides, substituted sulfonamides, Schiff’s bases, urea, hydroxyurea and
hydroxamates.

FIGURE 9 The general structure of a CAI complexed to the enzyme active site: ZBG ¼ zinc binding group; the organic scaffold may be
present or absent; the tail too. These structural elements interact both with the hydrophobic as well as the hydrophylic halves of the active
site, whereas ZBG interacts with Thr 199 and Glu 106.
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drastically reduced by N-substitution of the sulfon-
amide moiety, constituted the beginning of extensive
structure–activity correlations, which led to some
valuable drugs during a short period of time. Among
the active structures found by Krebs were also the
azodyes 2 (prontosil red) and 3, derived from
sulfanilamide.

Four systemic sulfonamide drugs have been used
clinically mainly as antiglaucoma agents, for a long
time: acetazolamide (4), methazolamide (5), ethoxzol-
amide (6), and dichlorophenamide (7)2,42,50. Systemic
inhibitors are useful in reducing elevated intraocular
pressure (IOP) characteristic of this disease. They
represent the most efficient physiological treatment
of glaucoma, since by inhibiting the ciliary process
enzyme (the sulfonamide susceptible isozymes CA II
and CA IV), a reduced rate of bicarbonate and
aqueous humor secretion is achieved, which leads to
a 25–30% decrease of IOP, but the inhibition of
various CA isozymes present in tissues other than
the eye leads to an entire range of side effects.2,4,42

The most prominent ones are: numbness and
tingling of extremities, metallic taste, depression,
fatigue, malaise, weight loss, decreased libido,
gastrointestinal irritation, metabolic acidosis, renal
calculi and transient myopia.2,4,42 Indeed, com-
pounds 4–7 indiscriminately inhibit several CA
isozymes (such as CA I, CA II, CA IV, CA V, CA VII,

CA IX and CA XIII) abundant in organs other than
the eye, such as blood, kidneys, lungs, gastrointes-
tinal tract, CNS, etc.4,42

Therefore, it appeared of interest to try to
administer such sulfonamide CAIs topically, directly
into the eye.2,4,42 However, not one of the clinically
used inhibitors 4–7 (or other structurally-related
investigational agents) proved to be effective when
administered topically in reducing elevated IOP, and
thus, for a long period, it was considered that
sulfonamide CAIs cannot be administered via the
topical route. In a classical study, Maren’s43 group
then showed that this is principally due to the
innappropriate physico-chemical properties of
the existing CAIs available at that time, and
provided the basis for the discovery of the topically

FIGURE 11 The binding of some non-classical CAIs to hCA II: A. Urea binds as ureate the Zn(II) ion and participates in a network of eight
hydrogen bonds;5 B. Hydroxamates bind to hCA II45 in a very different manner as compared to their binding to matrix metalloproteinases
(MMP-8)46—C—coordinating to the Zn(II) ion monodentately through the nitrogen atom of the hydroxamate moiety.47
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acting sulfonamides: the first such drug, dorzol-
amide (8), entered clinics in 1995, and the second one
(structurally related to dorzolamide)-brinzolamide
(9) entered clinics in 1999.4,50,51 Thus, in addition to
the systemically acting inhibitors 4–7, the clinical
antiglaucoma armamentarium comprises these two
new drugs, which show much less side effects as
compared to the first drugs mentioned above, but
which also basically inhibit all the physiologically
relevant CA isozymes.4,50,51

A large number of novel types of CAIs have been
reported in recent years. Most of them were
developed as candidate topically acting antiglau-
coma drugs, but other applications were also
envisaged, such as the design of CAIs with
anticancer properties, anti-osteoporosis agents, etc.
Two main approaches were used for the drug
design of effective CAIs of the sulfonamide
type:4,50,51 (i) The “ring” approach, used for the
discovery of dorzolamide and brinzolamide, con-
sisted in exploring a great variety of ring systems on
which the sulfonamide group (and eventually other
moieties) were attached. This approach was really
beneficial for the chemistry of this class of
derivatives as a very large number of new ring
systems was explored in this way, but generally led
to few effective in vivo IOP lowering agents (except
for the two drugs mentioned above), and the largest
majority of the obtained derivatives were potent
allergens; (ii) The second approach, the “tail” one,
consisted in attaching water-solubilizing tails
to different scaffolds of well-known aromatic/
heterocyclic sulfonamides possessing affinity for
the CA active site, assuring in this way the
possibility of modulating in greater detail the
physico-chemical properties of these pharmacologi-
cal agents. This approach did not lead at the time to
a clinically used drug (it was reported relatively
recently), but led to the development of a very large
number of much more effective antiglaucoma
sulfonamides as compared to 8 and 9 (at least in
animal models of the disease) in comparison with
the ring approach. It must also be mentioned that
these two aproaches are both valuable, and
complementary, since it was proved for example
that dorzolamide may also be further derivatized by
the tail strategy, leading to even more effective IOP
lowering compounds.4,51

Many brinzolamide-like derivatives of type 10
were reported by Alcon scientists.52 These non-
chiral 2H-thieno[3,2-e]- and [3,2-e]-1,2-thiazine-6-
sulfonamide 1,1-dioxides were synthesized for
evaluation as potential candidates for the treatment
of glaucoma, and showed high affinity towards
hCA II ðKi , 0:5 nMÞ: Some of them were
evaluated for their ability to lower intraocular
pressure (IOP) in naturally hypertensive Dutch-
belted rabbits, and showed significant efficacy

(.20% decrease) in this model following topical
ocular administration.52

The “tail” approach consisted in using well-known
aromatic/heterocyclic sulfonamide scaffolds (of type
A–Y) to which tails that will induce water solubility
(or other desired pharmacological/physico-chemical
properties) are attached at the amino, hydroxy, imino
or hydrazino moieties contained in the precursor
sulfonamides A–Y.4,51

The starting sulfonamides derivatized by this simple
approach included 2-; 3- or 4-aminobenzenesulfon-
amides; 4-(v-aminoalkyl)-benzenesulfonamides/thiadia-
zole-sulfonamides; 3-halogeno-substituted-sulfanilamides;
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1,3-benzene-disulfonamides; 1,3,4-thiadiazole-2-sul-
fonamides; benzothiazole-2-sulfonamides as well as
sulfanilyl-substituted aromatic/heterocyclic sulfona-
mides (structures U–X) among others, and were
chosen in such a way as to prove that this is a general
approach.4,51 Tails that were introduced in the
molecules of such new CAIs contained either moieties
protonatable at endocyclic nitrogen atoms (such as
pyridine- or quinoline rings), or at amino groups
belonging to amino acids and some of their
derivatives (such as glycine, b-alanine, GABA,
sarcosine, creatine, diethylenetriaminopentaacetic
acid (dtpa), or glycyl-glycine moieties), as well as
perfluoroalkyl/aryl moieties. The water solubility of
the first type of such derivatives is assured by
formation of salts with hydrochloric, trifluoroacetic
or triflic acid, or by formation of sodium salts, for the
derivatives possessing carboxylic acid moieties. The
tail was generally attached to the sulfonamide
scaffold either as an amide (CONH), ester (COO),
sulfonamide (SO2NH) or imide moiety.4,51 Thus, a
sulfonamide CAI obtained by the tail approach is
generally described by a figure (corresponding to the
tail moiety) and a letter (corresponding to the
sulfonamide scaffold to which the tail has been
attached, through a carboxamide, ester or secondary
sulfonamide bond).

By applying this approach,4,51 a large number of
novel sulfonamide CAIs belonging to a variety
of aromatic/heterocyclic ring systems and incor-
porating many types of new tails have been
generated.53 – 72 Furthermore, the first nanomolar,
non-sulfonamide CAIs were reported by the same
group, as belonging to the monosubstituted sulfo-
nylated amino acid hydroxamates.72

A new approach for the selective in vivo
inhibition of membrane-bound versus cytosolic
CA isozymes with a new class of positively
charged, membrane-impermeant sulfonamides has
been also reported.53,57 This approach is based
on the attachment of trisubstituted-pyridinium-
methyl/ethylcarboxy moieties (obtained from
2,4,6-trisubstituted-pyrylium salts and glycine/
b-alanine) to the molecules of classical aromatic/
heterocyclic sulfonamides possessing free amino
and hydroxyl groups in their molecules, leading
thus to compounds of types 11–14. Efficient
inhibition (in the nanomolar range) was observed
with many of these new derivatives against three
isolated CA isozymes: i.e., hCA I, hCA II (cytosolic
forms), and bCA IV (membrane-bound iso-
zyme).53,57 Due to their salt-like character, this
new type of inhibitor, unlike the classical, clinically
used compounds (such as acetazolamide, methazol-
amide, ethoxzolamide, etc.), are unable to penetrate
through biological membranes, inhibiting in this
way only membrane-associated CAs and not the
cytosolic isozymes.53,57

Novel sulfonamide inhibitors of types 15–23 were
prepared by reaction of aromatic or heterocyclic
sulfonamides containing amino moieties with
N, N-dialkyldithiocarbamates in the presence of
oxidizing agents (sodium hypochlorite or iodine).54,67

The N,N-dialkylthiocarbamylsulfenamido-sulfon-
amides 15–23 synthesized in this way behaved as
strong inhibitors of human CA I and CA II (hCA I and
hCA II) and bovine CA IV (bCA IV). For the most active
compounds, inhibition constants ranged from 1028 to
1029 M (for isozymes II and IV). Some of the
derivatives belonging to this new class of CA inhibitors
were also tested as inhibitors of tumor cell growth
in vitro, showing potent inhibition of growth against
several leukemia, non small-cell lung, ovarian,
melanoma, colon, CNS, renal, prostate and breast
cancer cell lines. With several cell lines, GI50 (molarity
of inhibitor producing a 50% inhibition of tumour cell
growth) values of 10–75 nM were observed.54,67

The same potent antitumor activity has been
discovered for some 1,3,4-thiadiazole-sulfonamides
of type 24–3066 or several aromatic derivatives of
types 31–3565. These derivatives showed GI50 values
typically in the range of 0.1–30mM against several
leukaemia, non-small cell lung cancer, ovarian,
melanoma, colon, CNS, renal, prostate and breast
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cancer cell lines. The mechanism of antitumour
action with such sulfonamides is unknown, but it
might involve either inhibition of CA isozymes (such
as CA IX and CA XII) predominantly present in
tumour cell membranes, acidification of the intra-
cellular environment as a consequence of CA
inhibition, uncoupling of mitochondria and/or
strong CA V inhibition, or a combination of several
such mechanisms. Such derivatives might lead to the
development of effective novel types of anticancer
agents/therapies.65,66

A large number of derivatives possessing
powerful topical antiglaucoma activity, were also

reported55 – 57,61,62,68,69,71 whereas in two QSAR
studies attemps have been made to correlate this

activity with physico-chemical and quantum proper-
ties of such derivatives.59,72 Aromatic/heterocyclic
sulfonamides A–Y possessing a free amino/imino/
hydrazino/hydroxy group were reacted with a
variety of acyl/alkyl/arylsulfonyl halides or car-
boxylic acid anhydrides present in tails 36–45 shown
above. The tails were chosen in such a way as to assure
desired physico-chemical properties, appropriate for
topical activity as antiglaucoma drugs for many such

compounds.55 – 57,61,62,68,69,71 Indeed, both in normo-
tensive as well as glaucomatous albino rabbits, such
derivatives showed potent and prolonged IOP low-
ering properties, as compared to the clinically used
drugs dorzolamide and brinzolamide. Some thio-
ureas of types 46–48 were obtained by reaction of
4-isothiocyanatobenzenesulfonamide with amines,
amino acids, and oligopeptides.62 The new thiourea
derivatives showed strong affinities toward isozymes
I, II, and IV. In vitro inhibitory power was good (in the
low-nanomolar range) for the derivatives of
b-phenylserine and a-phenylglycine, for those
incorporating hydroxy and mercapto amino acids
(Ser, Thr, Cys, Met), hydrophobic amino acids (Val,
Leu, Ile), aromatic/heterocyclic amino acids (Phe,
His, Trp, Tyr, DOPA), and dicarboxylic amino acids as
well as di/tri/tetrapeptides among others. Such CA
inhibitors displayed very good water solubility (in the
range of 2–3%) mainly as sodium (carboxylate) salts,
with the pH value of the obtained solutions being 6.5–
7.0. Some of these preparations (such as the
derivatives of Ser, b-Ph-Ser, Leu, Asn, etc.) strongly
lowered intraocular pressure (IOP) when applied
topically, directly into the normotensive/glauco-
matous rabbit eye, as 2% water solutions. It is interesting
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to note that not all the powerful CA inhibitors
designed in that study showed topical IOP-lowering
effects (such as, for instance, the Cys and Lys
derivatives, devoid of such properties) whereas the
Pro, Arg, and oligopeptidyl thiourea derivatives
showed reduced efficacy when administered
topically.62 This has been explained as being be due
to the very hydrophilic nature of some of these
compounds, whereas only inhibitors with balanced
hydro- and liposolubility showed optimal in vivo
activity. The interesting pharmacological properties
of these new type of CA inhibitors, correlated with the
neutral pH of their solutions used in ophthalmologic
applications, making them attractive candidates for
developing novel antiglaucoma drugs devoid of
major ocular side effects.

Reaction of 4-carboxy-benzenesulfonamide or
4-chloro-3-sulfamoyl benzoic acid with carboxy-
protected amino acids/dipeptides (or aromatic/
heterocyclic sulfonamides/mercaptans, data not
shown) afforded the corresponding benzene-
carboxamide derivatives of types 49 and 50.71

These were tested as inhibitors of three isozymes,
CA I, II and IV and showed affinity in the low
nanomolar range for isozymes CA II and IV,
involved in aqueous humor secretion within the
eye. Some of them were tested as topically acting
anti-glaucoma agents, in normotensive and glauco-
matoous rabbits. Good in vivo activity and
prolonged duration of action was observed for
some of these derivatives, as compared to the
clinically used drugs dorzolamide and brinzol-
amide. Some of the 4-chloro-3-sulfamoyl benzene-
carboxamides showed higher affinity for CA I than
for the sulfonamide avid isozyme CA II.71

Metal complexes of a sulfonamide possessing
strong CA inhibitory properties, 5-(2-chlorophenyl)-
1,3,4-thiadiazole-2-sulfonamide (chlorazolamide) have
been obtained from the sodium salt of the sulfonamide
and the following metal ions: Mg(II), Zn(II), Mn(II),
Cu(II), Co(II), Ni(II), Be(II), Cd(II), Pb(II), Al(III), Fe(III)
and La(III)66. The original sulfonamide and its
complexes were assayed for the in vitro inhibition of
three CA isozymes, CA I, II, and IV, some of which play
a critical role in ocular fluid secretion. All these
compounds (the sulfonamide and its metal complexes)
behaved as powerful inhibitors against the three
investigated isozymes. The parent sulfonamide pos-
sessed an extremely weak topical pressure lowering
effect when administered as a 1–2% suspension into
the rabbit eye, but some of its metal complexes, such as
the Mg(II), Zn(II), Mn(II) and Cu(II) derivatives, lower
intraocular pressure (IOP) in experimental animals
very well. Ex vivo data showed a 99.5–99.9% CA II
inhibition in ocular fluids and tissues of rabbits treated
with these agents, proving that the observed IOP
lowering is due to CA inhibition.66

Some Schiff’s bases of aromatic sulfonamides or
sulfamide, of types 51 and 52 have also been reported,
together with some structurally related sulfamide/
sulfamic acid derivatives 53 and 5460,64. Reaction of
o- or p-hydroxybenzaldehydes with sulfanilamide,
homosulfanilamide and p-(2-aminoethyl)-benzene-
sulfonamide afforded several new Schiff bases which

S. PASTOREKOVA et al.212

Jo
ur

na
l o

f 
E

nz
ym

e 
In

hi
bi

tio
n 

an
d 

M
ed

ic
in

al
 C

he
m

is
tr

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
M

al
m

o 
H

og
sk

ol
a 

on
 1

2/
23

/1
1

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



were subsequently derivatized at the phenolic
hydroxy moiety by reaction with arylsulfonyliso-
cyanates leading to derivatives of type 51.64 The new
arylsulfonylcarbamates obtained in this way pos-
sessed interesting inhibitory properties against three
isozymes, hCA I, hCA II and bCA IV. Generally, the
p-hydroxybenzaldehyde derivatives were more active
than the corresponding ortho isomers. An interesting
behavior was seen for some of the ortho-substituted
arylsulfonylcarbamato-sulfonamides, which showed
higher affinities for the isozyme hCA I, as compared to
hCA II and bCA IV (generally hCA I is 10–1000 less
sensitive to “normal” sulfonamide inhibitors, such as
acetazolamide, methazolamide or dorzolamide, as
compared to hCA II). This made the new derivatives
attractive leads for designing isozyme I-specific
inhibitors.64

Since sulfamide and sulfamic acid are the simplest
compounds containing the SO2NH2 moiety, respon-
sible for binding to the Zn(II) ion within the CA
active site, the novel classes of CA inhibitors
obtained by their derivatizations, possessing the
general formula RSO2NH–SO2X ðXvOH;NH2Þ;
contain new zinc-binding functions inducing strong
CA inhibitory properties.60 A smaller series of
derivatives has been obtained by reaction of aromatic
aldehydes with sulfamide, leading to Schiff bases of
the type ArCHvNSO2NH2. All these compounds
acted as strong inhibitors of isozymes I, II and IV, and
their mechanism of CA inhibition was evaluated
based on electronic spectroscopic measurements on
adducts with the Co(II)-substituted CA II. These
experiments led to the conclusion that the new
inhibitors are directly coordinated (in a monodentate
manner) to the metal ion within the enzyme active
site, similarly to the classical inhibitors, the aromatic/
heterocyclic sulfonamides.60

In the search for new zinc binding functions for
CAIs, we tested whether sulfonylated amino acid
hydroxamates of the type RSO2NX–AA–CONHOH
(XvH, benzyl, substituted benzyl; AA ¼ amino acid
moiety, such as Gly, Ala, Val, Leu) with well-known
inhibitory properties against matrix metalloprotei-
nases74 (MMPs) and Clostridium histolyticum collagen-
ase (ChC, another zinc enzyme related to the MMPs)
might also act as CA inhibitors.73 We also investigated
whether N-hydroxysulfonamides of the type
RSO2NHOH (which are effective CA inhibitors4)
inhibit MMPs and ChC. We have thus discovered
several potent sulfonylated amino acid hydroxamate
such as 55 and 56 which act as CA inhibitors (with
inhibition constants in the range of 5–40 nM, against
the human isozymes hCA I and hCA II, and 10–50 nM,
against the bovine isozyme bCA IV).73 Some
N-hydroxysulfonamides were also shown to possess
inhibitory properties (in the micromolar range) against
MMP-1, MMP-2, MMP-8, MMP-9, and ChC. Thus, the
SO2NHOH group is a new zinc-binding function for

the design of MMP inhibitors. Both CA as well as
MMPs are involved, among others, in carcinogenesis
and tumor invasion processes.73 On the basis of these
findings, we suggested that the mechanism of
antitumor action with some hydroxamate inhibitors
might also involve inhibition of some CA isozymes
(such as CA IX, and CA XII) present only in tumor cell
membranes, in addition to collagenases/gelatinases of
the MMP type. Our data also suggested that it should
be possible to develop dual enzyme inhibitors that
would strongly inhibit both these metalloenzymes,
CAs and MMPs, based on the nature of the R, AA, and
X moieties in the above formula. Compact X (such as
H) and AA (such as Gly) moieties favored CA over
MMP inhibition, whereas bulkier X (benzyl, substi-
tuted benzyl, etc.) and AA (such as Val, Leu) moieties
and substituted-aryl R groups are advantageous for
obtaining potent MMP and ChC inhibitors, which
showed lower affinity for CAs.73

In the same context, the interaction of hCA I and II
with boron derivatives was investigated by kinetic
and spectroscopic studies.70 Such derivatives, tested
as new inhibitors, were sulfonamide and non-
sulfonamide boron derivatives and some of them
proved to be moderately efficient inhibitors of the
isozymes mentioned above, their activities being
comparable to those of the unsubstituted sulfon-
amides, the classical inhibitors of these zinc
enzymes. Ph2BOH, one of the compounds with the
highest affinity for hCA II in this study (KI of
3.4mM), has been docked within the active site
of hCA II. After minimisation it was found situated
at 7.9 Å from zinc, within the hydrophobic half of the
active site, in Van der Waals contacts with the amino
acid residues: Val 121, Phe 130, Val 135, Leu 141, Val
143, Val 207 and Pro 201. This was the first time that a
CA inhibitor has been found to bind at the edge of
the active site cavity, similarly to the CA activator
histamine,75 which binds on the hydrophilic half.
This finding may be of importance also for the design
of novel types of inhibitors with increased affinity for
the different CA isozymes.70

The tail approach has also been further developed,
and applied for the preparation of other CAIs with
interesting biological activity. Thus, sulfonamides of
type 57 incorporating 2-carboxy-benzenecarbox-
amido (phthaloyl) tails were prepared by reaction of
phthalic anhydride with aromatic/heterocyclic sul-
fonamides A–Y under mild conditions.76 Another
closely related series of derivatives was prepared by
reaction of the same reagents under more forcing
conditions, when the corresponding phthalimides 58
were obtained.76 Some of these compounds showed
very good in vitro inhibitory properties against CA
isozymes I, II and IV, with affinities for the enzymes in
the low nanomolar range for the best inhibitors, and
some of them were formulated as sodium salts, in
aqueous solutions for topical administration as
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antiglaucoma agents, in normotensive/glaucomatous
rabbits. Only the derivatives possessing good water
solubility showed effective and longer lasting topical
intraocular pressure (IOP) lowering than dorzol-
amide and brinzolamide. All the in vivo effective new
compounds belonged to the first series of derivatives
(of type 57), whereas the corresponding phthalimides
58, although stronger in vitro CAIs were devoid of
topical IOP lowering properties, probably due to their
unsuitable physico-chemical properties.76 Another
series of aromatic/heterocyclic sulfonamides incor-
porating valproyl moieties of type 59 were reported,
in order to design anti-epileptic compounds possess-
ing in their structure two moieties known to induce
such a pharmacological activity: valproic acid, one of
the most widely used anti-epileptic drugs, and the
sulfonamide residue included in acetazolamide and
topiramate, two CAIs with anti-epileptic properties.77

Some of the derivatives 59 showed very high
inhibitory potency against three CA isozymes
involved in important physiological processes, such
as CA I, CA II and CA IV, and also showed promising
in vivo anticonvulsant properties in mice. Such
compounds may be considered as interesting leads
for developing anticonvulsant or selective cerebro-
vasodilator drugs.77

Reaction of tert-butyl-dimethylsilyl (TBDMS)-pro-
tected bile acids (such as cholic, chenodeoxycholic,
deoxycholic, lithocholic, ursodeoxycholic acids) or
dehydrocholic acid with aromatic/heterocyclic sulfon-
amides possessing free amino/hydroxy moieties, of
type A–Y, in the presence of carbodiimides, afforded
after deprotection of the OTBDMS ethers, a series of
sulfonamides incorporating bile acid moieties in their
molecules, of types 60–65.78 Many such derivatives
showed strong inhibitory properties against three
isozymes CA I, II and IV. Some of the most active
derivatives, incorporating 1,3,4-thiadiazole-2-sulfon-
amide or benzothiazole-2-sulfonamide functional-
ities in their molecules, showed low nanomolar
affinity for CA II and CA IV. Furthermore, the
bioavailability of these derivatives in rabbits was
comparable to that of acetazolamide, being in the
range of 85–90%, showing them as promising
candidates for systemically acting CAIs.55 Some of
the derivatives reported above78 were also investi-
gated thereafter by another group, which prepared
them by a slightly different method.79

Reaction of (poly)amino-polycarboxylic acids or
their dianhydrides with aromatic/heterocyclic sulfon-
amides A – Y, possessing a free amino/imino/
hydrazino/hydroxy group afforded mono- and
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bis-sulfonamides containing (poly)amino-polycarbo-
xylic tails in their molecule.80 The acids/anhydrides
used in synthesis included: IDA 66, NTA 67, EDDA
68, EDTA 69 and EDTA dianhydride, DTPA 70 and
DTPA dianhydride, EGTA 71 and EGTA dianhydride,
and EDDHA 72 among others. All the newly
prepared derivatives showed strong affinity towards
isozymes I, II and IV. Metal complexes of the new
compounds have also been prepared. Metal ions used
in such preparations included di- and trivalent
main-group and transition cations, such as Zn(II);
Cu(II); Al(III); etc. Several new sulfonamides/
disulfonamides obtained in this way, as well as their
metal complexes behaved as nanomolar CAIs against
isozymes II and IV, being slightly less effective in
inhibiting isozyme I. Some of these sulfonamides
as well as their metal complexes strongly lowered
IOP when applied topically, directly into the
normotensive/glaucomatous rabbit eye, as 1–2%
water solutions/suspensions. The good water solu-
bility of these sulfonamide CA inhibitors, correlated
with the neutral pH of their water solutions used in
the ophthalmologic applications and the long
duration of action of the IOP lowering effect, makes
them interesting candidates for developing novel
types of antiglaucoma drugs devoid of serious topical
side effects.80

Another approach for obtaining compounds for
ophthalmologic applications as antiglaucoma
drugs consisted in obtaining complexes of several
1,3,4-thiadiazole-2-sulfonamide derivatives of types
73–76 with b-cyclodextrin and hydroxypropyl-b-
cyclodextrin.81 Although the investigated CAIs
possessed very powerful inhibitory properties
against the two CA isozymes involved in aqueous
humor production within the eye, i.e., CA II and CA
IV, these compounds were topically ineffective as
IOP lowering agents in normotensive/hypertensive
rabbits, due to their very low water solubility.
On the contrary, the cyclodextrin complexes of
sulfonamides 73–76 proved to be effective and long

lasting IOP lowering agents in the two animal models
of glaucoma mentioned above.81

Reaction of 4-(2-amino-pyrimidin-4-yl-amino)-
benzenesulfonamide with alkyl/aryl-sulfonyl
halides, acyl halides or arysulfonyl isocyanates
afforded a series of derivatives of type 77–79
which were tested for inhibition of three CA
isozymes.82 These compounds were designed in
such a way as to (i) strongly inhibit the isozymes
involved in aqueous humor secretion within the
eye (CA II and CA IV), and (ii) to possess
a pharmacokinetic profile that allows an easy
penetration through the cornea, when administered
as eye drops, in solution or suspension, constituting
thus a valuable therapeutic approach for glaucoma.
Several of the obtained inhibitors 77–79 showed low
nanomolar affinities for the two isozymes involved
in aqueous humor secretion, CA II and CA IV, and
in normotensive and hypertensive rabbits, some of
them showed an effective and prolonged IOP
lowering when administered topically, as 2%
suspensions/solutions.82 Complexes of type 80,
a Schiff base CAI incorporating different metal ions
(Co(II), Ni(II), Cu(II)) were also reported and tested
as CAIs.60 Some of these derivatives are potent
inhibitors of the physiologically relevant isozymes
I, II and IV.83
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Two CA isozymes, CA IX and CA XII, are found in
cancer tissues, while being absent from or decreased
in their normal counterparts.84 The first tumor-
associated CA isozyme discovered was CA IX,
a transmembrane protein with a suggested function
in maintaining the acid–base balance and inter-
cellular communication, consisting of a signal
peptide, a proteoglycan-like region, a CA catalytic
domain, a transmembrane region, and a short
intracytoplasmic tail.85,86 It has subsequently been
shown that this protein is present in only a few
normal tissues, predominantly in normal gastric,
intestinal and billiary mucosa,87,88 but is ectopically
expressed in a multitude of tumors, such as cervical
carcinomas, renal cell carcinomas, lung carcinomas,
breast cancers, carcinomas of the esophagus etc.89 – 95

On the other hand, CA XII (with a domain
composition similar to CA IX, but lacking the
proteoglycan region) was initially identified as an
antigen overexpressed in 10% of renal cell carci-
nomas and in breast and colon carcinomas.96 – 99

Nevertheless, it is also present in many correspond-
ing normal tissues, including kidney, breast, colon,
lung etc.97 – 100

Both of these tumor-associated isoenzymes have
been recently connected with hypoxia and tumor
progression.101,95,98 Expression of CA IX in various
tumor types is linked to poor prognosis and the
clinical and experimental data indicate that hypoxia
is a critical factor in its regulation.98,102 In contrast,
the factors related to differentiation appear to
dominate the regulation of CA XII and its expression
may predict good prognosis in breast cancer.98

In fact, acetazolamide, one of the best-studied,
classical CAIs used clinically, was shown to function
as a modulator in anticancer therapies, in combi-
nation with different cytotoxic agents, to suppress
tumor metastasis and to reduce the invasive capacity
of several renal carcinoma cell lines (Caki-1, Caki-2,
ACHN, and A-498).103 – 105 Such valuable studies
constituted a proof-of-concept demonstration that
CAIs may be used in the management of tumors that
overexpress one or more CA isozymes. Thus,
recently, the first CA IX inhibition study has been
reported by our group.106 – 111 The inhibition of the
tumor-associated, membrane bound isozyme CA IX
with a series of aromatic and heterocyclic sulfona-
mides, among which were also the six clinically used
derivatives acetazolamide, methazolamide, ethoxzol-
amide, dichlorophenamide, dorzolamide and brin-
zolamide, has been investigated. A very interesting
and unusual inhibition profile against CA IX with
these sulfonamides was observed, which is a
promising discovery for the potential design of CA
IX-specific inhibitors with applications as anti-
tumor agents. Several nanomolar (KI in the range
of 14–50 nM) CA IX inhibitors were detected,
both among the aromatic (such as orthanilamide,

homosulfanilamide, 4-carboxy-benzenesulfonamide,
1-naphthalenesulfonamide and 1,3-benzenedisulfon-
amide derivatives) as well as the heterocyclic (such as
1,3,4-thiadiazole-2-sulfonamide, benzothiazole-2-
sulfonamide, etc.) sulfonamides investigated.106

CA IX inhibition has also been investigated
with a series of halogenosulfanilamides 81 and
halogeno-aminobenzolamides 82,107 with lipophilic
sulfonamides 83,108 as well as with sulfamates/
sulfamides.109 – 112 Indeed, the antiepileptic drug
topiramate 84 was recently shown to act as a low
nanomolar inhibitor of several CA isozymes,
including CA IX, and its X-ray crystal structure in
complex with hCA II has also been reported.117

Winum et al.110,111 showed then that aromatic
sulfamates of type 85 as well as aliphatic derivatives
86, not only act as very potent inhibitors of several
isozymes (CA I, II, IV and IX), but some of them also
show clear differences in affinity between these
isozymes, it becoming thus possible to detect
compounds with a certain selectivity for the target
isozyme, the tumor-associated one CA IX.

Casini et al.112 also investigated CA I and II
inhibition with sulfamides of type 87, detecting low
nanomolar inhibitors, whereas carboxy-benzolamide
derivatives of type 88 were shown to act as very potent
CA I, II and IV inhibitors, and to constitute effective
IOP lowering agents in a model of glaucoma.113 The
same type of behavior was then reported for
glycosylated sulfanilamides of type 89.114 Finally, the
high resolution X-ray crystal structures were reported
for the hCA II complexes with sulfonamides/
sulfamates 90–96, some of which are clinically used
or are in advanced clinical trials (E7070 92 and
EMATE 93 as anticancer drugs, sulpiride 94 as an
antipsychotic drug, and celecoxib 96—a COX-2
selective inhibitor—as an anti-inflammatory
agent).115–121
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It has also been shown that CA XIII is an isozyme
with nanomolar affinity for sulfonamide inhibitors
(such as acetazolamide) and also highly sensitive to
inhibition by anions.122

CA ACTIVATORS

CA inhibition by sulfanilamide, discovered in
England by Mann and Keilin41 and its activation by
different classes of compounds, reported in
Germany by Leiner,123 although simultaneous, had
completely different consequences for CA research.
Whereas CAIs were extensively studied in the next
decades, leading to a detailed understanding of the
catalytic and inhibition mechanisms, but also to
several valuable pharmacological agents,1 – 4 CA
activators (CAAs) constituted a controversial issue
immediately after they were first described.124 – 129

Thus, activation of crude human red cell enzyme by
diverse tissue extracts or by selected pure

compounds, such as histamine, amino acids
and some purine derivatives has been reported and
retracted several times by the above-mentioned
and other authors (reviewed in ref.129), without
arriving at a clear-cut answer regarding the mere
existence of such a class of CA activity modulators.
This topic then received little attention from the
scientific community in the period from 1950 for at
least two reasons: (i) the statement by Clark
and Perrin130 that activators of CA do not exist, and
(ii) the idea131,132 that the reported activation is not
a phenomenon per se, but an artefact generally due to
restoration of CA activity possibly lost in the
presence of adventitious metal ions or other
impurities, or due to enzyme adsorption at inter-
faces, or even due to enzyme denaturation followed
by renaturation in the presence of activators.
Regarding the above two factors, one should note
that Clark and Perrin130 did their experiments in the
presence of high concentrations of peptone, which
like many peptides/oligopeptides or simple amino
acids, has an important CA activating effect, and this
might explain why these authors did not observe
activation with the other investigated compounds,
such as glutathione, histamine, glycine, adrenaline,
etc. On the other hand, the generally irreproducible
results published in the first decade of research into
CA activators129 were due not only to experimental
difficulties related to the use of the manometric
measurements, but probably also to the low purity of
enzyme preparations as well as of the activators used
in the experiments. Thus Leiner,123 the researcher
whose role in discovering this important class of
modulators of CA activity should be completely
re-evaluated, observed that the activation is more
readily detected when working with highly purified
enzyme preparations.

Research into CA activators progressed little in the
period 1960–1980, except for the report of Ho and
Sturtevant133 that EDTA and other polyamino-
polycarboxylic acids act as strong activators. As in
the case of the previous researchers,123,129 this fact
has been erroneously attributed to conformational
changes induced in the enzyme by the activator
molecule, or to the stabilization of the enzyme in the
presence of the activator.

Although important advances were reported in
the late 70’s in understanding the CA catalytic/inhi-
bition mechanism, these discoveries had no con-
sequences for the study of activators, except for
the controversial work of Silverman’s group on the
activation of red cell CAs by histidine or hemo-
globin.134 This study also took into consideration
the possibility that the CA activation mechanism
might involve an enhanced proton transfer facili-
tated by the activator molecule. Still, the term
“activator” was avoided in the above study, as it
was in the only other important work on this topic,
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by Parkes and Coleman,135 who studied the activity
“enhancement” of isozymes I and II in the presence
of erythrocyte membranes.

A totally different atmosphere in the area of CAAs
research was inaugurated in the early 90’s with the
work from our laboratory on activators of isozymes I
and II, together with a hypothesis for explaining the
mechanism of such processes.136 – 139 Finally, one had
to wait as late as 1997, for the first X-ray crystal-
lographic structures of adducts of CA II with
different activators, which were reported by this
group,11 proving undoubtedly the existence of this
class of compounds as well as elucidating their
mechanism of action.

Actually, the phenomenon of CA activation is
explained by considering the catalytic mechanism of
this enzyme.1 – 4,75 The generally accepted catalytic
mechanism for the physiological reaction involves
the nucleophilic attack of zinc-bound hydroxide on
CO2, optimally activated and oriented in the
hydrophobic pocket of the CA active site. Bicarbon-
ate formed in this way is then replaced by a water
molecule, with generation of the catalytically
inactive form of the enzyme EZn2þ– OH2

(Equation 14). In order to regenerate the catalytically
active form, a proton transfer reaction must occur,
from the water bound to Zn(II) within the enzyme
active site, to the external medium. In isozyme CA II,
this step (Equation 15) was considered to be assisted
by the active site residue His 64, placed at the
entrance of the active site, as well as by external
buffer molecules.1 – 4,75 This step is also rate-
determining for the whole catalytic cycle140 and the
shuttling effects of His 64 would explain the very
high efficiency of CA II as catalyst, with a maximal
turnover number of 1:6 £ 106 s21:141 Indeed,
in several crystal structures, the His 64 side chain
has been observed disordered over two orientations,
one towards the inside and the other one towards the
outside of the active site cavity, indicating its
flexibility and hence supporting its involvement in
the proton shuttling.142,143

EZn2þ–OH2 þCO2 , EZn2þ–HCO2
3

H2O
,EZn2þ–OH2 þHCO2

3
ð14Þ

EZn2þ–OH2 , EZn2þ–HO2 þHþ ð15Þ

In the presence of activators, again for
isozymes II and III, it was proposed that an
enzyme–activator complex is formed, in which
the activator participates in proton transfer
processes.136 – 139 The enhanced catalytic rate is due
to the fact that intramolecular reactions are
more rapid than intermolecular ones.136 – 139 Thus,
in the presence of activators (symbolized as “A”),

Equation (15) becomes (16):

EZn2þ –OH2 þ A , ½EZn2þ –OH2 –A�

, ½EZn2þ –HO2 –AHþ� , EZn2þ –HO2 þ AHþ

ð16Þ

enzyme–activator complexes.

Although originally proposed for isozyme II, the
above mechanism is probably valid also for other
isozymes.75 Nonetheless, the kinetic, spectroscopic
and crystallographic evidence supporting this mech-
anism was generally obtained working with human
CA II.

The first adduct of a CAA studied by means of
X-ray crystallography was the histamine–hCA II
complex, characterized at a resolution of 1.95 Å.11

The histamine molecule is bound at the entrance of
the active site cavity, where it is anchored by
hydrogen bonds to amino acid side-chains and to
water molecules. It is noteworthy that such
hydrogen bonds involve only the nitrogen atoms
of the imidazole moiety. The terminal aliphatic
amino group does not have any contact with the
enzyme, but extends from the cavity into the
solvent.11 The Nd1 and N12 atoms of the histidine
imidazole ring were shown to be engaged in
hydrogen bonds with the side-chains of Asn 62
and of Gln 92 as well as to Wat 152. Comparison of
the refined model of the complex with that of the
native enzyme refined at 1.54 Å produced evidence
of some relevant differences. In native hCA II, as
well as in most of its small molecule adducts, the
zinc coordination polyhedron has always been a
quite regular tetrahedron with three histidine
nitrogens and a water molecule/hydroxide ion as
ligands. On the other hand, in the hCA II–histamine
complex, the electron density corresponding to the
metal coordinated water/hydroxide molecule had
an elongated shape. The binding of histamine to
hCA II displaced at least three water molecules from
the active site cavity and this has been accompanied
by a substantial rearrangement of the water
structure in the cavity. A further difference with
respect to the native structure was found regarding
the orientation of the His 64 side chain.11 While this
residue has almost always been found to be
disordered both in the native and in many hCA II
complexes, in the histamine adduct structure the
side chain of His 64 appeared well defined and
oriented towards the inside of the cavity, pointing
towards the metal site.11 The His 64 imidazole ring
was shown to be involved in a hydrogen bond with
a nearby water molecule and to make short contacts
with the histamine imidazole moiety. Inspection of
the refined model of the hCA II–histamine complex
also revealed the presence of a hydrogen
bond pathway linking the zinc bound water
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(numbered as Wat 150) molecule to histamine
through two water molecules present within the
active site, Wat 129 and Wat 152 as shown in Figure
12. A second alternative pathway exists through
Wat 129 and Wat 130, reaching then His 64 (Figure
12). This is similar to the pathway existing in the
native enzyme between the zinc-bound water and
His 64 which has been considered as the normal
proton release pathway.1,2,4,75

The hydrogen bond pathway linking the zinc-
bound water (Wat 150) to the histamine molecule
reported in Figure 12 provides the alternative route
for proton release besides the His 64 shuttling.
The mere availability for the proton of more than
one pathway to leave the active site appears to be
a reliable explanation for the activation effect of
histamine and related compounds towards hCA II.
The entropic contribution to the histamine free
energy of binding to hCA II provided by the release
of water molecules appears to dominate the complex
formation, although the ability of histamine to make
two hydrogen bonds simultaneously clearly pro-
vides further stabilisation to the complex. The
magnitude of the interaction seems to be such as to
favour the activating effect. Indeed the ability of
histamine to leave the active site cavity easily and act
as a second proton shuttle seems to fit the activation
mechanism perfectly as has emerged from the
structural findings.

The X-ray structure of hCA II complexed with
histamine provided important insights for the
design of novel CAAs using this simple com-
pound as lead. Indeed, the aliphatic amino group

of the activator does not participate in any
interaction with the CA active site. Thus, the
most logical rational was to derivatize it, in order
to obtain better interactions with amino acid
residues at the rim of CA active site, assuring in
this way a higher affinity for the enzyme. Indeed,
many such derivatives were obtained by a reaction
strategy which involved treatment of histamine
with tetrabromophthalic anhydride and protection
of its imidazole moiety with tritylsulfenyl chloride,
followed by hydrazinolysis.144 – 147 The obtained
N-1-tritylsulfenyl histamine, the key intermediate,
was further derivatized at its aminoethyl moiety
by a variety of procedures. Carboxamido deriva-
tives 97–100 were obtained by reaction of the key
intermediate with carboxylic acid anhydrides, acyl
chlorides or carboxylic acids in the presence of
carbodiimides.145 Reaction of the same key
intermediate with isocyanates, isothiocyanates,
cyanamide or dicyandiamide afforded another
series of compounds. Deprotection of the above-
mentioned intermediates with hydrochloric acid in
dioxane afforded two series of compounds,
histamine derivatives possessing carboxamido,
ureido, thioureido or guanidino moieties in their
molecule. These derivatives were assayed as
activators of three isozymes, hCA I, hCA II and
bCA IV. Efficient activation was observed against
all three isozymes, but especially against hCA I
and bCA IV, with affinities in the nanomolar
range for the best compounds. hCA II was, on
the other hand, activatable with affinities around
10–25 nM.145

FIGURE 12 Schematic binding of histamine to hCA II active site. The catalytic metal ion, the hydrogen bond network for the proton
transfer reactions, as well as the proton shuttle residue His 64 are evidenced, in addition to the histamine molecule, which participates in
three hydrogen bonds with a water molecule (Wat 152) and the backbone amide moieties of Asn 62 and Gln 92 [10].
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Reaction of the key intermediate mentioned above
with arylsulfonylureido amino acids in the presence
of carbodiimides, afforded after deprotection, sev-
eral series of compounds with the general formula
arylsulfonylureido-AA-Hst (arylsulfonylureido ¼

4-FC6H4SO2NHCO; 4-ClC6H4SO2NHCO; 2- or
4-MeC6H4SO2NHCO; Hst ¼ NHCH2CH2-imida-
zole-4-yl). Some structurally related dipeptides
with the general formula arylsulfonylureido-AA1-
AA2-Hst (AA, AA1 and AA2 represent amino acyl
moieties) were also prepared, by a strategy similar to
that used for the simple amino acyl compounds
above. These derivatives of types 101–104 proved to
be efficient in vitro activators of three CA isozymes.
Best activity was shown against hCA I and bCA IV,
for which some of the new compounds (such as the
Lys, Arg, His or the dipeptide derivatives) showed
affinities in the 2–12 nm range. hCA II was on the
other hand somehow less prone to activation by the
new derivatives, which possessed affinities around
30–60 nM for this isozyme. Ex vivo experiments

showed some of the new activators to strongly
enhance red cell CA activity (180–230%) after
incubation with human erythrocytes.145 – 147

A novel class of tight binding CAAs was recently
designed by using histamine and histidine as lead
molecules.148 Carnosine (b-Ala-His) derivatives of
types 105 and 106 were synthesized by reaction
of appropriately derivatized b-alanines with
imidazole/carboxy-protected histidine in the
presence of carbodiimides, followed by removal of
the various protecting groups. The derivatized
b-alanines mentioned above were in turn obtained
by coupling of 4-fluorophenylsulfonylureido amino
acids (fpu-AA) or 2-toluene-sulfonylureido amino
acids (ots-AA) with b-Ala. Some structurally related
dipeptides with the general formula fpu/ots-AA1–
AA2 (AA, AA1 and AA2 represent amino acyl
moieties) of types 107 and 108 were also prepared by
a similar strategy, and used thereafter for obtaining
CAAs incorporating a modified tetrapeptide scaf-
fold. Many of the new tri-/tetrapeptide derivatives
proved to be efficient in vitro activators of three CA
isozymes. Very good activity was detected against
hCA I and bCA IV, for which some of the new
compounds showed affinities in the 1–20 nanomolar
range, whereas against hCA II, their affinities were in
the range of 10–40 nM. Ex vivo experiments showed
some of the new activators to strongly enhance
cytosolic red cell CA activity after incubation with
human erythrocytes.148
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A series of CAAs was obtained then by reaction of
amino-azoles (3-amino-pyrazole, 2-amino-imida-
zole, and 5-amino-tetrazole) with tri- or tetra-
substituted pyrylium salts.149 Many of the new
pyridinium salts incorporating azole moieties of
types 109–111 proved to be efficient in vitro
activators of the three CA isozymes mentioned
above, i.e., CA I, II and IV. Very good activity was
detected against hCA I and bCA IV, for which some
of the compounds 109–111 showed affinities in the
low nanomolar range, whereas against hCA II, their
affinities were in the range of 95–150 nM. Substi-
tution patterns of the pyridinium ring leading to best
activity included 4-phenyl-2,6-dialkyl moieties or
2,4,6-tri- and 2,3,4,6-tetraalkyl groups. Ex vivo
experiments showed some of the new activators to
strongly enhance CA activity after incubation with
human erythrocytes. Furthermore, due to their
cationic nature, some of these compounds
(the imidazole and pyrazole derivatives) were
shown to be membrane-impermeant, discriminating
thus between cytosolic and membrane-bound CA
isozymes. These compounds represent thus the first
membrane-impermeant CAAs. The pyridinium
tetrazole derivatives on the other hand were shown
to penetrate through biological membranes.149

A very important discovery150 deals with the CA
activating properties of phenylalanine (Phe),
a compound reported by us to possess such
biological activity.151 In the presence of CAAs,
such as Phe or imidazole, co-microstimulation of
cholinergic inputs from stratum oriens and GABA-
ergic inputs from stratum pyramidale at low
intensities switched the hyperpolarizing GABA-
mediated inhibitory postsynaptic potentials to
depolarizing responses. In the absence of the
CAAs, however, the same stimuli were insufficient
to trigger the synaptic switch.150 This synaptic switch
changed the function of the GABA-ergic synapses
from excitation filter to amplifier and was prevented
by CAIs, indicating a dependence on bicarbonate
availability. Intralateral ventricular administration of
these same CAAs caused the rats to exhibit superior
learning of the Morris water maze task, suggesting
that the GABA-ergic synaptic switch is critical for
gating the synaptic plasticity that underlies spatial
memory formation. Increased CA activity might,
therefore, also enhance perception, processing, and
storing of temporally associated relevant signals
and represents an important therapeutic target in
learning and memory pharmacology.150 Thus, CA
activators might lead to the development of
drugs/diagnostic tools for the pharmacological
enhancement of synaptic efficacy, spatial learning
and memory. This may constitute a new approach for
the treatment of Alzheimer disease and other
conditions in need of achieving memory
therapy.150,152

In the context of the physiological function
of CAAs an important discovery,153 – 156 must
be mentioned regarding the human chloride/
bicarbonate anion exchanger (AE1) which possesses
a binding site within its 33 residue carboxyl-terminal
region (Ct) for CA II. The amino acid sequence
comprising this CA II binding site was determined
by peptide competition and by testing the ability of
truncation and point mutants of the Ct sequence to
bind CA II with a sensitive microtiter plate binding
assay. A synthetic peptide consisting of the entire 33
residues of the Ct (residues 879–911) could compete
with a GST fusion protein of the Ct (GST-Ct) for
binding to immobilized CA II, while a peptide
consisting of the last 16 residues (896–911) could not.
A series of truncation mutants of the GST-Ct showed
that the terminal 21 residues of AE1 were not
required for binding CA II. Removal of four
additional residues (887–890) from the Ct resulted
in loss of CA II binding. Acidic residues in this region
(D887ADD) were critical for binding since mutating
this sequence in the GST-Ct to DAAA, AAAA, or
NANN caused loss of CA II binding. A GST-Ct
construct mutated to D887ANE, the homologous
sequence in AE2, could bind CA II. AE2 is a widely
expressed anion exchanger and has a homologous Ct
region with 60% sequence identity to AE1. Tethering
of CA II to an acidic motif within the Ct of anion
exchangers was hypothesized to be a general
mechanism for promoting bicarbonate transport
across cell membranes.153 – 156 This may be the case
indeed, but we have also recently shown that the
tetrapeptide DADD as well as some related
oligopeptides (such as for example DA, DD, DAD,
DDD, or DDDD) act as very potent activators just of
isozyme CA II involved in the interaction with the
anion exchanger AE1 mentioned above.157 It is thus
possible that in the complex between hCA II–AE1,
the last protein acts as a natural activator of this
isozyme, facilitating the formation and transport of
bicarbonate in the erythrocytes.

BIOMEDICAL APPLICATIONS OF
INHIBITORS/ACTIVATORS OF CAs

Principal involvement of CAs in various physiologi-
cal processes implies that their deregulated
expression and/or abnormal performance may
have important pathological consequences. In fact,
there are several human diseases whose patho-
physiological characteristics include imbalance in
conversion between carbon dioxide and bicarbonate
resulting in perturbed ion transport, shift in pH,
abnormal fluid secretion etc.1,2 Therefore, it seems
plausible that modulation of CA activity to normal
levels either by inhibition or activation offers
a feasible therapeutic option.
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Clinical testing and/or use of the first CAIs dates
several decades back to a period before the
recognition of a diversity of isoforms within the CA
family and their differential distribution in various
human tissues and organs.42,43 Traditionally, appli-
cation of inhibitors was based on histochemical,
biochemical and functional evidences for the
presence of active CA potentially contributing to
disease and consequences of treatment were eval-
uated mainly symptomatically. Because of generally
favourable outcomes, sulfonamides became widely
accepted drugs in treatment of several CA-based
diseases, especially as anti-glaucoma agents and
diuretics1,2. However, systemic and even topically
administered CA inhibitors regularly showed
serious side effects.2,4,42,43 We now understand that
these undesired effects are due to existence of at least
twelve different active CA isoforms, that are
indiscriminately inhibited irrespective of whether
they play a real role in a disease or are just co-
expressed in the same tissue and elsewhere in the
body. In addition, some CAIs can also block other
biologically active molecules, such as metalloprotei-
nases, what can further expand their action.74

Moreover, certain drugs directed primarily against
different CA-unrelated molecules may also inhibit
the activity of CAs, which could be utilised to
achieve more efficient therapeutic effects. This may
be exemplified by the antiinflammatory cyclooxy-
genase-2-selective drug celecoxib that shows nano-
molar affinity to several CA isoforms; it is well
tolerated and gives clinical responses in several
disorders.121

This symptomatic attitude to the study of
therapeutically used CA inhibitors persists to some
extent to the present time, although significant
efforts have been undertaken towards design,
synthesis and evaluation of the new generations of
inhibitors with the selective targeting of particular
isoforms as described in detail above. Of course,
progress in biomedical applications of CAIs clearly
requires not only improvements in the physico-
chemical properties of sulfonamides, but also more
precise knowledge on the distribution and role of
individual enzymatically active CA isoforms. The
first task has been systematically followed by the
production of ever more efficient inhibitors with
preferential selectivity to surface versus cytosolic CA
isoenzymes and specificity for individual isoforms.
Evaluation of these inhibitors relies primarily on
their inhibitory activity against single purified or
recombinant CA isoforms which complicates the
extrapolation of results to in vivo situations, where
several CAs work in parallel within one cell and
cooperate with other types of molecules as com-
ponents of metabolons or complex networks under-
lying various metabolic and signal transduction
pathways. Some progress in obtaining more relevant

data can be achieved by the use of cultured cells
genetically modified to ectopically express certain
CA isoenzyme and their mutants, but the real
therapeutic efficacy can still be only assessed when
using in vivo models or clinical testing.

The amount of data related to the expression
of isozymes is also rapidly increasing as the result of
isozyme-specific antibodies and sensitive molecular
detection techniques that can discriminate one
isoform among the others. These tools allow an
insight into distribution of the isoenzymes especially
in normal human tissues, while the information
linking abnormal expression of isoforms to diseases
is rare (Table II). In fact, our knowledge that
overexpression of CAs may underlie development
of disease is principally limited to CA IX and CA XII
in cancer and to a recent finding of increased CA XII
level in the glaucomatous eye.89 – 102,158 Specific
biological roles of the isozymes are also largely
unknown, although some functions can be derived
from a few, so far, generated models of CA
deficiency—i.e. chemically induced loss of CA II
(also naturally present as genetic defect in human
population)159, and targeted null mutations of CA
IX160, CA III (by Levine and Kim, so far unpub-
lished), and CA VA/VB (Sly’s group, so far
unpublished). On the other hand, we completely
lack information on the functional consequences
of manipulated in vivo overexpression of isozymes.
We could possibly learn more from transgenic
models with ectopic tissue-specific expression of
separate isozymes, but no such models have yet been
generated. Despite these weak points, there is
substantial empirical and experimental evidence
approving the clinical use of CAIs in several
pathologic states and raising hopes for their
application in additional diseases (Table III).

Classical example of a disease whose treatment
involves sulfonamides is glaucoma. This is based on
the fact that carbonic anhydrases present in ciliary
bodies contribute to the development of the disorder
by excessive production of bicarbonate ions thus
stimulating secretion of aqueous humor. This results
in increased intraocular pressure, which severely
affects the eye lens, reduces the blood flow in retina,
damages light-sensitive rods and cones and destroys
optic nerve, leading eventually to blindness unless
the condition is detected and treated before the
damage becomes permanent. CA II was long
considered as a major player in this process, but
CA III, CA IVand CA XII have emerged as additional
candidates. Especially interesting is detection of the
five-fold increased CA XII mRNA level and higher
CA XII protein expression in non-pigmented ciliary
epithelial cells from a glaucoma patient when
compared to a normal donor.158 In addition, CA XII
was among the five most abundantly expressed
genes in human corneal endothelium as determined
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by serial analysis of gene expression.161 These results
suggest that an abnormal level of CA XII may be an
important factor in the progression of glaucoma.
Different sulfonamide derivatives described above
can reduce the intraocular pressure by inhibiting
CA-catalyzed production of bicarbonate ions and
hence secretion of the ocular fluid.

An additional ophthalmologic disorder whose
management involves application of CAIs is cystoid
macular oedema that may be linked with different
conditions including diabetic retinopathy, ischemic
retinopathies and retinitis pigmentosa. It is charac-
terized by a swelling process due to decreased fluid
absorption across the retinal epithelium with

accumulation of metabolic waste products. It may
also be associated with decreased retinal adhesive-
ness and damage of the blood vessels in the retina.
Experimental data indicates that CAIs can induce
acidification of the subretinal space and thereby
increase fluid absorption and adhesiveness of retina.
They also act as local vasodilators that improve
blood flow in the eye and clearing of metabolic waste
products.

CAIs and/or drugs with CA inhibitory properties
(e.g. topiramate) are also used in acute pharmaco-
therapy of a number of neurological and neuro-
muscular syndromes, such as epilepsy, hemiplegic
migraine, ataxia, hyperkalemic periodical paralysis,

TABLE II Tissue distribution and proposed function of catalytically active mammalian CA isozymes

Isozyme Tissue of expression Proposed role(s)

CA I Esophageal and laryngeal epithelium181 Antireflux defense
Erythrocytes Gas exchange
GI mucosa Ion transport

CA II Various tissues/organs including: Nasal mucosa182 Nasal chemosensitivity to CO2

Esophageal and laryngeal epithelium181 Antireflux defense
Bone osteoclasts Bone resorption
Eye Production of aqueous humor
Testis183 Sperm motility
Kidney (renal tubular epithelium) Urine acidification
Brain (glia) CSF secretion
Lung Gas exchange
Erythrocytes Gas exchange
Gastrointestinal epithelium H+ secretion, HCO2

3 secretion

CA III Esophageal and laryngeal epithelium181 Antireflux defense
Skeletal muscle, Adipocytes Fatty acid metabolism
Eye (ciliary processes and lens)184 Ocular fluid transport and homeostasis

CA IV Nasal mucosa182 Nasal chemosensitivity to CO2

Esophageal epithelium181 Antireflux defense
Kidney Bicarbonate reabsorption, NHþ

4 output
Pancreas, salivary glands185 pH regulation
Heart muscle (endothelial and muscle cells)186 pH regulation
Eye Production of ocular fluid
Lung Gas exchange
Brain capillaries Cerebral blood flow
Colon190 pH regulation

CA VA Liver187 Biosynthetic reactions

CA VB Heart and skeletal muscle, pancreas, Biosynthetic reactions
kidney, salivary glands, spinal cord187 Detoxification of ammonia
Gastrointestinal mucosa188

CA VI Salivary glands, mammary glands191 pH regulation, antireflux defense, protection from
cariogenesis, taste function

CA VII CNS CSF production

CA IX Various tumors89 – 95,98,101,102 pH regulation, cell adhesion
Gastrointestinal mucosa (basolateral membrane)87,88 Cell proliferation and differentiation, ion transport
Male excurrent ducts189 Concentration and acidification of testicular fluid

CA XII Nasal mucosa182 Nasal chemosensitivity to CO2

Renal, intestinal and reproductive epithelia
(basolateral membrane)96 – 100

Renal HCO2
3 absorption, H+ secretion

Eye (overexpressed in glaucoma)158 Aqueous humor production
Male excurrent ducts189 Concentration and acidification of testicular fluid
Tumors of kidney, breast, colon and

lung95 – 99
pH regulation

CA XIII Salivary glands, kidney, brain, lung, gut,
uterus, testis122

pH regulation

CA XIV Kidney (luminal membrane)167 Bicarbonate reabsorption
Brain neurons and axons164 Modulation of neuronal transmission
Liver192
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essential tremor etc. Most of these syndromes have
a complex genetic background and are classified as
channelopathies, because of their apparent relation-
ship to mutations in genes coding for different ion
channels.162 These mutations lead to channel defects
that severely affect ion transport homeostasis,
disturb the physiology of body fluids and impair
the function of blood vessels that supply the brain.
Resulting symptoms comprise brain hyperexcit-
ability with febrile seizures, acute headache with
visual disturbances, impaired coordination, and
muscle weakness (loss of electrical excitability in
muscle fibers).162 What could be the role of CAs
in these diseases? It is now well accepted that
CAs (both extracellular and intracellular isoforms)
can directly cooperate with certain types of ion
transporters (anion exchangers, Na/bicarbonate
transporters and Na/K pumps) to improve their
efficiency.153 – 156 In this way, they influence flux of
ions through the cell membranes and together with
ion channels participate in the generation of
physiologically relevant ion gradients that are
important for proper synaptic transmission, muscu-
lar contraction and other functions. These gradients
are created via a subtle balance in import-versus-
export continuum and therefore, deregulated
activity of one component may perturb the whole
network and result in shifted activities of other
components. Being aware of the complexity of these
processes and of the functional interconnection

among their molecular players, it is conceivable
that defects in ion channels may induce changes that
reflect on the enzymatic activities of the CAs. Indeed,
several CAs are expressed in the brain and muscle.
Some of them (CA II, CA IV, and CAVII) are believed
to influence production of CSF (whose important
component is bicarbonate), intracranial pressure and
cerebral blood flow.163 The other, i.e. CA XIV, was
found to be present in axons and neuronal
membranes in specific areas of brain where it can
affect neuronal signalling.164 CA III is expressed in
the cytoplasm in skeletal muscle cells and is
proposed to play a role in fatty acid metabolism
vital for muscle performance and in scavenging
oxygen radicals.165 Despite the fact that the precise
roles of CAs in the neurological and neuromuscular
pathologies are incompletely understood, their
inhibitors consistently show anticonvulsant and
vasodilatory properties and have beneficiary effects
providing at least partial relief from the disabling
symptoms. Recently, new series of sulfonamides
have been prepared by using acetazolamide, topi-
ramate and valproate as lead molecules. Some of
them act as very strong anticonvulsants in mouse
models and are promising for the development of
future medications.77

The diuretic activities of CAIs are utilized in
various pathological situations that result in develop-
ment of oedema, a localized or general swelling
caused by retention of fluid within body tissues.

TABLE III Diseases conventionally or potentially treated by CA inhibitors and their proposed isozyme targets

Disease Patho-physiological characteristics
Potential isozyme

targets CAI-based drugs in use/in testing

Glaucoma Increased production of aqueous
humor ! increased intraocular
pressure ! optic nerve damage

CA II, CA IV,
CA XII

systemic CAIs (e.g. acetazolamide)
topical CAIs (e.g. dorzolamide,
brinzolamide) aromatic/heterocyclic
CAI derivatives

Cystoid macular oedema, diabetic
retinopathy

Decreased fluid absorption across
the retinal epithelium, Decreased
retinal adhesiveness

CA II, CA IV,
CA XIV

Acetazolamide

Epilepsy Increased excitatory function of
neurons, Channelopathy

CA IV, CA XIV Acetazolamide
methazolamide
topiramate

Neurological/neuromuscular
disorders (hemiplegic migraine,
ataxia, periodic paralysis,
neuropathic pain essential tremor)

Channelopathies with various
features (e.g. abnormal electrical
excitability, increased serum
potassium levels, metabolic
acidosis)

CA II, CA IV, CA V,
CA VII, CA XIV

Acetazolamide
topiramate

Edema (due to congestive heart
failure, renal/hepatic disease,
diabetes, drugs)

Decreased diuresis CA II, CA IV, CA V,
CA XII, CA XIV

Acetazolamide
furosemide

Obstructive pulmonary disease Increase in arterial CO2 CA II, CA IV acetazolamide

Sleep apnea Hypercapnic ventilatory failure

Osteoporosis Increased acid formation and
depletion of bone calcium

CA II acetazolamide

Cancer Extracellular acidification,
abnormal metabolism, increased
growth and survival

CA IX (ectopic)
CA XII (overexpressed),
CA II, CA V (sustained)

Indisulam aromatic/heterocyclic
CAIs
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Excess fluid may be a result of poor blood
circulation, heart and kidney failure, reduction in
the amount of protein in the blood due to cirrhosis or
nephritis etc. Diuretics, that stimulate the kidneys to
eliminate excess salt and water, often produce an
immediate improvement. This occurs through
inhibition of several CA isoforms present in
kidney—intracellular CA II and membrane-bound
CA IV, CA XII and CA XIV. They all seem to play
an important role in kidney function facilitating
proton secretion, bicarbonate reabsorption and
ammonium output.166 Until now, luminal CA IV
acting in the metabolon with AE and CA II was
thought to mediate most bicarbonate absorption.
CA XIV, which is also localized in the apical
membranes of renal epithelial cells, appears to have
a similar role, while the basolateral CA XII was
proposed to enhance the efficiency of basolateral
bicarbonate transporters.99,167 Interestingly, a num-
ber of commonly used diuretic drugs (such as
benzothiadiazines, chlorthalidone and furosemid)
inhibit CAs which further supports their crucial
involvement in renal physiology.

Targeting CAs to block their activity with
therapeutic intent seems promising in additional
pathological conditions including obstructive pul-
monary disease, osteoporosis, obesity and cancer.
The rationale for the application of CAIs in some
of these diseases is explained elsewhere.1,2,168

However, the possibility of using sulfonamides to
treat cancer deserves particular attention. It is
supported by two lines of data coming on one
hand from investigations on the capacity of CAIs to
reduce tumor cell proliferation/invasion in vitro and
on the other hand from expression studies of CA
isoforms in cancer tissues. The first series of
experiments has shown that many sulfonamides
inhibit proliferation of cancer cells in a monolayer
culture. The classical CAIs that are clinically used as
anti-glaucoma drugs can achieve this at micromolar
concentrations,169 while the new generation of
sulfonamide derivatives created by ring or tail
modifications are efficient at nanomolar levels or
even below.65 – 67 The former compounds were
proposed to interfere with the essential biosynthetic
pathways that utilize bicarbonate as a substrate, but
accurate molecular targets have been defined neither
for them, nor for the newer classes of inhibitors.84

Also the observations that acetazolamide is able to
block in vitro invasion of renal carcinoma cells and
alone or combined with conventional chemotherapy
diminish tumor growth in vivo have not been
satisfactorily explained.103,104

Some ideas about these biological effects of CAIs
came from the studies of tumor-associated trans-
membrane CA isoforms CA IX and CA XII and their
potential roles in tumor development. CA IX is
normally expressed in epithelia of the gastrointestinal

tract but is ectopically induced in a broad variety of
tumors including carcinomas of kidney, uterine cervix,
lung, breast, colon, head and neck.87–95,98,101,102 CA XII
is present in many normal tissues, but its expression is
increased in some renal, lung, breast and colon
carcinomas.95–102 The genes coding for these isoforms
are both negatively controlled by the wild type von
Hippel Lindau tumor suppressor protein (pVHL) in
the transfection experiments,97 although the link
between pVHL and CA XII is less consistent when
inspected in its natural context in renal cancer cell
lines.170 Both CA IX and CA XII are also induced
by hypoxia, a condition linked to insufficient oxygen
supply by imperfect intratumoral vasculature.101

CA IX is a direct transcriptional target of HIF-1
transcription factor, the master regulator of hypoxic
responses whose degradation under normoxia is
dependent on interaction with pVHL (which clarifies
the relationship between CA IX and pVHL).171 HIF-1
activates a number of genes functionally involved in
tumor expansion, metabolism, invasion, metastasis
and resistance to treatment and thus, hypoxia is
an important trigger of tumor progression.172

A phenomenon that is invariably associated with
these processes is acidification of the extracellular pH
in the tumor microenvironment.173 It was believed to
result from increased production of lactate by
anaerobic glycolysis, but recent investigations support
a significant contribution of the catalytic products of
carbonic anhydrases.174 Highly active extracellular
isoforms CA IX/CA XII were proposed to provide
bicarbonate ions for intracellular pH buffering and
protons for extracellular pH acidification. Acidic
extracellular milieu enhances the aggressive beha-
viour of tumor cells and facilitates their invasion and
metastasis.173–175 Therefore, inhibition of CA activity
by sulfonamides is expected to bring benefit by
blocking extracellular acidification and retarding
tumor progression. This anticipation is supported by
very new experimental data demonstrating the
capacity of CA IX to acidify extracellular pH under
hypoxia and inhibition of this phenomenon by the
membrane-impermeable sulfonamides (unpublished
data). Inhibition of CA activity may also diminish
neutralization of intracellular pH and trigger apopto-
sis. In addition the pH gradient across the plasma
membrane of tumor cells plays an important role
in uptake and efficiency of chemotherapeutic drugs
that are weak electrolytes (e.g. the anti-cancer drug
doxorubicin is less cytotoxic when the extracellular pH
is acidic).176 Thus, the modulation of extracellular
pH by inhibition of CA activity may represent
another meaningful application of CAIs. Although
some observations conform to this suggestion,
more thorough investigations are needed for its
approval.103,105

To achieve better understanding of the conse-
quences of CA inhibition in cancer, it is also
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necessary to characterize the inhibition profiles of the
cancer-associated isoforms. A concentrated
effort towards this aim brought a number of data
showing that the catalytic domain of CA IX behaves
as a sulfonamide-avid enzyme with differential
responses to different groups of sulfonamide
derivatives when compared to some other CA
isoforms. Several compounds that exhibit a certain
degree of selectivity towards CA IX represent
promising leads for the development of CA
IX-specific drugs potentially useful for cancer
treatment.106 – 111

Similarly to other pathological conditions, some
drugs, which were originally generated to block
other targets in cancer cells, also possess inhibitory
activity against CA. For example, indisulam that was
identified via elaborate pre-clinical screening as a cell
cycle inhibitor with multiple effects on different
types of regulatory molecules blocks CA II
activity.117,177 – 179 Steroid sulfatase inhibitors that
were developed to prevent the production of steroids
with estrogenic properties in breast tissues can dock
into the active sites of CA II and CA XII and inhibit
CA II activity.118,180 Thus, it is possible that the anti-
tumor effects of these drugs may be partially
mediated by inhibition of CAs.

Abnormally high activity of different CA iso-
enzymes may certainly have deleterious conse-
quences, but its decrease or absence is also very
harmful. This is documented by the well-character-
ized CA II deficiency that leads to defined clinical
signs comprising osteopetrosis, renal tubular
acidosis and mental retardation. Furthermore, CA
dysfunction (potentially related to brain isoforms II,
VII and XIV) can impair cognitive capacity and
memory storage, which are associated with mental
retardation, Alzheimer’s disease and aging. Cogni-
tive decline is connected with significant decreases in
brain CA activity at least partially due to beta
amyloid-induced intracellular zinc depletion.
Therefore, these conditions appear appropriate for
therapeutic application of CA activators which is
recently under intense investigation.150 – 152

Altogether, numerous facts and thoughts
presented in this overview as well as much other
data that were not cited here, illustrate the enormous
progress which has been made in the field of
carbonic anhydrases during the last decade. A very
complex picture of knowledge about these important
enzymes and their physiological and pathological
roles is slowly acquiring momentum. It is more and
more apparent, that modulation of carbonic anhy-
drase activities offers new pharmacological oppor-
tunities and that development of CA-based drugs
with improved therapeutic potencies is not straight-
forward but feasible.
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