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An overview of carbohydrate-based carbonic anhydrase inhibitors
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ABSTRACT
Carbonic anhydrases (CAs) are metalloenzymes responsible for the reversible hydration of carbon dioxide
to bicarbonate, a fundamental reaction involved in various physiological and pathological processes. In
the last decades, CAs have been considered as important drug targets for different pathologies such as
glaucoma, epilepsy and cancer. The design of potent and selective inhibitors has been an outstanding
goal leading to the discovery of new drugs. Among the different strategies developed to date, the design
of carbohydrate-based CA inhibitors (CAIs) has emerged as a versatile tool in order to selectively target
CAs. The insertion of a glycosyl moiety as a hydrophilic tail in sulfonamide, sulfenamide, sulfamate or cou-
marin scaffolds allowed the discovery of many different series of sugar-based CAIs, with relevant inhibitory
results. This review will focus on carbohydrate-based CAIs developed so far, classifying them in glycosidic
and glycoconjugated inhibitors based on the conjugation chemistry adopted.
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1. Introduction

Carbonic anhydrase (CA) is a family of metalloenzymes responsible
for the catalysis of the reversible hydration/dehydration of carbon
dioxide to bicarbonate. So far, eight genetically distinct CA fami-
lies are known being present in living organisms, denominated as
a-, b-, d-, c-, f-, g-, h- and i-CAs. The last class was only recently
discovered1,2. This classification is based on their structural fold
and generally aligns with the host organism: a-CAs are mainly
expressed in vertebrates, b-CAs in bacteria and fungi, d and f in
marine diatoms and g in protozoa3.

a-CAs are widely expressed in mammals and have been classi-
fied in 16 isoenzymes, which differ not only in their subcellular
localisation, catalytic activity, and susceptibility to different classes
of inhibitors but also in enzymatic efficiency.

The classification of a-CAs includes: cytosolic isozymes (CA I,
CA II, CA III, CA VII, CA XIII), membrane-bound isoenzymes (CA
IV, CA IX, CA XII, CA IV, CA XV), mitochondrial (CA VA and CA
VB) and secreted isoforms (CA VI, primarily in saliva).
Additionally, there are three isoforms CA VIII, CA X, CA XI, that
are not catalytically active called CA-related proteins (CARPs)4.
The a-CAs use as metal cofactor necessary for enzyme catalysis
the Zn2þ ion.

CAs are very efficient catalyst for the reversible hydration of
carbon dioxide to bicarbonate and a proton (CO2 þ H2O $
HCO3

� þ Hþ), one of the simplest chemical reactions connected
with vital processes. Principally, two steps constitute the reac-
tion mechanism:

� the nucleophile attack of carbon dioxide by a zinc-bound
hydroxyl, obtaining the key intermediate zinc-bound bicarbon-
ate, subsequently replaced by a water molecule

� the regeneration of the zinc-bound hydroxyl, through proton
transfer (Equation (1))5

EZn2þ�OH�þCO2 $ EZn2þ�HCO�
3 $H2O EZn2þ�H2OþHCO�

3

BþEZn2þ�H2O $ EZn2þ�OH�þBH (1)

This equilibrium contributes to a range of physiological func-
tions that involve the production, transport or consumption of
CO2, H

þ and HCO3
�. In fact, CA role is significative in controlling

critical physiological processes such as respiration and acid–base
regulation, electrolyte secretion, bone resorption, calcification and
biosynthetic reactions, which require bicarbonate as a substrate
(lipogenesis, gluconeogenesis, and ureagenesis).

In the last years, targeting tumour-associated carbonic anhy-
drases has been considered an innovative approach to the devel-
opment of alternative cancer therapies. A lot of effort has been
directed to study the involvement of CAs in tumour progression.
Actually, CA IX and XII are the ones predominantly expressed in
poorly vascularised hypoxic tumours and have minimal expression
in healthy cells6,7.

Generally, pH in cancer cells is regulated by a highly sophisti-
cated molecular mechanism able to maintain a slightly alkaline
intracellular pH and an acidic extracellular pH. This balance is fun-
damental for cell proliferation in hypoxia conditions and for devel-
oping metastasis8.

The elevate neoplastic cell metabolism causes an increased
extracellular acid production compared to healthy cells. A funda-
mental CA role is to catalyse the hydration of tumour generated
CO2, producing HCO3

� and Hþ. The effective consequence is an
improvement of [Hþ] in the extracellular space, lowering extracel-
lular pH and promoting tumour growth and invasion in hyp-
oxic conditions.
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The importance of modulating the hypoxic tumour microenvir-
onment has prompted researchers to investigate CA IX and XII as
target enzymes for therapeutic intervention in cancer.

2. CA inhibitors: general features

So far, the inhibition of CA activity using small molecules has
been deeply studied. The design and synthesis of carbonic anhy-
drase inhibitors (CAIs) led to developing different classes of com-
pounds. Nowadays, the most active classes of CAIs identified are
sulfonamides and their bioisosters, sulfamides and sulfamates9.
These compounds usually present a strong activity for CAs but
not a proper selectivity for a specific disease-associated enzyme
isoform. In fact, the recurring challenge tackled in the field of CA
inhibition is the development of isoform-specific inhibitors.
Analysing the crystal structure of all 16 a-CA isoforms is possible
to observe a significant structural conservation in the catalytic
binding site, which makes very difficult to design selective-isoform
inhibitors. Nevertheless, an a-CA selective pocket has been identi-
fied through comparative studies at the edge of the binding site
close to the zinc ion10.

Three crucial structural elements are necessary to design an
effective CAI: a zinc-binding group (ZBG), a hydrophobic moiety
and a “tail” (Figure 1). The ZBG is a group able to interact both
with the catalytic zinc ion and with the residues Thr199 and
Glu106, conserved in the active site of all a-CAs. The hydrophobic
moiety is an organic scaffold such as an aromatic or hetero-
aromatic ring, presenting the tail directly attached. Both polar and
lipophilic groups are acceptable motives as tail units, which can
interact with hydrophobic or hydrophilic halves in the bind-
ing site.

As regards the three elements of the pharmacophore, two
common but also complementary approaches have been applied
to CAI design in the last decade: the “ring” approach and the “tail”
approach11. The ring approach consists of investigating several
ring systems containing a sulfonamide ZBG or other chelating
groups. This method was used for the successful discovery of the
antiglaucoma drugs acetazolamide (AZA) 1, brinzolamide 2 and
dorzolamide 3 (Figure 2). This strategy allowed to identify inhibi-
tors with promising interactions with the CA binding site but with
low water solubility. 5-Acetamido-1,3,4-thiadiazole-2-sulfonamide
or Acetazolamide (AZA, Figure 2) is considered the reference CA
inhibitor and it is now approved for the treatment of a range of
conditions including glaucoma, epilepsy and altitude sickness12.

Therefore, the introduction of the “tail approach” was pro-
posed. In this method, the inhibitors presented a general scaffold
containing a ZBG, commonly an aromatic or heteroaromatic sul-
fonamide, with different tails appended. The tails originally were
water solubilising groups, which could be functionalised, such as
amino, imino or hydroxyl groups. Later, the structure of the tails
was modified, incorporating diversified moieties (metal-coordinat-
ing groups, positively charged functions etc) able to bind a region
in the edge of the active site cavity. This area presents the highest
variability among the different isoforms, allowing the compounds
to discriminate the various CAs as isoenzyme selective CAIs13.
Furthermore, modifications of the tail can modulate the physico-
chemical properties such as solubility and enzyme-binding ability.
Additionally, the ring and tail approaches have been combined to
develop selective isoform inhibitors. This technique proposed a
combinatorial approach presenting a ring system that strongly
binds the active site while the tail region of the compound inter-
acts with some isoform-specific residues11. Furthermore, recently
even three tails have been introduced in the molecules of CAIs
with the aim to improve the fitting of the ligand with the sub-
pockets which differentiate the various CA isoforms14.

In this context, carbohydrates, having a wide range of chemo-
types, constitute a successful example of “hydrophilic tails”. In
fact, glycosylated moieties were incorporated into different CAI
scaffolds as the hydrophilic functions, leading to highly successful
CAIs able to target the tumour associated CA IX/XII15. The inser-
tion of a carbohydrate residue in a CAI scaffold was called “the
sugar approach” and allowed the development of numerous
potent inhibitors of potential clinical use.

3. CAIs with carbohydrate scaffold: the sugar approach

In the next paragraphs the sugar approach, applied to the identifi-
cation of CAIs in the last 15 years, will be discussed. In general,
the insertion of a carbohydrate moiety has been developed to
have a limited membrane permeability. In fact, these compounds
were designed to selectively target cancer relevant CA isoenzymes
which present an extracellular active site, like CA IX and CA XII,
over other intracellular isoenzymes.

We classified all the inhibitors in two major groups, glycosides
and glycoconjugates, on the basis of the linkage between the
sugar and the ZBG. Glycosidic inhibitors are molecules presenting
the ZBG as substituent in anomeric or C-6 position of the sugar
while glycoconjugated inhibitors present a linker between the
sugar and the aromatic scaffold containing the ZBG.

3.1. Glycosidic CA inhibitors

3.1.1. Topiramate analogues
Topiramate (TPM) 4 (Figure 3) is a well-known broad-spectrum
drug used in epilepsy as monotherapy or adjunctive therapy16. Its
structure, designated chemically as 2,3:4,5-di-O-isopropylidene-b-D-
fructopyranose sulfamate, resulted particularly interesting. In fact,
the monosaccaridic portion bearing the sulfamate moiety is
responsible for anticonvulsant properties. This molecule, present-
ing the fundamental components of a CAI structure, was tested as
CA inhibitor but data appeared rather controversial. The first
results were reported by Maryannoff et al.17 and TPM presented a
micromolar activity against CA II. Curiously, in the following
papers by the same group the inhibition constant decreased up
to submicromolar range18–19.

Afterwards, Supuran et al.20 reported TPM as a low nanomolar
inhibitor of several CAs using a different assay, the most reliable

Figure 1. Schematic representation of zinc-binding CAI general structure in the
CA binding site.
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Figure 2. Chemical structures of Acetazolamide (AZA) 1, Brinzolamide 2 and Dorzolamide 3.

Figure 3. General structures of Topiramate analogues and anomeric sulfonamides, anomeric sulfamides and 6-sulfamoyl carbohydrates.
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carbon dioxide hydration technique via stopped-flow apparatus.
These data were also confirmed by crystallographic studies21.

Starting from TPM structure two analogues were reported (5
and 6, Figure 3) and the good interaction of TPM structure with
the active site was confirmed also by X-ray crystallographic ana-
lysis. In fact, the deprotonated sulfamate moiety chelated with a
tetrahedral geometry the catalytic zinc ion.

3.1.2. Anomeric sulfonamides
Anomeric sulfonamides are a class of glycosides presenting a pri-
mary sulfonamide group in the anomeric position of a carbohy-
drate. Poulsen’s group proposed a series of anomeric
sulfonamides as CAIs inhibitors (7–16, Figure 3)22. The tricky syn-
thesis23 of S-glycosyl sulfonamides is based on the oxidation step
of 2,4-dimethoxybenzyl protected sulfenamides. In these sulfona-
mides the aromatic moiety of the classical zinc binding sulfona-
mide is absent, replaced by a hydrophilic mono- or disaccharide.
The saccharide portion is directly attached to the sulfonamide
group affording a series of S-glycosyl primary sulfonamides (7–16).
The anomeric sulfonamide CAIs were tested by the CO2 hydration
assay on human CA I, II, IX and XII showing a Ki in the micromolar
range and no isoenzyme selectivity. The X-ray crystallography
study of this series of compounds demonstrated that the glycosyl
moiety weakly interacts with the enzyme active site. Moreover,

the carbohydrate was not involved in a significant configuration
change of active site residues.

The same group studied also the physicochemical profile of these
molecules, analysing the topological polar surface. All compounds
fell within the range indicative of molecules with poor membrane
permeability. Therefore, even if the reported compounds showed no
selectivity for specific CAs, their physicochemical properties could
reveal a preferential inhibition of transmembrane CAs.

3.1.3. Anomeric sulfamides
Anomeric sulfamides are glycosylamine carrying a sulfonyl group in
anomeric position. Colinas et al.24 reported the synthesis and bio-
logical evaluation of a series of N-glycosyl sulfamides presenting a
sulfamide moiety directly attached to monosaccharides. The per-
O-acetylated glycoconjugates derived from D-glucose, D-galactose,
D-mannose and D-rhamnose provided a new class of b-sulfamide gly-
cosides (17–24, Figure 3). Enzyme inhibition data revealed that the
protected derivatives were micromolar inhibitor of human CA I, II
and nanomolar inhibitors of CA IX with a good selectivity over CA I
and CA II. On the other hand, deacetylated sulfamide glycosides
were weak inhibitors of all tested CAs. The physicochemical profile
(topological polar surface area and lipophilicity) of derivatives 17–24
showed a poor level of membrane permeability as expected.

The same group reported also a series of N-glycosyl sulfamides
based on O-glycal structure (25–28, Figure 3)25. The

Figure 4. General structures of Topiramate thioureido-derivatives and anomeric sulfamates.
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stereoselectivity, obtained using different catalysts, afforded
a-derivatives 25 and 26, and b-N-2-deoxy-glycosyl sulfamides 27
and 28. These compounds were potent inhibitors of human CA II,
IX and XII (Ki in nanomolar range) selective over CA I (micromolar
range). Particularly interesting is the different activity of epimers:
the erythro derivative 25 showed a nanomolar inhibition for CA IX
(9 nM) and a six-fold selectivity over CA II probably due to a clash
interaction of the 4-acetyl moiety with CA II aminoacid residues.
On the other hand, its threo analogue 26 did not show any
selectivity.

3.1.4. 6-Sulfamoyl carbohydrates
In 2011 Poulsen’s group developed a new series of carbohydrate
CAIs constituted by mono-and disaccharides presenting a sulfa-
moyl function on the C-6 hydroxyl group (29–40, Figure 3)26. The
sulfamates 29–40 were constituted by the monosaccharides
D-glucose, D-galactose, D-mannose, methyl-a-glucopyranoside or
the disaccharide maltose. The enzyme inhibition data, obtained by
the CA catalysed hydration of CO2, revealed that the new com-
pounds were weak inhibitors of the off-target CA I (micromolar
range). Moreover, the sulfamate series behaved as effective CA II
inhibitors in the low nanomolar range, especially the acetylated
mannose derivative 37 (Ki¼11.3 nM). The best results were
obtained testing the new molecules on CA IX with a Ki from
7.8 nM to 86 nM. The glucose analogues 29–32 were also selective
for CA IX in the range of 8 to 14 fold compared to CA II.

The authors designed the acylated derivatives as orally avail-
able drugs and supposed that they could be potential prodrugs.
In a following paper the same research group demonstrated that
the previously described acylated carbohydrate-based sulfamates
29, 30, 33 and 35 were simultaneously inhibitors and substrates
of human CA II, as confirmed by X-ray crystallographic studies27.
As expected, the X-ray structures displayed the canonical CA pro-
tein-sulfamate interactions. Surprisingly, hydrolysis of the acylated
protecting group in anomeric position was observed for all the
compounds analysed. C-1 and C-2 are the first positions to lose
the protecting groups and only for D-galactose derivative 35 also
the hydrolysis of C-3 occurred. Furthermore, the acylated hydroly-
sis of anomeric position included an inversion of configuration
from the equatorial configuration of compounds 29, 30, 33 and
35 to the observed axial configuration.

3.2. Glycoconjugated CA inhibitors

3.2.1. Topiramate derivatives
On the basis of the promising results previously described for
Topiramate analogues (3.1.1 paragraph), in 2007 a series of CAIs
incorporating the protected fructopyranose scaffold present in
TPM was reported28. In this case, the fructopyranose was inserted
as a tail on aromatic/heteroaromatic sulfonamide by means of a
thioureido functionality (41–47, Figure 4). These new compounds
were active against CA II and VII (Ki ranging from 6 to 750 nM).
Compounds 42 and 46 were tested by MES test in mice, through
intraperitoneal injection of 50mg/kg, showing a better anticonvul-
sant activity than TPM. Moreover, all the TPM derivatives were
efficient inhibitors of CA IX (Ki¼ 10–4500 nM), with compounds
44 (Ki¼ 10 nM) and 46 (Ki¼ 11 nM) showing the best inhibitory
activity.

3.2.2. Anomeric sulfamates
Anomeric sulfamates are a class of compounds reported by
Moeker et al.29 in 2014. They have a glucose moiety substituted in
anomeric position, via a sulfonamide functionality, with a variable
linker region presenting a primary sulfamate as ZBG (48–61,
Figure 4). The linker is constituted by linear alkyl chains or by cyc-
lic systems (piperidine or pyrrolidine) to prove that a different
binding to CA active site was possible by changing the linker
length, steric bulk and stereochemistry close to the ZBG30.

The purpose of the study was to move away from the classical
CAI structure towards novel chemical entities with alternative
pharmacophores. All compounds were tested on human CA I, II,
IX and XII showing a weak inhibition of CA I and a good activity
on CA IX and CA XII up to subnanomolar range. Most of the sulfa-
mates showed an excellent CA IX inhibition with Ki values of
1.9–2.4 nM including the acetylated derivatives 52, 54, 56 and 58
and the deacetylated 51, 53, 55 and 57. In particular, the SAR
analysis for CA IX isoform revealed that the steric bulk of the ring
system, able to separate the saccharide moiety from the ZBG, was
preferred over a short linear alkyl chain. The X-ray crystallographic
analysis reported two similar binding modes for compound 57
with CA II and CA IX (Figure 5(A,B)). This compound preferably
interacts with the hydrophilic pocket of CA binding site. In CA II
and CA IX the hydrophilic pocket is generally conserved, explain-
ing the nanomolar binding affinities of 57 for both isoforms. In
contrast, compound 55 presented a selectivity for CA IX over CA

Figure 5. Interactions at the binding site in the structure of CA IX/57 complex (A), CA II/57 complex (B) and CA IX/55 complex (C) 29. A) CA IX mimic (cyan) and 57
(magenta) (PDB ID: 4R5A). B) CA II (grey) and 57 (green) (PDB ID: 4R59). C) Overlay of the two conformations of 55 (purple and orange) with CA IX mimic. (PDB
ID: 4R5B).
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II. In fact, the piperidine derivative 55 interacts with the hydro-
phobic pocket of CA IX, which has been identified as one of the
selective pockets in CA IX active site (Figure 5(C)).

3.2.3. S-glycosyl sulfonamides and sulfenamides
In 2010 Lopez et al.31 reported the synthesis and biological evalu-
ation of a class S-glycosyl sulfenamides and S-glycosyl sulfona-
mides (62–91, Figure 6). The synthesis of these compounds
proposed the direct connection between the anomeric position of
a carbohydrate and the SO2NH2 group. The anomeric S-glycosyl

sulfenamides have been obtained by reaction of sugar thioace-
tates with either primary or secondary amines. The following oxi-
dation process of the sulfenamides gave the desired sulfonamides.
Per-O-acetylated sugar precursors derived from monosaccharides
D-glucose, D-galactose, D-glucuronic acid methyl ester, and disac-
charides lactose and maltose. The enzymatic inhibitory activity of
the glycoconjugates was determined by the CA catalysed hydra-
tion of CO2. The majority of compounds reported a micromolar
activity for CA I. On the contrary, all derivatives were good CA IX
inhibitors (Ki¼ 79–106 nM) and potent CA XII inhibitors (Ki sulfona-
mides � 10 nM; Ki sulfenamides 8.5–16.7 nM). Fundamental is the

Figure 6. General structures of S-glycosyl sulfonamides and sulfenamides and thioureido-glycoconjugates.
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role of the carbohydrate in determining the selectivity for the
extracellular active site of CA IX and CA XII. In fact, the lipophilic
properties of cell membranes behave as a physical barrier mini-
mising the passive membrane permeability of polar inhibitors.
This behaviour promoted the preferential inhibition of extracellu-
lar CAs.

3.2.4. Thioureido glycoconjugates
A library of 32 novel glycoconjugated thiourea-bridged benzene
sulfonamides has been reported by Moeker et al. in 201232. The
thiourea linker has been obtained by reaction of glycosyl isothio-
cyanates with a panel of simple benzene sulfonamides comprising
either a free amine or a hydrazide (compounds 92–123, Figure 6).
The thioureido compounds were screened for their enzymatic
activity on five human CA isozymes: CA I, II and membrane-associ-
ated isozymes IX, XII and XIV. A number of inhibitors were identi-
fied as potent inhibitors of CAs (with Ki in the nanomolar range)
targeting transmembrane anchored CAs with very good selectivity
over off-target cytosolic isozymes I and II. In particular, four potent
CA IX selective inhibitors were identified (Ki< 10 nM): the acety-
lated compound 96 and the deacetylated compounds 101, 105
and 113. The most impressive was the maltose-based compound
113 with a Ki of 2.1 nM against CA IX (with a 2029-fold selectivity
over CA I and 129-fold selectivity over CA II). Moreover, the major-
ity of the S-glycosyl compounds were efficient CA XIV inhibitors, Ki
of <10 nM, with the only outliers 94 and 102, with a Ki of 126
and 807 nM. The best CA XIV inhibitors identified were com-
pounds 96, 101, 105, 113, 117 and 119. Interestingly, analysing
the results for CA XIV, the galactose-based compounds 94, 95,
102, 103 and 111 presented a better inhibition profile with
respect to the other CAs. This may indicate that this isozyme is
more responsive to subtle variations in stereochemistry compared
to other CAs.

The molecules in this study also provided candidates with the
possibility of dual-action for inhibition of extracellular CAs (IX, XII
and XIV)—either directly as free sugars (membrane impermeable)

or indirectly as acetylated sugar prodrugs, becoming free sugars
upon non-specific esterase hydrolysis. An additional physicochemi-
cal feature of the free sugar thioureido-glycoconjugates 92–123
was a high water solubility (>20mg/mL), calculated in silico as
cLogP values.

3.2.5. Amido phenyl sulfonamides
In 2020 a new series of carbohydrate-based sulfonamides was
reported (compounds 124–131, Figure 7)33. The conjugation was
achieved with a classical amide bond between the proper amino-
sugar and the p-sulfamoyl benzoic acid. The compounds were
tested in vitro against a panel of CAs showing a good activity (Kis
nM-mM range) for the target antiglaucoma CA II. Moreover all
these compounds showed great water solubility, reporting a pH
of their solution in water of 7. This property is relevant for eye
application of drugs in the treatment of glaucoma, compared to
the slightly acid solution of the reference compound
Dorzolamide (pH¼ 5.5).

Compounds 126, 127, 129 had nanomolar activity for CA II
and, formulated as 1% water solution and administrated topically
to hypertensive rabbits, they were able to lower intraocular pres-
sure in glaucomatous animals better than dorzolamide.

3.2.6. Glycosyl triazole CA inhibitors: the “click tailing” strategy
Click chemistry has been successfully applied to generate libraries
of glycosyl triazoles as CA inhibitors using the so-called “click
tailing” strategy. The 1,3-dipolar cycloaddition reaction (1,3-DCR)
of an organic azide with a terminal alkyne, the Huisgen’s reaction,
affords a mixture of 1,4- and 1,5-disubstituted-1,2,3-triazoles. The
regioselectivity can be achieved by using catalysts as copper or
ruthenium34.

The Cu(I) catalysis allows to obtain a regiospecifically oriented
1,4-disubstituted-1,2,3-triazole. Sharpless discovered a dramatic
rate enhancement (107 fold) using the Cu catalysis, with an easy
purification step. In fact, this reaction has rapidly become the
premier click chemistry reaction (CuAAC)35. On the contrary, the

Figure 7. General structures of amido phenyl sulfonamide glycoconjugates.

JOURNAL OF ENZYME INHIBITION AND MEDICINAL CHEMISTRY 7



regioselective synthesis of the other possible products of 1,3-DCR,
the 1,5-disubstituted-1,2,3-triazoles, could be achieved by ruthe-
nium catalysis (RuAAC)36.

In the last decade, the click reaction was widely reported as
medicinal chemistry synthetic strategy37, due to its high yields and
easy purification step. Moreover, a lot of literature reported the click
chemistry reaction as a powerful tool to synthesise glycoconjugated
hit compounds38–40. In fact, the 1,2,3-triazole is a non-classical pep-
tide bond bioisostere and may interact with the biological targets41.

In the next paragraphs, the application of the “click tailing”
approach in order to obtain potent and selective CA inhibitors will
be analysed and detailed. In the last decade, more than 100 differ-
ent compounds have been synthesised using this synthetic
approach and screened on CAs.

3.2.6.1. 1,4-disubstituted triazole glycoconjugates.

3.2.6.1.1. Anomeric 1,4-disubstituted triazole sulfonamide glycoconju-
gates. Wilkinson et al.42–44 reported the first glycoconjugated libra-
ries of CA inhibitors (132–155 Series 1 and 156–171 Series 2,
Figure 8) using the copper-catalysed click chemistry reaction. In
this first series of compounds the carbohydrate was connected on
its anomeric position, starting from the corresponding azide pre-
cursors (mono- and di-saccharides). The 1,2,3-triazole linked the
anomeric azides with either an ester or amide functionality, or

directly with the aromatic sulfonamide fragment. Two libraries of
glycosyl triazoles were screened using the CO2 hydration assay for
CA I, CA II and transmembrane CA IX, CA XII and CA XIV. The con-
sistent potency and selectivity of the majority of these com-
pounds confirmed the effectiveness of the carbohydrate tails. In
fact, click tailed glycoconjugates were able to impart selectivity for
the isozymes differently from the non-selective parent benzenesul-
fonamide scaffolds. There are numerous glycosyl triazoles identi-
fied in these libraries presenting a low Ki. In particular, the
methyl-b-D-Glucoronate triazole 146 of Series 1 was found a
nanomolar inhibitor of tumour-associated CA IX (Ki¼ 23 nM),
showing a strong selectivity over CA II. Moreover, the methyl-b-D-
Glucoronate triazoles 162 and 163 of Series 2 were proven to
induce potent inhibition of CA IX (with a Ki 9.9 and 8.4 nM
respectively). The best results in CA inhibition were achieved by
the mannose derivatives 168 and 169 presenting a Ki around
5 nM. It is possible to affirm that the glucoronate and mannose
tail fragments are important candidates for SAR investigation tar-
geting CA IX isoenzyme.

In 2013 Poulsen’s group45 described new glycoconjugated CA
inhibitors (172–195, Figure 8), exploiting the anomeric position of
differently acylated glucose and galactose scaffolds conjugated
with 3- or 4-ethynyl benzenesulfonamide through CuAAC. Both
the glucose (171–183) and the galactose (184–195) series were
synthesised with variable acyl groups on the hydroxyl function:

Figure 8. General structures of anomeric 1,4-disubstituted triazole sulfonamide glycoconjugates.
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acetyl, propionyl, butanoyl, pentanoyl and 3-methyl pentanoyl
groups. The CA enzymes inhibition profile for all compounds was
determined against CA I, CA II, CA IX, CA XII and CA XIV using a
stopped-flow instrument. The SAR analysis between the glucose
and galactose series revealed that the structure of the carbohy-
drate moiety could affect CA inhibition profile. The stereochemical
difference between these epimers must lead to a different inter-
action in the binding site, confirmed by the fact that the glucose
series presented a better inhibition profile for the target CA IX.
There was no consistent SAR trend for the different acyl groups,

meaning that each glycoconjugate could act as a prodrug for the
corresponding deprotected analogue.

In fact, the fully deprotected compounds 177 and 183 were
the most active on the target CA IX and selective over the off-tar-
get CA II compared to the acylated analogues. The unmasked gly-
coconjugates were selective towards overexpressed CA IX and CA
XII thanks to a combination of limited membrane permeability
and improved Ki. Therefore, the acylated derivative prodrugs
should provide good oral absorption and low CA inhibition. ADME
analysis confirmed the degradation of the acyl group of

Figure 9. General structures of O-Glycosyl and the S-glycosyl 1,4-disubstituted triazoles, 1,4-disubstituted triazole saccharin-glycoconjugates and 1,5-disubstituted glyco-
syl triazoles.
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compounds 172–174 in human plasma and human liver micro-
somes (HLMs), as a result of compounds susceptibility to hydro-
lytic enzymes such as microsomal esterases. This process
produced the fully deacylated compound 177. Moreover, the glu-
cose-derivative 177 presented a very good value of cLogP and a
negligible membrane permeability confirmed by Caco-2
cell model.

3.2.6.1.2. The O-glycosyl and the S-glycosyl 1,4-disubstituted triazole
sulfonamides. As mentioned before the glycoconjugated CA inhibi-
tors were readily prepared in a parallel fashion using click tailing
strategy. Poulsen’s group reported a series of 1,2,3-triazole-teth-
ered glycoconjugates possessing an O-glycoside functionality or S-
glycoside functionality (thio, sulfinyl and sulfonyl) connected with
benzenesulfonamide fragments. The first to be described was the
O-glycoside series46 (196–205, Figure 9), where the para-benzene-
sulfonamide was connected to 1,2,3-triazole-tethered O-glycoside
tails by CuAAC reaction. The sugar panel encompassed monosac-
charide derivatives such as pyranose glucose (196–197), galactose
(198–199), arabinose (200–201), a furanose ribose (202–203) as
well as a disaccharide derivative, maltose (204–205). All these
compounds were either micromolar or low-nanomolar inhibitors
of CA I, while against CA II and IX their inhibition constants were
in the range of 6.8–53 and 9.7–107 nM respectively. Regarding the
tumour associated CA IX, the most potent inhibitor of this series
of glycoconjugates was the galactose derivative 198 with a Ki
of 9.7 nM.

Subsequently, the same research group published the S-glyco-
side analogues (206–217, Figure 9)47. The replacement of the nat-
ural occurring O-glycosidic linkage by S-glycosides is an approach
to enhance the stability of the glycosidic linkage towards enzym-
atic hydrolysis whilst retaining vital molecular recognition interac-
tions with the biological target. A panel of S-, sulfinyl and sulfonyl
propynyl glycosides (D-glucose, D-galactose) were conjugated to a
para azido benzene sulfonamide by click chemistry reaction. The
S-propynyl carbohydrates afforded all the thio-derivatives after
conjugation (206, 207, 212 and 213). A partial oxidation of the S-
propynyl sugars gave the SO-sulfinyl precursors and, after cou-
pling reaction, their corresponding sulfinyl glycoconjugates (208,
209, 214 and 215). Otherwise, a total oxidation of S-propynyl
sugar generated the SO2-sulfonyl sugar precursors and their glyco-
conjugated derivatives (210, 211, 216 and 217).

The second series of compounds was investigated by enzym-
atic assays both in the per-O-acetylated form and in the free
hydroxyl form. Glycosides were potent inhibitors of CA II (Ki
2.9–9.9 nM), IX (Ki 6.1–9.9 nM) and XII (Ki 8.4–11.9 nM) with Ki val-
ues narrowly distributed—and just one outlier to this trend—com-
pound 207 with a Ki of 257 nM against CA IX. The oxidation state
of the sulfur had no impact on the CA inhibition constants. CA I
inhibition by these S-glycoside inhibitors was typically weaker
(10–20-fold) than for all other isozymes with Kis in the mid-high
nM range (60–117 nM). Galactose compounds (212–217, Kis
60–62 nM) were marginally stronger CA I inhibitors than glucose
compounds (206–211, Kis 101–114 nM).

Comparison of CA inhibition of the O-glycoside series
(196–205) with the thio series (206–217) demonstrated that the
replacement of the oxygen atom by a sulfur atom (compounds
206, 207, 212 and 213), SO (compounds 208, 208, 214 and 215)
and SO2 (compounds 210, 211, 216 and 217) typically gave
weaker inhibitors for CA I, while CA II inhibition was similar, and
CA IX inhibition was generally stronger. This trend indicated that
the sulfur analogues are able to selectively target tumour associ-
ated CA IX with respect to the oxygen analogues.

The third series of compounds, published in 2011 by Morris
et al.48, presented an S- and SO2 glycoside linked to an unusual
1,4-disubstituted triazole scaffold. In fact, in this series the H atom
at the 5-position of the triazole moiety is replaced by an iodine
atom (218–231, Figure 9) in order to build a SAR and a structure
property relationship (SPRs) and to have a strategic intermediate
for further developing the library. The synthesis of this class of
compounds was based on a variation of the classical CuAAC reac-
tion using the CuI/NMB catalytic system. This modification allows
the in situ generation of Iþ and facilitates the formation of the 5-
iodo-1,4-disubstituted 1,2,3-triazoles. Moreover, the synthesis of
the 1,4,5-trisubstituted triazoles 220 and 225 was achieved by a
Sonogashira reaction catalysed by PdCl2(PPh3)2 introducing a
hydroxyl alkyne into the 5-iodo-1,4-disubstituted triazole scaffold.
Similarly to acetazolamide (AZA), used as reference compound,
the S-glycosides 210–223 were potent inhibitors of CA II, IX and
XII, most of them within a nanomolar range (5.3–112 nM), with
only few exceptions. The two alkynyl derivatives 218 and 231
demonstrated a good isoenzyme selectivity for the cancer associ-
ated CAs. In fact, compound 225 presented a 24-fold selectivity
for CA XII (Ki¼ 9.0 nM) over CA II. The most active compounds
were selected for further cell-based studies on two fibroblast cell
lines (one lacking endogenous expression of CA IX and one over-
expressing CA IX). This assay allowed to discriminate between the
protective role of CA IX in an acidic tumour microenvironment
and a general cytotoxicity. Compounds 218 and 219 were able to
selectively block CA IX-induced survival. Moreover, extended stud-
ies with the per-acetylated analogue 218 revealed its ability to
decrease membrane-associated CA activity to a similar level as
that obtained in cells lacking CA IX. The acetylated glucose inhibi-
tor 218 tested on human colon carcinoma cell model LS174Tr
cells gave better results than the reference compound AZA. In
fact, AZA was not as effective as compound 218 in reducing CA
IX activity or reducing the proliferation of colon carcinoma cells.

3.2.6.1.3. The 1,4-disubstituted triazole saccharin glycoconjugates.
Artificial sweeteners were recently reported to bind selectively CA
IX with nanomolar activity49,50. Among them, saccharin has been
used as a ZBG in drug development using the tail approach51.
The saccharin-based compounds displayed over 1000-fold selectiv-
ity for CA IX over off-target isoforms CA I and CA II. The affinity
and selectivity of saccharin as CA IX inhibitor were modulated by
linking it to a hydrophobic and hydrophilic portion by Moeker
et al.52 Among these derivatives one hydrophilic glycoconjugate
232 (Figure 9), endowed with a glucose moiety linked to sac-
charin by a 1,4-disubstituted triazole, showed a potent activity for
CA IX (Ki 49.5 nM) and an extremely poor inhibition of the other
CAs (Ki> 50000 nM) compared to non-glycoconjugated derivatives
and saccharin itself. On the basis of compound 232 structure,
Murray et al.53 reported the design, synthesis and biological evalu-
ation of two new glycoconjugated saccharin derivatives (233–234,
Figure 9) replacing the b-glucose with a b-galactose (233) and
increasing the length of the triazole spacer by introducing an
ethyl linker (234). Enzymatic inhibition assays revealed that the
galactose derivative 233 had a nanomolar activity on CA IX
(IC50¼ 206 nM) comparable with that of the glucose derivative
232 (IC50¼ 197 nM). The linker elongation in compound 234
enhanced the inhibitory activity (IC50¼ 25 nM) and doubled the
selectivity ratio between CA IX and CA II.

3.2.6.2. 1,5-disubstituted triazole sulfonamide glycoconjugates.
Salmon et al. in 201154 reported the only carbohydrate-based tri-
azole series obtained by applying the reverse regioselectivity
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ruthenium-catalysed azide-alkyne cycloaddition (RuAAC). This reac-
tion allowed to generate a library of 1-(b-D-glycosyl)-5-benzenesul-
fonamide-1,2,3-triazole compounds 235–244, Figure 9. The
glycosyl azide included derivatives of D-glucose, D-galactose, D-glu-
curonic acid methyl ester, D-arabinose and D-maltose. The regiose-
lective synthesis of 1,5-disubstituted-1,2,3-triazoles was achieved
by RuAAC using [Cp/RuCl(cod)] as catalyst. All the compounds
were tested by a stopped flow enzymatic assay and a number of
1,5-disubstituted triazole inhibitors (compounds 236–239, 243
and 244) were able to block CA IX with inhibition constants lower
than 10 nM. The per-acetylated glucose derivative 235 (CA IX
Ki¼ 32.6 nM) possessed a very good selectivity for CA IX over off-
target CA I (42-fold selectivity) and CA II (5-fold selectivity).

A comparison between the CA IX inhibition by the new 1,5-
disubstituted triazoles (235–244 Ki 7.0–68.3 nM) and by their 1,4-
disubstituted counterparts (156–171, Figure 8), showed that the
first ones were better CA IX inhibitors.

3.2.7. Glycosyl conjugates of coumarins
A series of 7-glycosylated 4-methyl coumarins (296–302, Figure
10) incorporating various glycosyl moieties was reported by
Touisni et al.55 This new series of compounds was inspired by the
7-hydroxy coumarin (umbelliferone) structure, which was reported
to be a selective, though not very potent (Ki in the submicromolar
range) inhibitor of tumour associated CA IX and XII56. The sugar
approach was applied to the umbelliferone structure to obtain
glycosyl conjugates of coumarins through glycosylation reaction
using mono- and disaccharides functionalised as trichloroacetimi-
dates. These compounds were poor inhibitors of off-target CA I
and CA II (Ki in the micro-millimolar range) but the majority of
them were nanomolar inhibitor of CA IX and CA XII. Moreover, the
7-mannosyl-4-methylumbelliferone 301 was tested on 4T1 syngen-
eic mouse mammary tumour cells and it significantly inhibited the
growth of primary tumours at a 30mg/kg dose. Compound 301
could be an interesting candidate to develop conceptually novel
anticancer drugs.

3.2.8. C-glycosyl CA inhibitors
The replacement of the naturally occurring O-glycoside by a C-
glycoside bond was often reported in synthesis of glycosyl com-
pounds in order to investigate different biological applications. In
fact, this isosteric substitution is able to improve the compound
stability towards enzymatic degradation of glycosidic bond, main-
taining the molecular recognition for biological targets57,58,. In the
last years different series of C-glycosides were evaluated as CA
inhibitors, as reviewed by Martinez et al.59

In 2013 Riafrecha al.60 reported the first series of C-cinnamoyl
glycosides as CA inhibitors (303–310, Figure 11), a small series of

phenolic derivatives where the carbohydrate was tethered to a
phenol CA pharmacophore through a carbon chain. The synthesis
was performed by aldol condensation of b-C-glucosyl and b-C-gal-
actosyl ketones with the proper aldehyde, followed by a basic
hydrolysis. This is the first study in which a-CAs have been investi-
gated for their interaction with a C-glycoside. The C-cinnamoyl
glycosides were generally effective CA inhibitors, with inhibition
constants in the low micromolar range against CA I, II, IV, VA, VB,
VI, VII, IX, XII, XIII, XIV and ineffective inhibitors of CA III. Neither
the stereochemistry of the sugar or the hydroxyl position in the
aromatic ring affected the inhibition profile.

Later on61, this C-cinnamoyl glycoside series has been tested as
Mycobacterium tuberculosis b-CA inhibitors. The inhibitory activity
of C-glycosides 303–310 against human CA II and the purified M.
tubercolosis b-CA revealed that all compounds were able to inhibit
both of them with Kis in the mM range. The anti-tubercolar activity
of these compounds was evaluated by using fresh cultures of M.
turbercolosis H37Rv and compound 303 was identified as the first
mtCA inhibitor with antimycobacterial activity.

Moreover, this series of compounds was tested for the inhib-
ition of b-CA from Brucella suis, a Gram negative pathogen
responsible for the most widespread bacterial zoonosis, known as
brucellosis62. The majority of these compounds showed micromo-
lar or submicromolar activity and an excellent selectivity for
pathogen over human enzymes. The better inhibitory profile
against b-CAs over a-CAs was reported by protected 3-hydroxy-
phenyl derivatives 303, 304, 307 and 308.

In 2014 the same group reported63 a series of C-glycosides
(311–322, Figure 11) containing the methoxyaryl scaffold linked
to a C-glucosyl and C-galactosyl portion as human CAI, II, IX and
XII inhibitors. This study identified as highly selective hCA IX and
hCA XII inhibitors the protected derivatives 313 and 321, and the
deprotected 312, 320, 314 and 322. Comparing the methoxyaryl
series (311–322) with the phenol one (303–310), a significant
improvement of the selectivity profile for the tumour associated
hCA (IX and XII) was reported. In fact, in the first series the inhib-
ition profile was flat and there were only small variations in the Ki
values across all the hCAs studied.

The methoxyphenyl series was tested against a panel of CAs
encompassing the human a-CAs I and II, the fungal C. neoformans
b-CAS and the pathogenic Brucella suis enzymes64. The depro-
tected glycosides incorporating the 6-methoxy-2-naphthyl moiety
(320 and 322) were able to preferentially inhibit pathogens CAs
over human CAs, showing the best activity and selectivity profile.

In addition, the antioxidant activity of both these series was
evaluated through DPPH and ABTS radical scavenging assays65. All
the deprotected derivatives exhibited better activity than the per-
O-acetylated analogues and the phenolic series reported better
antioxidant activity compared to the methoxyaryl one. The 3-

Figure 10. General structure of coumarin glycosylated CA inhibitors.
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hydroxyphenyl glycoside 303, exhibited the best profile with both
the antioxidant assays.

Recently, the same research group reported66 another C-glycosyl
series bearing a sulfamoyl group on the aromatic scaffold (323–330,
Figure 11). This small series was tested on human CA I, II, IV and IX.
Peracetylated derivatives (323, 325, 327 and 329) were nanomolar
inhibitor of CA II isoform. The deprotected analogues (324, 328 and
330) were micromolar inhibitors of CA II, except C-glucosyl derivative
326, which was nanomolar inhibitor of this isoform. Furthermore, all
the peracetylated C-glycosides (323, 325, 327 and 329) revealed a
micromolar CA IX activity and a good selectivity profile over to the
other CAs. The compound presenting the best selectivity profile for
CA IX over CA II was the p-substituted sulfamoyl C-glycoside 326,
with a selectivity ratio II/IX of 5.66.

3.2.9. Glycoconjugated CA inhibitors: the “dual-tail” approach
The “dual-tail” approach is a strategy employed to obtain
potent CAIs by matching simultaneously the hydrophobic and
hydrophilic halves of the CA active site, and maintaining the
ZBG. This method was firstly reported by Tanpure et al.67 who
proposed a series of compounds presenting a phenyl moiety as
hydrophobic tail connected with a glucose fragment as hydro-
philic tail. The design of these compounds was based on AZA
structure, by adding dual tail groups to AZA primary scaffold
to obtain derivatives 331–333 (Figure 12). The tail combination
included two hydrophilic units in compound 331 or one hydro-
phobic and one hydrophilic moieties in compound 332. In add-
ition, a corresponding single tail analogue, compound 333,
was prepared for comparison. These dual-tail derivatives

Figure 11. General structure of C-glycosyl CA inhibitors.
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showed a decreased activity with respect to AZA for CA II and
CA I, as confirmed by the X-ray crystallographic analysis of
compound 332 in complex with CA II. In fact, compound 332
makes multiple interactions with the protein as it extends out
from the catalytic pocket (Figure 13(A)). In the surface

representation of CA II and compound 332, the hydrophobic
half of CA II (red, Figure 13(B)) dominates the binding orienta-
tion with compound 332, while the carbohydrate moiety does
not interact with the hydrophilic half of the binding site (blue,
Figure 13(B)).

Figure 12. General structure of dual-tail CA inhibitor glycoconjugates.

Figure 13. (A) Interactions at the binding site in the structure of CA II/332(magenta) complex (PDB ID: 4CQ0). (B) Surface representation of CA II/332 complex. The
hydrophobic half of CA II is red and the hydrophilic half is blue to highlight the different interactions67.
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Afterwards, Hou et al. in 201768 revisited the dual-tail approach
choosing different tails and varying the type of connection.
Cinnamic acid was chosen as hydrophobic tail because it was
found to be a novel structural motif for CA inhibition by Maresca
et al.69 Amino glucosamine moiety was inserted as hydrophilic tail
and the connection was achieved by thioureido and amido link-
age. The ZBG was represented by a sulfanilamide function. Seven
compounds (334–340, Figure 12) were synthesised and tested.
Biological data revealed that the majority of compounds effect-
ively inhibited CA II and IX in the range of 7–152 nM. Compound
338 (CA IX IC50¼ 7 nM) was the best glycoconjugated CA IX
inhibitor, revealing better activity than the reference compound
(AZA IC50¼ 30 nM). Moreover, compound 338 was tested on can-
cer cell models (MDA-MB-231 and HT-29 cell lines) by in vitro
assay, to evaluate its effect on hypoxia-induced extracellular acid-
osis. The glycoconjugated CA IX inhibitor 338 was able to signifi-
cantly reduce the extracellular acidification of cancer cells in 0.1
and 1mM concentrations showing an increased antiproliferative
activity with respect to AZA. These results demonstrated the effi-
cacy of the dual approach to simultaneously matching the hydro-
phobic and hydrophilic halves of the active site by linking
hydrophobic and hydrophilic fragments.

4. Summary and outlook

CAs are a family of metalloenzymes able to catalyse the reversible
hydration of carbon dioxide to bicarbonate and a proton. Thus,
members of this enzyme superfamily (comprising 16 isoforms in
humans) are primary regulators of pH within and outside the cell.
Differing in catalytic activity and subcellular localisation, CA iso-
forms represent important biological targets with diverse thera-
peutic potential in pathologies like cancer, epilepsy
and glaucoma.

So far, the inhibition of CA activity using small molecules has
been largely investigated. The design and synthesis of carbonic
anhydrase inhibitors (CAIs) got much success in developing differ-
ent chemical classes of compounds. However, the high structural
homology among the different CA active sites has made very diffi-
cult to obtain isoform-selective inhibitors.

The CAI pharmacophore is constituted by three elements: a
zinc-binding group, an aromatic/heterocyclic ring system and a
“tail”, important to discriminate among the different isoforms. In
fact, two common but also complementary approaches have been
applied to CAIs design: the ring approach and the tail approach.
In the last 15 years, the insertion of carbohydrates, mono and di-
saccharides as a hydrophilic tail in CAI structure has been termed
the “sugar approach”. In this review, we described all the carbohy-
drate-based CA inhibitors present in literature and their biological
activity. We classified the compounds according to the kind of
linkage between the sugar and the zinc-binding group in: glyco-
sidic and glycoconjugated CAIs. Most of them are potent and
selective inhibitors of tumour-associated CA IX and CA XII, pre-
senting Ki values in the nanomolar and sub nanomolar range. In
Tables 1 and 2 are summarised the CA IX inhibitory activity (Ki,
nM) and selectivity over CA I of selected compounds i.e. the most
representative derivative for each class of CA glycosidic and glyco-
conjugated inhibitors. The presence of an extended hydrophilic
moiety limits the activity of these CAIs towards those CAs
endowed with an extracellular active site such as the membrane-
bound isoforms IX and XII. These enzymes are overexpressed in
many hypoxic tumour types but their presence is limited to few
normal tissues, thus their selective inhibition would lead to
reduced side effects. Some of these tumour-directed CAIs have
been tested on cell-based models of tumour proliferation with
encouraging results. For this reason, the research needs to pro-
gress with further in vitro and in vivo studies on these classes of
compounds which represent a potentially effective and safer alter-
native to current cancer treatments.
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