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I PREFACE

In recent years, the life sciences research has considerably attracted scientists to
investigate metalloenzymes and their modulators of activity (inhibitors and/or acti-
vators) to meet the challenges for improving human health by discovering new
therapeutic targets.

This book mainly deals with the progress that has been made in the field of drug
design and discovery of zinc metalloprotein inhibitors over the past years. Recent
trends in zinc metalloenzymes are structured into five parts, comprising 40 chapters
contributed by experts in the field from all over the world. Of these contributors, there
are many who have contributed to this area for decades as scientists and have been
recognized for the same.

The five parts of this book can be read as a whole or individually, independent of
each other. In fact, the book not only caters to academic or industrial researchers in any
of the areas related to pharmaceutical research and development but also to advanced
undergraduates as well as graduates at the beginning of their research career, interested
in specific topics of this field.

Part I (Chapter 1) outlines the importance of the zinc ion in biological systems and
focuses on the importance of targeting zinc enzymes as a promising strategy for drug
design and development.

Part IT (Chapters 2—-22) deals with one of the most studied zinc enzymes among all
metalloproteins, the carbonic anhydrase (CA), and provides a comprehensive up-to-
date review on the development of modulators of activity for both eukaryotic and
prokaryotic CAs and their potential use in drug discovery. Part III (Chapters 23-27)
brings to light the potential of matrix metalloproteinase/ADAM inhibitors as drug
candidates. Part IV (Chapters 28-31) discusses the relevance of bacterial zinc protease
as potential drug target and the use of inhibitors as anti-infective agents. Finally, Part V
(Chapters 32—40) reviews the current and potential clinical applications of other zinc-
containing enzymes in the treatment of cancer and viral and bacterial infections.

All the data given in this book provide a chemical, biological, and pharmacological
framework for understanding the clinical utility of compounds targeting zinc me-
talloproteins for the treatment of various diseases.

All figures are available at ftp://ftp.wiley.com/public/sci_tech_med/zinc_enzyme.

We express our deepest gratitude to all our coworkers and colleagues who have
contributed their highly informative manuscripts to this book on time and without
whom this book would not have been possible.



X PREFACE

We would also like to thank Prof. Binghe Wang who got this book included in the
important collection of Wiley book series on drug discovery and development, which
he is editing.

We also appreciate the editorial assistance and advice rendered with patience by
Jonathan Rose and Lauren Hilger at John Wiley & Sons during the making of this book.

Montpellier, France JEAN-YVES WINUM
Florence, Italy Craupiu T. SUPURAN
February 2009

The editors, Dr. Jean-Yves Winum and Dr. Claudiu T. Supuran (Florence, Zaza
restaurant)
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I PART I

INTRODUCTION






IS CHAPTER 1

Introduction to Zinc Enzymes
as Drug Targets

CLAUDIU T. SUPURAN" and JEAN-YVES WINUM?

Laboratorio di Chimica Bioinorganica, Universita degli Studi di Firenze, Polo Scientifico,

Room 188, Via della Lastruccia 3, 50019, Sesto Fiorentino (Florence), Italy

2|nstitut des Biomolécules Max Mousseron (IBMM) UMR 5247 CNRS-UM1-UM2 Batiment de
Recherche Max Mousseron, Ecole Nationale Supérieure de Chimie de Montpellier, 8 rue de 'Ecole
Normale, 34296, Montpellier Cedex, France

1.1 INTRODUCTION

Drug target is an old concept that was suggested at the end of the nineteenth and the
beginning of the twentieth century by Ehrlich and Langley who developed the idea that
compounds display biological activity by binding to cellular constituents.'

Commonly, most of the drug targets can be defined as human genome-derived
proteins (or proteins belonging to pathogenic organisms) that undergo a selective
interaction with compounds administered to treat or diagnose a disease.” Target
identification and validation constitute the most important steps in the process of drug
discovery. At present, there is an enormous interest in identifying and validating
“druggable” targets in the human proteome and applying structure-based drug design
to discover new therapies for important human diseases. The human genome is a huge
reservoir of putative drug targets, and its sequencing has allowed identification of about
8000 targets of pharmacological interest. Nevertheless, for all classes of approved
therapeutic drugs, around 300 targets have been disclosed with increasing frequency:
270 being encoded by the human genome and the remaining belonging to pathogenic
organisms.>* Several promising targets for drug intervention have been revealed in
recent years, and their knowledge is helpful for molecular dissection of the mechanism
of action of drugs and for predicting features that guide new drug design and the search
for new targets.

Drug Design of Zinc-Enzyme Inhibitors Edited by Claudiu T. Supuran and Jean-Yves Winum
Copyright © 2009 John Wiley & Sons, Inc.



4 INTRODUCTION TO ZINC ENZYMES AS DRUG TARGETS

According to Imming et al.,* drug targets can be divided into several categories:
(i) enzymes, (ii) substrates, metabolites, and proteins, (iii) receptors, (iv) ion channels,
(v) transport proteins, (vi) DNA/RNA and the ribosome, (vii) targets for monoclonal
antibodies, (viii) various physicochemical mechanisms, and (ix) unknown mechan-
isms of action.

Among these different classes of drug targets, enzymes have long been considered
valuable drug targets for the treatment of major human diseases, as several thousands
of enzymes are encoded in the human genome, and they play a key role in virtually
every physiological/pathological process. At present, at least 66 human enzymes and
20 bacterial, viral, fungal, or parasite enzymes are targets of approved drugs, for
example, up to 40% of the known drug targets. Enzymes containing metals (metal-
loenzymes) are of increasing interest and importance, as the genetic consequences of
metalloprotein regulation become better understood. The largest category of metal-
loproteins is constituted by zinc enzymes, with more than 300 representatives
presently known, covering all major six enzyme classes established by the Interna-
tional Union of Biochemistry (i.e., oxidoreductases, transferases, hydrolases, lyases,
isomerases, and ligases). Over the past few years, substantial evidence has been
accumulated implicating the zinc enzymes in the pathophysiology and pathogenesis of
a variety of human disorders ranging from infections to cancer. The relevance of zinc
metalloproteins to biomedical sciences has increased much in the past few years, and
modulation of their activity with small-molecule drugs, designed to interact with a
clearly defined ligand binding site, constitutes a challenging area in drug design and
discovery.*~® Furthermore, the availability of different high-resolution X-ray crystal
structures of such enzymes and of their complexes with substrates and/or inhibitors has
provided a wealth of information with a profound effect on the way we understand their
biological functions.

In this chapter, we present an overview of the role of zinc in biological systems and
explain why zinc proteins constitute promising targets for drug intervention.

1.2 IMPORTANCE OF ZINC IN BIOLOGICAL SYSTEMS:
STRUCTURAL, REGULATORY, AND CATALYTIC ROLES

Among the transition and group II elements, zinc is the second most abundant metal,
afteriron, in all biological systems including microorganisms, plants, and animals. Itis
stable as dication (Zn>"), has Lewis acid properties (it can accept a pair of electrons),
and lacks redox activity, as it possesses a full d-shell d'° orbital. This ubiquitous
elementis considered an essential, nontoxic micronutrient, and its several biochemical
roles regarding the structure and function of proteins, including enzymes, transcrip-
tion factors, hormonal receptor sites, and biological membranes, have been recog-
nized.”® Zn(II) is highly regulated under normal physiological conditions, as this
metal ion plays a key role in a wide variety of processes such as DNA and RNA
synthesis, transmission of the genetic message, growth and development, signal
transduction, apoptosis, brain and immune function, lipid metabolism, and so on.
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In addition, the zinc ion is also closely involved in intracellular signaling and
neuromodulation functions.”®

Physiologically, approximately 98 % of the total zinc in an organism is found within
the cell (40% in the nucleus and 50% in cytoplasm, organelles, and specialized
vesicles), while the remaining is found in the cell membrane.”” The total zinc
concentration in eukaryotic cells was reported to be in the high micromolar range,
with a concentration around 200 uM.lO Furthermore, zinc deficiency is detrimental in
many aspects to the normal function of the organism, with notable effects on growth
and immune functions.” The cytosolic concentration of free Zn*" is very low and can
be estimated in the subfemtomolar range, but it increases under oxidative stress
conditions."!

Atthe molecular level, the intracellular Zn*" is most often tightly bound to proteins
considered an essential cofactor for hundreds of enzymes and thousands of metabolic
and regulatory proteins, fulfilling both structural and catalytic roles.

1.2.1 The Structural Role of Zinc

Zinc plays an important role in the structure of proteins and cell membranes. In such
structural site, it can be found either as a single metal ion or as part of a cluster of two or
more ions, being coordinated only by amino acid residues with no bound solvent
molecule(s). Thus, the metal ion ensures an essential role in the stabilization of the
protein structure by creating or maintaining secondary/tertiary structural elements in
the same manner as a disulfide bridge.'? It can induce the correct folding of protein
sequences as zinc fingers, zinc twists, or zinc clusters in numerous regulatory proteins
and hormone receptors, contributing to the overall stability of these domains.'? Zinc
fingers are structurally diverse and are present in proteins that perform a broad range of
functions in various cellular processes. The biological functions of zinc finger-
containing proteins strongly depend on the zinc ion, which ensures integrity and
stability and is critical for binding to DNA. 13 These structure-stabilizing motifs are as
diverse as their functions and are associated with protein—nucleic acid recognition as
well as protein—protein interactions.'*'> The zinc ion may also be involved in the
maintenance of the structure of chromatin and biomembranes, as it plays a crucial role
in the regulation of their functions.'*

The biological function of zinc is governed by the composition of its flexible
coordination sphere. This can be a slightly distorted tetrahedral or a trigonal
bipyramidal coordination polyhedron in most metalloproteins, with the metal ion
coordinating three or four amino acid residues.®'®'® Structural sites are typically
characterized by a zinc-centered tetrahedral coordination in which the metal ion is
fully coordinated by four Cys residues via thiolate group, generally separated from a
relatively short sequence in the protein (Fig. 1.1a). Other ligands may also compete
with cysteines for binding Zn(II); the second most prevalent ligand is His, which is
usually found in combination with Cys, forming structurally related ““zinc finger”
motifs (Fig. 1.1b).'®'® Examples of non-Cys structural zinc site have also been
reported, apart from the catalytic zinc site in matrix metalloproteinase (MMP) class
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FIGURE 1.1 Structural zinc binding sites in metalloenzymes: (a) four Cys residues
coordinated to the metal center; (b) 3 Cys + 1 His; (c) 3 His + 1 Asp/Glu residue coordinated
to Zn(ID).

of enzymes, with combinations of His and Asp residues coordinating the metal ion
(Fig. 1.1c).

Structural zinc sites have important implications for the functioning of metallo-
proteins. By stabilizing and even inducing the local folding of protein subdomains in
the immediate neighborhood of the metal site, one or more amino acid side chains can
be orientated toward the active site, thus influencing the enzyme activity by affecting
the chemical environment of the active center and/or by influencing the alignment of
active site residues for catalysis.'®!’

Besides structural zinc sites involved in protein functions, a number of protein
interface zinc sites can be defined, where the zinc ion bridges proteins or their subunits,
thus playing an important role in the organization of the quaternary structure and/or
active site of the protein.'®'7?%2! In these structural sites, zinc ions bridge the
interfaces of proteins via ligands provided by different polypeptide chains and can
cross-link the same protein leading to homodimers/trimers or tetramers. The link of
two different proteins through such intermolecular ligands has also been observed. In
such cases, zinc ligation is assumed by coordinating not only residues such as His, Glu,
and Asp but also Cys, with two amino acid ligands supplied by both protein moieties or
three amino acid ligands coming from one protein backbone and one ligand from
another protein domain. The resulting protein interface zinc binding sites can function
as catalytic, cocatalytic, or structural sites, playing a key role in transduction pathways
that regulate a host of cellular functions.'®!

1.2.2 Catalytic and Cocatalytic Role of Zinc

In catalytic sites, zinc ions participate directly in the catalytic process and generally
exhibit a distorted tetrahedral geometry with only three O/N/S ligands bound to the
zinc ion, the fourth ligand being a water molecule that is an activated nucleophile for
the catalytic process. The coordination number 5 can also be encountered for Zn(II)
ions, with a trigonal bipyramidal geometry of the metal center. The zinc ion is essential
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FIGURE 1.2 Catalytic zinc binding sites of some representative metalloenzymes.

for catalytic activity of more than 300 enzymes and is located at the core of the enzyme
active site, participating directly in the catalytic mechanism through interaction with
substrate molecules undergoing the transformation. The most common coordination
feature of Zn(Il) in catalytic sites is dominated by histidine side chains coordinating
the metal ion, through interaction with the Ne atom of the imidazole ring. Other
coordinated amino acid residues are Glu, Asp, and Cys. Due to the amphoteric
properties of Zn>", a water molecule always participates in the coordination sphere as
a fourth or fifth ligand. Catalytic zinc binding sites of some representative metal-
loenzymes are illustrated in Fig. 1.2, where the ligands (L) are three His residues for the
lyases carbonic anhydrases (CAs) and two His residues for the hydrolase carboxy-
peptidase. The catalytic zinc site of alcohol dehydrogenase is the only one known so far
where there is only one His residue bound to the metal ion, being also unique as two
cysteine residues participate in the coordination.

This zinc-bound water molecule is crucial for the catalysis promoted by the metal
center, as it can be either involved in the catalytic process as hydroxide ion or activated
via polarizing effect of the neighboring amino acids of the active site, acting as a
nucleophile per se.'®!” Moreover, H,O can be displaced by the substrate (S) or
expanded upon interaction with the substrate (Fig. 1.3). The presence of water
molecules in the coordination sphere is usually a distinguishing feature that allows
to differentiate a catalytic zinc site from a structural one.'?
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FIGURE 1.3 Role of the zinc-bound water molecule in catalysis: (a) ionization, (b) polarization,
(c) displacement, and (d) CXpaIlSiOIl.]6’17

Cocatalytic zinc sites can also be distinguished and are characteristic of multi-zinc-
containing enzymes, with two or three metal ions in proximity, with two of them
bridged by a side chain moiety of a single amino acid residue, such as Asp, Glu, or His,
and sometimes a water molecule. Asp and His are preferred amino acids for these sites.
No Cysligands are found in such sites. Typically, the metal ions are separated by a short
distance (around 3 A) and bridged by at least one common ligand, frequently a water
molecule or a carboxylate ligand of those mentioned above. The zinc ion can be
bridged with another zinc ion or with another metal ion, such as Cu(Il), for example, in
Cu—Zn superoxide dismutases (SOD). 16-21

In the past decade, there has been a great expansion in our knowledge of the role of
metalloenzymes in the physiopathology of several diseases. Catalytic zinc sites
provide convenient targets for drug intervention and the design and development of
small-molecule drugs that can coordinate directly to the metal, displacing the zinc
water in the active site and inhibiting the enzymes. This challenging research area has
been extensively dealt with in this book.

1.3 ZINC METALLOPROTEINS AS DRUG TARGETS

1.3.1 Targeting Human Zinc Metalloenzymes

Since the identification of the first metalloenzyme, carbonic anhydrase, by Keilin and
Mann in 1941,%* more than 300 different enzymes requiring zinc as essential cofactor
have been identified, showing their diverse and important physiological functions.
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These enzymes are considered to be very attractive targets for drug therapy, and their
inhibitors are included in the armamentarium of modern medicine against human
diseases such as cardiovascular, neurological, infectious, and metabolic diseases, as
well as cancer.”®

Considering the importance and the diversity of zinc-containing enzymes, this
book will focus on the zinc enzymes that are relevant for biomedical applications due
to their well-known role in life-threatening diseases. For example, the two most
investigated metalloproteins that will be considered in detail in this book are the
carbonic anhydrases (dealt with in Part IT) and the matrix metalloproteinases (dealt
with in Part III).

Carbonic anhydrases (EC 4.2.1.1) that belong to the lyase family are ubiquitous
zinc enzymes present in prokaryotes and eukaryotes, all over the phylogenetic tree.
These are efficient catalysts for the hydration of carbon dioxide to bicarbonate and
protons, playing crucial physiological/pathological roles in acid—base homeostasis,
secretion of electrolytes, transport of ions, biosynthetic reactions, and tumorigenesis.
These enzymes are of clinical relevance as some isoforms among the 15 known in
humans are established drug targets, with many inhibitors that have been reported and
developed as diuretics, antiglaucoma, anticancer, and antiobesity agents, or for the
management of a variety of neurological disorders, including epilepsy and altitude
disease. > Furthermore, a clear connection has recently been found between CA
inhibition and lipogenesis (thus, CA inhibitors might be used as antiobesity agents) as
well as tumorigenesis (antitumor drugs/diagnostic tools).>>** Thus, Chapters 2-22
will be dedicated not only to this class of enzymes and their inhibitors/activators from
mammals (Homo sapiens being the most investigated one) but also to the various CAs
recently characterized from many bacteria, archaea, protozoa, fungi, yeasts, and
nematode species. Many such enzymes are now fully characterized kinetically, and
their inhibition/activation studies on many classes of compounds reported, thus
constituting an important starting point for the rational drug design of inhibitors with
clinical applications.?*** Such research is very dynamic nowadays, and the near future
may see the emergence of novel therapeutic agents targeting such enzymes.

Another essential class of zinc metalloproteins that will be taken into consideration
is the superfamily of zinc endopeptidases, MMPs and ADAMs (a disintegrin and
matrix metalloproteinase domain), which are dealt with in Chapters 23-27. MMPs are
zinc endopeptidases that degrade both matrix and nonmatrix proteins. At least 23
MMPs are known in humans where they play an important role in morphogenesis and
in a wide range of processes including tissue repair and remodeling. Their abnormal
expression contributes to pathological processes, including arthritis, cancer, and
cardiac and central nervous system diseases, and inhibition of MMPs has widely
been sought as a strategy in the intervention of these disease processes.>%*>*¢ A large
number of MMP/ADAM inhibitors showing selectivity for the various members of this
superfamily have been reported in the past few years holding considerable promises
mainly in the anticancer and cardiovascular therapy.

Other zinc metalloenzymes of medical relevance, such as angiotensin-converting
enzyme (ACE), histone deacetylase, prostate-specific membrane antigen (PSMA),
and protein farnesyltransferase, among others, have already demonstrated a crucial
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therapeutic potential in various pathological, especially in cancer, neurodegenerative,
and inflammatory diseases, and they are reviewed in Chapters 32-36. A special
mention should be made of HIV integrase, which is a metalloenzyme containing zinc,
(Chapter 37), but Zn(II) is not involved in the catalytic cycle (instead, it seems that
Mg(II) is present at the active site). Considering the great importance that the
treatment of HIV infection has nowadays gained and the fact that HIV integrase
inhibitors were approved for clinical use in 2008, after a successful saga of research
and development of more than 15 years, we decided to dedicate a chapter to this
interesting zinc enzyme that is in fact not a real zinc enzyme. This is an exception,
since, as the title mentions, the main focus of this book is the inhibition of zinc
enzymes in which Zn(Il) clearly has a catalytic role. Another very recent and quite
promising antiviral target is constituted by the APOBEC3F/G family of enzymes
that will be dealt with in Chapter 40.

1.3.2 Targeting Bacterial Zinc Metalloenzymes

Infectious diseases still remain the main cause of human deaths worldwide. The
emergence and spread of pathogenic bacterial strains resistant to most classes of
clinically used antibiotics have created the need for the development of such novel
therapeutic agents as possessing a different mechanism of action. Development of new
anti-infective agents with a novel mode of action and lacking cross-resistance to the
existing drugs is a strong imperative of biomedical research of early twenty-first
century, and a highly unaccomplished task until now. In the past 10 years, bacterial
genome analysis allowed to define new essential bacterial genes and provided many
details concerning the structure of bacterial proteins that play an important role in
pathogenesis, with many such prokaryotic zinc metalloenzymes being identified.
Metalloproteins that are essential for bacterial growth and are not required by
mammalian cells constitute potential targets for antimicrobial drugs and form the
basis for future therapies.”’28 Several of these orphan (for the moment) targets, such as
bacterial proteases, botulinum, tetanus and anthrax lethal factors (LAs), clostridial
collagenases, and other bacterial proteases, will be dealt with in Chapters 28-31.

Characterization of many specific as well as ubiquitous proteases in both Gram-
positive as well as Gram-negative pathogens has allowed the development of different
classes of specific nanomolar-range inhibitors for bacterial proteases such as
Clostridium histolyticum collagenase, Botulinum neurotoxin, and Tetanus neuro-
toxin.”” Moreover, a number of approaches have been taken to identify inhibitors of
the zinc-dependent metalloproteinase lethal factor, a critical component of anthrax
toxin and an important potential target for small-molecule drugs.*®

Identification of zinc metalloenzymes from bacterial genomes has allowed iden-
tification of new potential targets for the development of anti-infective agents. This
strategy, which has already demonstrated promising results, constitutes a challenging
area, considering all the possible targets available in the zinc metalloprotein family
with potential therapeutic applications.

Several other chapters of the book deal wih zinc enzymes that are just beginning to
be investigated in more detail, such as P-IIl metalloproteinase from a highly poisonous
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snake (Chapter 33), the histidinol dehydrogenases (which may constitute an interest-
ing class of antibacterials, Chapter 38), or the dihydroorotase inhibitors (with potential
for developing antimalarials, Chapter 39).

It is thus clear that the wealth of genomic, structural, biochemical, and synthetic
data that has recently emerged in biomedical research of zinc enzymes and their
inhibition enables us to dedicate this book to these fascinating fields. Although we
clearly understand that due to the vastness of the field, it is not possible to deal with all
important enzymes here, we have tried to make a comprehensive review of the
literature data for the most relevant representatives, for their inhibitors, and for their
biomedical applications.
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I CHAPTER 2

Carbonic Anhydrases as Drug Targets:
General Presentation

CLAUDIU T. SUPURAN

Laboratorio di Chimica Bioinorganica, Universita degli Studi di Firenze, Room 188, Via della
Lastruccia 3, 1-50019 Sesto Fiorentino (Firenze), ltaly

2.1 INTRODUCTION

The carbonic anhydrases (CAs, EC 4.2.1.1) are ubiquitous zinc enzymes, present in
prokaryotes and eukaryotes, encoded by five distinct, evolutionarily unrelated gene
families: the a-CAs (present in vertebrates, bacteria, algae, and cytoplasm of green
plants), the B-CAs (predominantly in bacteria, algae, and chloroplasts of both mono-
and dicotyledons), the y-CAs (mainly in archaea and some bacteria), and the §- and
£-CAs present in marine diatoms.'™ In mammals, 16 different a-CA isozymes or
CA-related proteins (CARPs) were described (Table 2.1), with very different
subcellular localization and tissue distribution.'™ Basically, there are several
cytosolic forms (CA I-III, VII), four membrane-bound isozymes (CA 1V, IX, XII,
and XIV), one mitochondrial form (CA V), and a secreted CA isozyme, CA V1.
These enzymes catalyze a very simple physiological reaction, the interconversion
between carbon dioxide and the bicarbonate ion, and are thus involved in crucial
physiological processes related to respiration and transport of CO,/bicarbonate
between metabolizing tissues and lungs, pH and CO, homeostasis, electrolyte
secretion in a variety of tissues/organs, biosynthetic reactions (such as gluconeo-
genesis, lipogenesis, and ureagenesis), bone resorption, calcification, tumorigenic-
ity, and many other physiologic or pathologic processes.'™'* As will be discussed
subsequently, many of these isozymes are important targets for the design of
inhibitors or activators with clinical applications.

In addition to the physiological reaction, the reversible hydration of CO, to
bicarbonate (reaction 2.1 in Fig. 2.1), a-CAs catalyze a variety of other reactions,
such as the hydration of cyanate to carbamic acid or the hydration of cyanamide

Drug Design of Zinc-Enzyme Inhibitors Edited by Claudiu T. Supuran and Jean-Yves Winum
Copyright © 2009 John Wiley & Sons, Inc.
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0=C=0 + H,0 « HCO;~ +H* 2
0=C=NH + H,0 & H,NCOOH (2.2)
HN=C=NH + H,0 < H,NCONH, (2:3)
RCHO + H,0 < RCH(OH), 24
RCOOAr + H,0 & RCOOH + ArOH (2.5)
RSO;Ar + H,0 < RSO;H + ArOH (2.6)
ArF + H,0 & HF + ArOH 2.7

(Ar = 2,4-dinitrophenyl)
PhCH,0COCI + H,0 < PhCH,0H + CO, + HCI (2.8)
RSO,Cl + H,0 < RSO3;H + HCI (2.9)

(R = Me; Ph)

FIGURE 2.1 Reactions catalyzed by a-CAs.

to urea (reactions 2.2 and 2.3); the aldehyde hydration to gem-diols (reaction 2.4);
the hydrolysis of carboxylic or sulfonic (reactions 2.5 and 2.6), as well as other
less investigated hydrolytic processes, such as those described by equations
2.7-2.9 in Fig. 2.1.>° It is unclear at this moment whether o-CA-catalyzed
reactions other than the CO, hydration have physiological significance. The
X-ray crystal structure has been determined for six a-CAs (isozymes CA [-VA
and XII-XIV)'"®'27'* and for representatives of the P- and y-CA families
(discussed subsequently).

2.2 CATALYTIC AND INHIBITION MECHANISMS OF CARBONIC
ANHYDRASES

2.21 o-CAs

The metal ion (which is Zn(Il) in all a-CAs investigated until now) is essential for
catalysis.'™ X-ray crystallographic data showed that the metal ion is situated at the
bottom of a 15 A deep active site cleft (Fig. 2.2), being coordinated by three histidine
residues (His94, His96, and His119) and a water molecule/hydroxide ion. 1=12,15.16 The
zinc-bound water is also engaged in hydrogen bond interactions with the hydroxyl
moiety of Thr199, which in turn is bridged to the carboxylate moiety of Glu106; these
interactions enhance the nucleophilicity of the zinc-bound water molecule and orient
the substrate (CO,) in a favorable location for the nucleophilic attack (Fig. 2.3).1*8
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FIGURE 2.2 The Zn(II) ion coordination in the hCA II active site, with the three histidine
ligands (His94, His96, and His119) and the gate-keeping residues (Thr199 and Glul06)
shown.

The active form of the enzyme is the basic one, with hydroxide bound to Zn(II)
(Fig 2.3a)."~® This strong nucleophile attacks the CO, molecule bound in a hydropho-
bic pocket in its neighborhood (the substrate binding site comprises residues Vall21,
Val143, and Leu198 in the case of the human isozyme CA II) (Fig. 2.3b), leading to the
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Vali121
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~OH
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FIGURE 2.3 Schematic representation of the catalytic mechanism for the a-CAs catalyzed
CO; hydration. The hydrophobic pocket for the binding of substrate(s) is shown schematically
at step b.
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formation of bicarbonate coordinated to Zn(Il) (Fig. 2.3c). 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(Il) (Fig. 2.3d), which is catalytically
inactive.' 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 His64—the proton shuttle in isozymes I, II, IV, VII, IX, and XII-XIV among
others) or by buffers present in the medium. The process may be schematically
represented by equations 2.10 and 2.11:

H,O
E-Zn*"-OH + CO, < E-Zn**-HCO;~ <& E-Zn*"-OH,+HCO5~ (2.10)
E-Zn2-OH, < E-Zn? -OH +H" (2.11)

The rate-limiting step in catalysis is the second reaction, that is, the proton transfer
that regenerates the zinc hydroxide species of the enzyme.'™'>'® In the catalytically
very active isozymes, such as CA II, IV, VII, and IX, the process is assisted by a
histidine residue placed at the entrance of the active site (His64), as well as by a cluster
of histidines (Fig. 2.2), which protrudes from the rim of the active site to the surface of
the enzyme, thus ensuring a very efficient proton transfer process for the most efficient
CA isozyme, CA I1."® This also explains why CA II is one of the most active enzymes
known (with a keu/Km=1.5x 105M~'s71), approaching the limit of diffusion
control, and has important consequences for the design of inhibitors with clinical
applications.' 1316

Two main classes of CA inhibitors (CAls) are known: the metal complexing
anions and the unsubstituted sulfonamides and their bioisosteres (sulfamates,
sulfamides, etc.), which bind to the Zn(II) ion of the enzyme either by substituting
the nonprotein zinc ligand (eq. 2.12 in Fig. 2.4) or by adding to the metal
coordination sphere (eq. 2.13 in Fig. 2.4), generating trigonal bipyramidal
species.'™772* Sulfonamides bind in a tetrahedral geometry of the Zn(II) ion
(Fig. 2.4), in deprotonated state, with the nitrogen atom of the sulfonamide moiety
coordinated to Zn(II) and an extended network of hydrogen bonds, involving
residues Thr199 and Glul06, also participating in the anchoring of the inhibitor
molecule to the metal ion. The aromatic/heterocyclic part of the inhibitor (R)
interacts with hydrophilic and hydrophobic residues of the cavity. Anions may bind
either in tetrahedral geometry of the metal ion or in trigonal bipyramidal adducts,
such as the thiocyanate adduct shown in Fig. 2.4b.' ¢

There are at least 30 clinically used drugs/agents in clinical development reported
to possess significant CA inhibitory properties (compounds 2.1-2.25)." Many other
such derivatives belonging to the sulfonamide, sulfamate, or sulfamide classes are
constantly reported, being designed and synthesized by means of rational drug design

25-34
processes. S



20 CARBONIC ANHYDRASES AS DRUG TARGETS: GENERAL PRESENTATION

H,C
N—N 3 N
1N A Ji T
CH,CONH SO,NH, CH,CON % )\SOZNH2 EtO S)\SOZNH2

S
2.1
22 2.3
SO,NH,
NHEt
< /NOsozNHz
//S\\ cl SO,NH, | D—so,nH,
Cl Me” sl S
2.4 o "o
25
NHEt y 2.6
N oL
SO,NH, cl H/
MeO( CH2)3 » \\
SO,NH,
27 2.8
C\)\/NH2
_o-%S OMe O
0l 0 SO,NH,
(X | e
R N N
o Y ° o~ —
2.9
2.11
o ?
O=S—NH,
AN
SO,NH, | N/N
SO,NH, \
2.12
o—@ NH 21 ]
2 FF 214

CH,



CATALYTIC AND INHIBITION MECHANISMS OF CARBONIC ANHYDRASES

SO,NH,

s /\/@SOQNHZ

HNJ\N
H
® N
COOH ~
906 g
HO 0

0]

clo,

217 2.18

H
R3 N R6 a: R2 = R3 = H, R6 = CI, hydrochlorothiazide
Y :@i b: R2 = R3 = H, R6 = CFs, hydroflumethiazide
S
o)

N c: R2 = H, R3 = PhCH,, R6 = CFs, bendroflumethiazide
R2” ’S_ SO,NH, i e
o > d: R2 =H, R3 = CHCI,, R6 = Cl, trichloromethiazide
219 e: R2 = Me, R3 = CH,SCH,CF;, R6 = Cl, polythiazide
oo Me_ N cl
e
Et N Cl Me Y
D\l/ N SO,NH
SO,NH, 22
o O
2.20 2.21

Cl ol
SOy
OW(OH‘i SO,NH, N/N\'\/©:302NH2
v § )
2.22 2.23

H
N
“>"ONH
LV 0 o o
HOOC SO,NH, HOOC

SO,NH,
2.24 2.25

21



22 CARBONIC ANHYDRASES AS DRUG TARGETS: GENERAL PRESENTATION

E-Zn*"-OH, + 1 & E-Zn>*-1+ H,0 (substitution) (2.12)
Tetrahedral adduct
E-Zn*"-OH, + 1 & E-Zn?*"-OHy(I) (addition) (2.13)

Trigonal bipyramidal adduct

Hydrophilic
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of active site
S
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FIGURE 2.4 o-CA inhibition mechanism by sulfonamide (a) and anionic (b) inhibitors. In the
case of sulfonamides, in addition to the Zn(II) coordination, an extended network of hydrogen
bonds ensues, involving residues Thr199 and Glu106, whereas the organic part of the inhibitor
(R) interacts with hydrophilic and hydrophobic residues of the cavity. For anionic inhibitors such
as thiocyanate (b), the interactions between inhibitor and enzyme are much simpler.

Some of the clinically used compounds, such as acetazolamide (2.1), methazo-
lamide (2.2), ethoxzolamide (2.3), sulthiame (2.4), and dichlorophenamide (2.5), are
known for decades and were initially developed in the search of novel diuretics or
antiepileptics in the 1950s and 1960s."*7* Although their diuretic use was not
extensive,’ it has been observed that such enzyme inhibitors may be employed for the
systemic treatment of glaucoma.! Thus, many such drugs (e.g., acetazolamide,
methazolamide, and dichlorophenamide) are still being used in ophthalmology
(discussed subsequently), whereas two novel derivatives, dorzolamide (2.6) and
brinzolamide (2.7), have been developed in the 1990s as topically acting antiglaucoma
agents.' Inhibition data against all catalytically active human isozymes with some of
the clinically used compounds are provided in Table 2.2."*~** These very diverse
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inhibition profiles of the various isozymes with derivatives 2.1-2.25 explain the very
different clinical applications of the CAls, ranging from diuretics and antiglaucoma
agents to anticancer, antiobesity, and antiepileptic drugs.' 2~

X-ray crystallographic structures are available for many adducts of sulfonamide/
sulfamate/sulfamide inhibitors with isozymes CA I, I1, TV, XII, XIII, and XIV.'** In
all these adducts, the deprotonated sulfonamide/sulfamate/sulfamide is coordinated to
the Zn(II) ion of the enzyme, and its NH moiety participates in a hydrogen bond with
the Oy of Thr199, which in turn is engaged in another hydrogen bond to the
carboxylate group of Glu106.'°* One of the oxygen atoms of the SO,NH moiety
also participates in a hydrogen bond with the backbone NH moiety of Thr199.
Examples of various adducts of such inhibitors with CA II are provided for sulfon-
amide, sulfamate, and sulfamide inhibitors (Figs 2.5-2.7). It is obvious that all these
zinc binding functions (ZBFs) are effective in designing potent CAls.'®3*

The different types of interactions by which a sulfonamide CAI achieves very high
affinity (in the low nanomolar range) for the CA active site are illustrated in
Figs 2.5-2.7 for sulthiame (2.4)34 as sulfonamide inhibitor, a steroid sulfamate CA
inhibitor, EMATE (2.13),! and the sulfamide analogue of the antiepileptic drug
topiramate (2.9).>> It may be observed that for these complexes, the ionized ZBF
moiety (at the nitrogen NH, group) has replaced the hydroxyl ion coordinated to Zn(II)
in the native enzyme (Zn-N distance of around 1.8-2.0 A), with the metal ion
remaining in its stable tetrahedral geometry, being coordinated in addition to the
sulfonamidate nitrogen, by the imidazole nitrogens of His94, His96, and His119. The
proton of the coordinated sulfonamidate nitrogen atom (NH™) always makes a

His11g His96

N / /Hi394
24

H

Thr200 '\1.98
3.01 |
N 2670

/
3.69_,/,.0‘\ 3.52 H
H /0 >
’ / \H ()
Wat70 O~ 4.10, !
\ . H Wat179

H wat177
N

C\

N

H

His64 (in conformation)

FIGURE 2.5 Schematic representation of the anticonvulsant sulfonamide sulthiame (2.4)
bound within the hCA II active site (figures represent distances in angstroms).>*
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FIGURE 2.6 Binding of the sulfamate CA inhibitor EMATE (2.13) to hCA 1II (figures
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hydrogen bond with the hydroxyl group of Thr199, which in turn accepts a hydrogen
bond from the carboxylate of Glu106 (data not shown in Figs 2.5-2.7). One of the
oxygen atoms of the ZBF moiety also makes a hydrogen bond with the backbone
amide of Thr199, whereas the other one is semicoordinated to the catalytic Zn(II) ion
(O-Zn distance of 3.0-3.3 A). The scaffold of the inhibitors lies either in the
hydrophilic (Fig. 2.5) or in the hydrophobic part (Fig. 2.6) of the active site cleft,
or for bulkier derivatives may entirely fill it (Fig. 2.7), participating in extensive polar
and van der Waals interactions with side chains of various amino acids lining these
subsites (Figs 2.5-2.7).

As seen from the data in Table 2.2, most of the clinically used compounds 2.1-2.25
strongly inhibit many CA isozymes unselectively (such as CA I, 1L, IV, V, VIL, IX, and
XII-X1V), with affinities in the low nanomolar range for many of them, thus lacking
selectivity toward the various isoforms with medicinal chemistry applications. The
drug design of sulfonamide CAIs has recently been reviewed.'*> A major problem in
the drug design of CAls is obviously to obtain isozyme-selective inhibitors for the
various clinical applications of these pharmacological agents.'

2.2.2 p-CAs

Many bacteria, archaea (such as Methanobacterium thermoautotrophicum), algae,
and the chloroplasts of superior plants contain CAs belonging to the B-class.*>>>*2
The principal difference between these enzymes and the o-CAs already discussed
consists in the fact that usually the B-CAs are oligomers, generally formed by 2-6
monomers of a molecular weight of 25-30 kDa. The X-ray structures of several such f3-
CAs are available at this moment: the enzyme isolated from the red alga Porphyridium
purpureum, the enzyme from chloroplasts of Pisum sativum, another prokaryotic
enzyme, this time isolated from Escherichia coli, and ““cab,” an enzyme isolated from
the archaeon M. thermoautotrophicum.>>=>°

The P. purpureum CA monomer is composed of two internally repeating structures,
folded as a pair of fundamentally equivalent motifs of an o/B-domain and three
projecting a-helices. The motif is very distinct from that of either o- or y-CAs. This
homodimeric CA appeared like a tetramer with a pseudo 2-2-2 symmetry.>’ 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 from an Asp residue
(Fig. 2.8a), 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
(Fig. 2.8b).>>® The polypeptide chain folding and active site architecture are
obviously very different from those of the CAs belonging to the a-class.

The structure of the B-CA from the dicotyledonous plant P. sativum at 1.93 A
resolution has also been reported.>® 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 Cys160, His220, and Cys223 binding the catalytic zinc
ion and residues Asp162 (oriented by Arg164), Gly224, GIn151, Val184, Phel79, and
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FIGURE 2.8 Schematic representation of the Zn(II) coordination sphere in B-CAs:
(a) P. purpureum37 and E. coli®® enzymes; (b) P. sativum chloroplast and M. thermoauto-
trophicum enzyme,>®>® as determined by X-ray crystallography.

Tyr205 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 corre-
sponding residues being closely superimposable by a mirror plane. Therefore, despite
differing folds, a- and -CAs have converged upon a very similar active site design and
are likely to share a common mechanism of action.*®

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
Cys32, His87, and Cys90, with the tetrahedral coordination completed by a water
molecule.®* The major difference between plant- and cab-type B-CAs is in the
organization of the hydrophobic pocket (except for the zinc coordination already
mentioned). The structure also revealed a HEPES buffer molecule bound 8 A away
from the active site zinc, which suggests a possible proton transfer pathway from the
active site to the solvent.” No structural data are available at this moment regarding the
binding of inhibitors to this type of CAs, except for the fact that acetate coordinates to
the Zn(II) ion of the P. sativum enzyme.3

Since no water is directly coordinated to Zn(II) for some members of the B-CAs
(Fig. 2.8a), the main problem is whether the zinc hydroxide mechanism presented in
this chapter for the o-CAs is valid also for enzymes belonging to the B-family? A
response to this question has been given recently by Nishimori et al., who proposed the
catalytic mechanism shown in Fig. 2.9 for the enzyme isolated from Helicobacter
pylori (hpp-CA).*

Thus, it has been recently showed that the 3-CA in the active site is “‘blocked” at pH
7.5 or lower, when the carboxylate of an aspartic acid coordinates as the fourth ligand
to the Zn(II) ion (as in Fig. 2.9a).** However, at pH values over 8.3, an opening of the
active site occurs, with the blocking aspartate forming a salt bridge with a conserved
Arg residue in all B-CAs sequenced so far (Arg46 in the case of hpp-CA), so that a
water molecule/hydroxide ion has finally access to coordinate the metal ion for
completion of its tetrahedral geometry. The catalytic mechanism of this B-CA
possessing the “opened’ active site is then rather identical to that of the a-class
enzymes, with the substrate being probably bound in a hydrophobic pocket not far from
the zinc-coordinated hydroxide (Fig. 2.9b), which attacks it with the formation of
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FIGURE 2.9 Proposed catalytic mechanism for prokaryotic B-CA from H. pylori.*?

bidentately coordinated bicarbonate (Fig. 2.9c). This is then displaced by a water
molecule and liberated in solution, with the formation of the acidic form of the enzyme,
with water as the fourth zinc ligand (Fig. 2.9d). For generating the strong nucleophile
with hydroxide coordinated to Zn(II), a proton transfer reaction must occur in the last
step, with the formation of the catalytically active enzyme species (Fig. 2.9a). The
proton transfer step is not well investigated until now in the B-class enzymes, this
process being assisted by active site His residues in the a-CAs (e.g., His64 inhCA ITand
similar enzymes). This study was also the proof of concept showing that a B-class CA is
a druggable target, since a very large number of sulfonamide and sulfamate inhibitors
were tested as inhibitors, with some quite active derivatives being detected.*?

2.2.3 v-CAs

The prototype of the y-class CAs, “Cam,” has been isolated from the methanogenic
archaeon Methanosarcina thermophila.**~* The crystal structures of zinc-containing
and cobalt-substituted Cam were reported in the unbound form and cocrystallized
with sulfate or bicarbonate.*>** Cam has several features that differentiate it from the
o- 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-helices. The
Cam monomer self-associates in a homotrimer with the approximate molecular weight
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of 70 kDa.**** The Zn(I) ion within the active site is coordinated by three histidine
residues, as in o-CAs, but is relative to the tetrahedral coordination geometry seen at
the active site of a-CAs; the active site of this y-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.**>** The catalytic mechanism
of y-CAs was proposed to be similar with the one presented for the a-class enzymes.
Still, the finding that Zn(II) is not tetracoordinated as originally reported but penta-
coordinated,43 “+* with two water molecules bound to the metal ion, demonstrates that
much is yet to be understood about these enzymes. At this moment, the zinc hydroxide
mechanism is accepted as being valid for y-CAs, as it is probable that an 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
Glu62 in a manner that suggests this side chain to be probably protonated. In the
uncomplexed zinc-containing Cam, the side chains of Glu62 and Glu84 appear to
share a proton; in addition, Glu84 exhibits multiple conformations. This suggests that
Glu84 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 His64. Anions and sulfonamides were shown to bind to Cam,
sometimes with high affinity, making the y-CAs druggable targets for various
biomedical or environmental applications.***’

2.2.4 5-CAs

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 o-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.”*® 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. In the
same diatom, a rather perplexing discovery has been then made: the first cadmium-
containing enzyme, which is a CA-type protein.” The marine diatom 7. 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 TWCAT, the major intracellular Zn-requiring isoform of CA in T. weissflogii,
remained low.” '%Cd labeling comigrates with a protein band that showed this CA
activity to be distinct from TWCAT1 on native PAGE of radiolabeled 7. weissflogii cell
lysates. The levels of the Cd protein were modulated by CO, in a manner that was
shown to be consistent with arole for this enzyme in carbon acquisition. Purification of
the CA-active fraction leads to the isolation of a Cd-containing protein of 43 kDa,
showing that T. weissflogii expresses a Cd-specific CA, which, particularly under
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conditions of Zn limitation, can replace the Zn enzyme TWCAI in its carbon-
concentrating mechanism.”*

2.3 DISTRIBUTION OF CARBONIC ANHYDRASES

CAs were shown to be present in a multitude of prokaryotes, where these enzymes
play important functions such as respiration, transport of carbon dioxide, and
photosynthesis.'%#">2 The possibility to develop CA inhibitor-based antibiotics/
antifungals, by inhibiting bacterial/fungal CAs present in pathogenic species, raised
much interest recently.'**~*>*7~** Thus, Muhlschlegel’s group*' investigated the
ascomycete Candida albicans, the most common fungal pathogen in immunocom-
promised patients, for its ability to change morphology, from yeast to filamentous
forms, in response to host environmental cues. Filamentation of this fungus is
mediated by second messengers such as cyclic adenosine 3’,5’-monophosphate
(cAMP) synthesized by adenylyl cyclase. The distantly related basidiomycete
Cryptococcus neoformans is an encapsulated yeast that predominantly infects
the central nervous system of the immunocompromised patients.*' Similar to the
morphological change in C. albicans, capsule biosynthesis in C. neoformans was
shown to depend upon adenylyl cyclase activity. In a seminal paper, Muhlschlegel’s
group®' demonstrated that physiological concentrations of CO,/bicarbonate,
formed as a result of the reaction catalyzed by CAs present in these organisms,
induce filamentation in C. albicans by direct stimulation of adenylyl cyclase
activity. Furthermore, the CO,/bicarbonate equilibration by such CAs (belonging
to the B-CA family) is essential for pathogenesis of C. albicans in niches where the
available CO, is limited. The adenylyl cyclase from C. neoformans was also shown
to be sensitive to physiological concentrations of CO,/bicarbonate. Such data were
demonstrated by using CA inhibitors, among others. Thus, the link between cAMP
signaling and CO,/bicarbonate sensing is conserved in fungi, and it was revealed
that CO, sensing is an important mediator of fungal pathogenesis. Novel therapeutic
agents, based on the inhibition of CAs present in these pathogens, could target such
pathways at several levels to control fungal infections.*'

H. pylori, a Gram-negative neutralophile discovered in the early 1980s, was
shown to be associated with chronic gastritis, peptic ulcers, and, more recently,
gastric cancer, the second most common tumor in humans.***”*® Qur group cloned
and sequenced H. pylori a-class carbonic anhydrase (hpCA) from patients with
different gastric mucosal lesions, including gastritis, ulcer, and cancer.***"*®
Although several polymorphisms such as '?Ala, *Thr, 'Ile, and '®®Phe were
newly identified, there was no significant relevance of any polymorphism to gastric
mucosal lesion types. A library of sulfonamides/sulfamates has been investigated
for the inhibition of hpCA, whereas new derivatives have been obtained by
attaching 4-fert-butyl-phenylcarboxamido/sulfonamido tails to benzenesul-
fonamide/1,3,4-thiadiazole-2-sulfonamide scaffolds. All types of activities for the
inhibition of hpCA have been detected. Dorzolamide and simple 4-substituted
benzenesulfonamides were weak inhibitors (K; values of 873-4360nM).
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Sulfanilamide, orthanilamide, some of their derivatives, and indisulam showed
better activity (K; values of 413—640nM), whereas most of the clinically used
inhibitors such as methazolamide, ethoxzolamide, dichlorophenamide, brinzola-
mide, topiramate, zonisamide, and so on acted as medium potency inhibitors (K;
values of 105-378 nM). Some potent hpCA inhibitors were also detected (K values
of 12-84nM) among acetazolamide, 4-amino-6-chloro-1,3-benzenedisulfona-
mide, and some newly designed compounds incorporating lipophilic tails. Some
of the newly prepared derivatives had selectivity ratios for inhibiting hpCA over
hCA II in the range of 1.25-3.48, thus showing some selectivity for inhibiting the
bacterial enzyme. Since hpCA is essential for the survival of the pathogen in acid, it
might be used as a new pharmacologic tool in the management of drug-resistant H.

pylori. 424748

The report of parasitic CAs by Krungkrai et al.** who discovered the presence of
several different a-CAs in Plasmodium falciparum, one of the malaria-provoking
protozoa, opens new vistas of the development of pharmacological agents based on
CA inhibitors. Red cells infected by P. falciparum contained CA amounts approxi-
mately two times higher than those of normal red cells. The enzyme was then purified
to homogeneity, showing a M, of 32kDa, being active in monomeric form. The
parasite enzyme activity was sensitive to well-known sulfonamide-CA inhibitors such
as sulfanilamide and acetazolamide.*® A series of aromatic sulfonamides, most of
which were Schiff’s bases derived from sulfanilamide/homosulfanilamide/4-
aminoethylbenzenesulfonamide and substituted aromatic aldehydes, or ureido-
substituted sulfonamides, were investigated for in vitro inhibition of the malarial
parasite enzyme (pfCA) and the growth of P. falciparum. Several inhibitors with
affinity in the micromolar range (K; values in the range of 0.080-1.230 uM) were
detected, whereas the most potent of such derivatives were the clinically used
sulfonamide CA inhibitor acetazolamide and 4-(3.4-dichlorophenylureidoethyl)-
benzenesulfonamide, an inhibitor four times more effective than acetazolamide (K;
of 315nM), which showed an inhibition constant of 80nM against pfCA. The
lipophilic 4-(3,4-dichlorophenylureidoethyl)-benzenesulfonamide was also an effec-
tive in vitro inhibitor for the growth of P. falciparum (ICsy of 2 uM), whereas
acetazolamide achieved the same level of inhibition at 20 pM. This was the first
study to prove that antimalarials possessing a novel mechanism of action can be
obtained by inhibiting a critical enzyme for the life cycle of the parasite.*’ Indeed, by
inhibiting pfCA, the synthesis of pyrimidines mediated by carbamoyl phosphate
synthase is impaired in P. falciparum but not in the human host. Sulfonamide CA
inhibitors have the potential for the development of novel antimalarial drugs.*’

In higher plants, algae, and cyanobacteria, all members of the four CA families
were found to be present.>”° For example, analysis of the Arabidopsis genome
revealed that at least 14 different CAs are present in this plant, whereas in the
unicellular green alga Chlamydomonas reinhardtii, 6 such enzymes are present.>° In
algae, CAs were found in mitochondria, chloroplast thylakoid, cytoplasm, and
periplasmic space.’ In Cs dicotyledons, two types of CAs have been isolated, one
in the chloroplast stroma and one in cytoplasm, whereas in C, plants, these
enzymes are present in the mesophyll cells, where they provide bicarbonate to
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phosphoenolpyruvate (PEP) carboxylase, the first enzyme involved in CO, fixation
into C4 acids.” In CAM (crassulacean acid metabolism) plants, CAs probably present
in the cytosol are quite abundant in chloroplasts, where they participate in CO,
fixation, providing bicarbonate to PEP carboxylase’. These enzymes are quite
abundant in the terrestrial vegetation and seem to be correlated with the content of
atmospheric CO, and thus with the global warming processes.

In animals, and more specifically mammals, CAs are quite widespread (Table 2.1),
as mentioned throughout this chapter. Since this field has recently been reviewed, the
reader is advised to consult these particular papers for a detailed overview of the
distribution and function of CAs in these organisms.' %"

CA activators (CAAs) have also been investigated in detail.?=7 As the field has
recently been reviewed, the reader is advised to consult these references.’® %

2.4 PHYSIOLOGICAL FUNCTIONS OF CARBONIC ANHYDRASES

Itis not clear whether reactions catalyzed by CAs (Fig. 2.1), except for CO, hydration/
bicarbonate dehydration, have physiological relevance.>® Thus, at present, only
reaction 2.1 is considered to be the physiological one in which these enzymes are
involved.

In prokaryotes, as also shown in the preceding sections, CAs possess two general
functions: (i) transport of CO,/bicarbonate between different tissues of the organism
and (ii) provision of CO/bicarbonate for enzymatic reactions. * In aquatic photo-
synthetic organisms, an additional role is that of a CO,-concentrating mechanism,
which helps overcome CO, limitation in the environment.>>° For example, in
C. reinhardtii, this CO,-concentrating mechanism is maintained by the pH gradient
created across the chloroplast thylakoid membranes by photosystem II-mediated
electron transport processes.”’® A large number of nonphotosynthetic prokaryotes
catalyze reactions for which CA could be expected to provide CO,/bicarbonate in the
vicinity of the active site or to remove such compounds to improve the energetics of
the reaction.* The large number of carboxylation/decarboxylation processes in which
prokaryotic CAs may play such an important physiological function has recently been
brilliantly reviewed by Smith and Ferry.*

In vertebrates, including Homo sapiens, the physiological functions of CAs have
been thoroughly investigated over the past 70 years (Table 2.1)."%>">2 Isozymes I, 11,
and IV have been found involved in respiration and regulation of the acid/base
homeostasy.! These complex processes involve the transport of CO,/bicarbonate
between metabolizing tissues and excretion sites (lungs, kidneys), and these facilitate
CO, elimination in capillaries and pulmonary microvasculature, elimination of H"
ions in the renal tubules and collecting ducts, and reabsorption of bicarbonate in the
brush border and thick ascending Henle loop in kidneys." Usually, isozymes I, II, and
IVare involved in these processes. By producing the bicarbonate-rich aqueous humor
secretion (mediated by ciliary process isozymes CA II, IV, and XII) within the eye,
CAs are involved in vision, and their misfunctioning leads to high intraocular pressure
and glaucoma.' CA II is also involved in the bone development and function, such as
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the differentiation of osteoclasts or the provision of acid for bone resorption in
osteoclasts. CAs are involved in the secretion of electrolytes in many other tissues/
organs, such as CSF formation, by providing bicarbonate and by regulating the pH in
the choroid plexus; saliva production in acinar and ductal cells; gastric acid production
in the stomach parietal cells; bile production; pancreatic juice production; and
intestinal ion transport.'>' CAs are also involved in gustation and olfaction, protection
of gastrointestinal tract from extreme pH conditions (too acidic or too basic),
regulation of pH and bicarbonate concentration in the seminal fluid, muscle functions,
and adaptation to cellular stress. Some isozymes such as CA V are involved in
molecular signaling processes, such as insulin secretion signaling in pancreas [-
cells.'”! Isozymes IT and VA are involved in important metabolic processes, as they
provide bicarbonate for gluconeogenesis, fatty acids de novo biosynthesis, or pyrimi-
dine base synthesis. Finally, some isozymes (such as CA IX and XII, CARP VIII) are
quite abundant in tumors, as these are involved in oncogenesis and tumor
progression %132

Although the physiological function of some mammal isozymes (CA I and III,
the CARPs) is still unclear or is poorly understood, one may understand from the
data already presented the importance of CAs for a host of physiological processes,
in both normal and pathological states. This may explain why inhibitors of these
enzymes found a place in clinical medicine as early as in 1954, with acetazolamide
(2.1) being the first nonmercurial diuretic agent used clinically.! At present,
inhibitors of these enzymes are widely used clinically as antiglaucoma agents,
diuretics, and antiepileptics in the management of mountain sickness, gastric and
duodenal ulcers, neurological disorders, or osteoporosis, among others.'™ The
development of more specific agents is urgently needed because of the high number
of isozymes present in the human body as well as the isolation of a large number of
new representatives of the CAs in all kingdoms of living organisms. This is possible
only by understanding in detail the catalytic and inhibition mechanisms of these
enzymes. In fact, at present, much research is focused on at least five fronts in
the drug design of pharmacological agents belonging to this class: (i) Antiglaucoma
drugs with better profiles than dorzolamide and brinzolamide.! The target
isozymes of such compounds are probably CA II and XIL' (ii) Anticancer drugs
targeting primarily CA IX and XII, isozymes predominantly present in tumor
cells.®*? (iii) Antiobesity agents, based on the reported effects of the strong CA
inhibitors topiramate17 and zonisamide,'® which probably target the mitochondrial
isoforms CAVA and/or CAVB. (iv) Anticonvulsants (probably targeting CA II, VII,
XII, and XIV). (v) Antibacterials, antifungals, and other types of agents that target
various CAs from pathogenic microorganisms such as the bacteria H. pylori,
Mycobacterium tuberculosis, and so on; the protozoa P. falciparum; or the fungi
C. albicans and C. neoformans among others. **~**>47*% The conclusion of this
chapter is that these enzymes and their inhibitors are indeed remarkable: after many
years of intense research in this field, these continue to offer interesting opportu-
nities for the development of novel drugs and new diagnostic tools, or for
understanding in greater depth the fundamental processes of the life sciences. The
discovery of many such new CAs in various organisms all over the phylogenetic tree
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is also a clear signal that these ancient enzymes are involved in critical life processes
and that perturbation of their activity may lead to novel ways of controlling
widespread diseases.
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3.1 INTRODUCTION

Carbonic anhydrases (CAs, EC 4.2.1.1) constitute some of the most extensively
studied zinc enzymes to date.'™ Belonging to a superfamily of ubiquitous zinc
proteins present in prokaryotes and eukaryotes, CAs are encoded by five evolution-
arily distinct, unrelated gene families: the a-class (present in vertebrates, bacteria,
algae, and cytoplasm of green plants), the B-class (present predominantly in bacteria,
algae, and chloroplasts), the y-class (present mainly in archaea and some bacteria), and
the 8- and &-classes (present in marine diatoms). The zinc ion is essential for the
catalytic process of this very simple transformation, that is, the interconversion
between carbon dioxide and bicarbonate with release of a proton. For the o-CA class,
the metal ion is situated at the bottom of a 15 Adeep active cleft being coordinated by
three histidine residues (His94, His96, and His119) and a water molecule/hydroxide
ion in a tetrahedral geometry.'™

Sixteen different isoforms have been described in mammalians, each differing in
their relative hydrase activity, their subcellular localization, and their susceptibility
to inhibition. Some of these catalytically active isozymes are critical in various
fundamental physiological processes and have been clinically exploited for the
treatment or prevention of various pathologies such as glaucoma, neurological
disorders, and osteoporosis." During the past few years, the discovery of CA
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isoforms implicated in pathological states has improved remarkably, and many
carbonic anhydrase isoforms present in humans have been considered as targets for
the drug design.’ Several interesting studies have been made holding great promises
for therapeutic use of carbonic anhydrase inhibitors, especially in oncology and in
the treatment of obesity.°

The importance of developing isoform-specific CA inhibitors has recently emerged
considering the undesired side effects caused by the first generation of inhibitors.
Auvailable clinical pharmacological agents are far from being perfect, as they possess
many undesired side effects, mainly due to their lack of selectivity for the different
isozymes. Development of isozyme-specific or at least organ-selective inhibitors
would be highly beneficial both for obtaining novel types of drugs, devoid of major
side effects, and for physiological studies in which specific/selective inhibitors may
constitute valuable tools for understanding the physiology/physiopathology of these
enzymes.'> The catalytic and inhibition mechanisms of carbonic anhydrases are
understood in great detail, and this was helpful for the design of potent inhibitors. From
earlier studies, three different major basic structural elements have emerged as
crucially important to the CA recognition pharmacophore. Modifications of the
nature of the organic scaffold and tail moiety of the inhibitors to obtain tighter
binding and eventually isozyme-specific CAls have allowed to develop two general
but complementary approaches:? (i) the “ring” approach, which consists of exploring
a great variety of ring systems (aromatic or heteroaromatic) to which a sulfonamide
ZBF is attached and is used for the discovery of the topical antiglaucoma agents
dorzolamide and brinzolamide, and (ii) the “tail” approach, which consists of
attaching different tails to the scaffolds of well-known aromatic/heterocyclic sulfo-
namides to modulate the physicochemical properties such as water solubility and
enzyme binding capacity of these pharmacological agents.

Another type of structural variation was the nature of the anchor groups that can be
incorporated into the inhibitors for coordinating the zinc ion. These zinc binding
functions (ZBFs) or zinc binding groups tightly bind with the Zn*" ion of the enzyme
and the residues Thr199 and Glu106, two amino acids conserved in all CAs belonging
to the a-class (Fig. 3.1). The ZBF is moreover directly linked to an aromatic or
heterocyclic moiety that can interact inside the enzyme cavity with hydrophilic or
hydrophobic residues. Inhibition of carbonic anhydrase is correlated with the coordi-
nation of the inhibitor molecule (in neutral or ionized state) to the catalytic metal ion
with or without substitution of the metal-bound water molecule, which can also
provide significant binding energy through supplementary interactions between such
zinc binding functions and amino acid residues from the active site.

This key structural requirement was rarely taken into consideration, and until the
beginning of the 1990s, sulfonamide moiety (—SO,NH,;) was considered as zinc
binding function above all else in the design of carbonic anhydrase inhibitors.
Recently, several detailed studies regarding the possible modifications of the sulfon-
amide moiety compatible with the retention of strong binding to the enzyme have been
reported.”™ In the past 10 years, much progress has been achieved in the conception of
CAl, incorporating in their structure new anchor functions such as bioisosteric
moieties of sulfonamide group, for example, sulfamate, sulfamide, and N-substituted
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FIGURE 3.1 The general structure of an inhibitor complexed to the enzyme (a-CA) active
site: ZBF, zinc binding function; the organic scaffold may be present or absent; the tail too.
These structural elements interact with both the hydrophobic and hydrophilic halves of the
active site (representative amino acid residues involved in binding are shown), whereas ZBF
interacts with the Zn(II) ion as well as the neighboring residues Thr199 and Glul06.

sulfonamide/sulfamate/sulfamide directly linked to aromatic/heterocyclic or aliphatic
moiety.®? Other ZBGs have also emerged in this field as phosphate/phosphonate.”

Thus, exploration of new ZBGs is critical for the design of novel classes of CAls to
identify both new types of tight binding derivatives and compounds with a diverse
inhibition profile as compared to the clinically used drugs, which generally indis-
criminately inhibit many CA isoforms, thus leading to various side effects.

In this chapter, we will compile only the novel developments in the different zinc
binding groups that were reported so far in the design of carbonic anhydrase inhibitors.

3.2 SULFONAMIDES AS CARBONIC ANHYDRASE INHIBITORS:
LATEST DEVELOPMENTS

To date, the sulfonamide function (R-SO,NH,) is the most important and extensively
used anchor group in the design of CAls. First described in the case of sulfanilamide
3.1 by Mann and Keilin'® in 1940, this ZBF was widely used in the conception of
carbonic anhydrase inhibitors having important biomedical applications essentially as
diuretic and antiglaucoma agents (acetazolamide 3.2, methazolamide 3.3, dichloro-
phenamide 3.4, ethoxzolamide 3.5, dorzolamide 3.6, and brinzolamide 3.7).ll Some
classical CAls sulfonamides used in these pathologies are depicted in Fig. 3.2.

Researches in the field of sulfonamides as carbonic anhydrase inhibitors have been
reviewed periodically, so the reader is directed to the previous literature.'™ Never-
theless, in this section, we will highlight the latest developments in this family of
inhibitors since 2004.
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FIGURE 3.2 Some clinically used CAls.

First of all, some sulfonamides, originally designed and described to act via another
biochemical pathway, were revealed to be very good inhibitors of some CA isozymes.
Indisulam 3.8 (Fig. 3.3), a sulfonamide antitumor drug discovered at Eisai Co., at
present in clinical development for the treatment of solid tumors, is a cell cycle
inhibitor and a potent CAI with inhibition constant against hCA I of 15nM.'? The
antiepileptic zonisamide 3.9 was recently shown to possess significant inhibitory
properties against many physiologically relevant CA isozymes (Kj(hCA II) =35
nM)."? The same was demonstrated for the antipsychotic sulpiride 3.10 (K;(hCA
1) =40 nM)."* The sulfonamide COX-2 inhibitors celecoxib 3.11'° and valdecoxib
3.12'% also act as potent inhibitors of many CA isozymes, and some of their clinical
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FIGURE 3.3 Structures of carbonic anhydrase inhibitors 3.8-3.12.
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applications (such as the prevention of some gastrointestinal tumors) are correlated
with the strong inhibition of some CAs (3.11: Kj(hCA II) =21 nM; 3.12: Kj(hCA
II) =43 nM).

X-ray crystallographic structures are available for many adducts of sulfonamide
inhibitors 3.8-3.12 with isozymes CA I, II, IV, and XIIL."*'° In all these adducts, the
classical sulfonamide ZBF binds in a tetrahedral geometry of the Zn(Il) ion, in
deprotonated state, with the nitrogen atom of the sulfonamide moiety coordinated to
Zn(II). Moreover, this NH moiety also donates a hydrogen bond to the Oy of Thr199,
which in turn donates a hydrogen bond to the carboxylate group of Glu106. One of the
oxygen atoms of the SO,NH moiety also participates in a hydrogen bond with the
backbone NH moiety of Thr199.'>"'7 As seen from Fig. 3.1, extensive hydrophobic
and van der Waals interactions between the heterocyclic/aromatic part of the inhibitor
molecule and active site amino acid residues can assure a strong affinity of the inhibitor
for the CA active site (which may arrive to the nanomolar range in some cases).'* '
Even if numbers of inhibitors in sulfonamide series continue to be developed by
different research groups in the past few years, in a more general way, the sulfonamide
function has been used as zinc binding group model for the development of new
concepts especially in the targeting of specific CA isoforms such as the transmem-
brane tumor-associated CA IX.'” Thus, CA IX inhibitors activatable in hypoxic tumor
have been the subject of a recent study'® that reported sulfonamides incorporating 3,3'-
dithiodipropionamide and 2,2’-dithiodibenzamido moieties obtained from amino-
sulfonamides and dithiodialiphatic/aromatic acyl halides. Most disulfide derivatives
reported in this study showed weaker inhibitory activity, whereas the corresponding
thiols acted as potent inhibitors of hCA I, II, and IX (with inhibition constants in the
range 3.2—-18 nM against the tumor-associated isoform).

The X-ray crystal structure of the most promising compound in its reduced form, 4-(2-
mercaptophenylcarboxamido)benzenesulfonamide 3.13, which as a disulfide 3.14
(Fig. 3.4) showed a Kj against hCA IX of 653nM (in reduced form of 9.1 nM), in
adduct with hCA II showed the inhibitor making a host of favorable interactions within the
active site of the enzyme.'® The same interactions were preserved in the adduct with hCA
IX but, in addition, a hydrogen bond between the SH moiety of the inhibitor and the amide

5" g
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FIGURE 3.4 Structures of carbonic anhydrase inhibitors 3.13 and 3.14.
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FIGURE 3.5 X-ray structure of hCA II- 3.15 complex.

nitrogen of GIn67 was evidenced, which may explain the almost two times more effective
inhibition of the tumor-associated over the cytosolic isoform by this compound.

Another concept developed for designing selective CA inhibitors is the ““‘sugar
approach” that consists in the incorporation of glycosyl moieties in different
aromatic/heterocyclic sulfonamide scaffolds.'® This approach was first described
in the development of effective antiglaucoma agents. A series of 4-sulfamoylphe-
nylglycopyranosylamines have been prepared and tested on hCA II showing very
effective inhibitory activity.”” The high-resolution X-ray crystal structure of its
N-(4-sulfamoylphenyl)-a-pD-glucopyranosylamine 3.15 adduct with the target iso-
form involved in glaucoma, CA II, was also reported by this group (Fig. 3.5).?' The
crystal structure demonstrated that the sulfonamide zinc binding anchor and the
phenyl ring of the inhibitor bound in the expected way, that is, being coordinated to
the metal ion and filling the channel of the enzyme cavity, respectively. However, the
glycosyl moiety responsible for the high water solubility of the compound was
oriented toward the hydrophilic region of the active site, where other inhibitors were
never observed to be bound until now.

3.3 THE SULFAMATE GROUP IN THE DESIGN OF CARBONIC
ANHYDRASE INHIBITORS

The sulfamate group (-O-SO,NH,), a closely related variant of sulfonamide, has
demonstrated very attractive possibilities for the design of various pharmacological
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FIGURE 3.6 hCA II adduct with sulfamic acid 3.16 (as dianionic species) as determined by
X-ray crystallography. The zinc coordination sphere and amino acid residues in the neighbor-
hood of the bound inhibitor are shown (figures represent distances in angstroms).

agents, especially in the carbonic anhydrase field.”*** The investigation of the
simplest sulfamate, that is, sulfamic acid (H,NSOsH, 3.16), as CA I has been
performed some years later by Briganti et al.>* who showed that sulfamic acid is a
moderately weak CA I, with Kj of 21 uM against the human isozyme hCA I and of
97 uM against hCA 1I for the esterase activity of these enzymes. The X-ray crystal
structure of the adduct of this compound with the physiologically most important
isozyme (hCA II) has been subsequently reported by the same group.? It was shown
that sulfamic acid binds to the zinc ion of the enzyme as a dianion, via its (N H)SO32_
sulfamate bianionic species (Zn—N distance of 2.07 A), whereas the NH moiety of the
inhibitor also participates in a hydrogen bond with Thr199 Oy (Fig. 3.6). An additional
third hydrogen bond is formed from this NH to an adjacent water molecule at a distance
of 2.75 A. The second nearest contact of the ligand to Zn, an oxygen atom, leading to
extracoordination, is at a distance of about 3.07 A from the metal ion, whereas the
remaining two oxygens of the SO; moiety are involved in two other hydrogen bonds,
one with the backbone NH group of Thr199 at a distance of 2.99 Aand the other with a
water molecule at a distance of 2.87 A. This extended extracoordination results in a
distorted tetrahedral arrangement around the metal ion, the remaining three ligands of
zinc being His94, His96, and His119 (as in the uninhibited enzyme).** In summary,
this very simple inhibitor showed a large number of favorable contacts in the binding
pocket of CA II and may be used as a lead molecule for the design of tighter binding
CAls.

The first sulfamate compounds that were investigated as CAls, of type 3.17
(Fig. 3.7), were reported by Lo et al.? in the search of topically acting antiglaucoma
agents. Indeed, several m- or p-imidazolyl-phenyloxyethyl/propyl sulfamates 3.17
were shown to possess CA inhibitory properties (ICsg in the range of 23-250 nM,
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FIGURE 3.7 Structures of compounds 3.17-3.20.

against bovine red cell CA) and to moderately decrease intraocular pressure in albino
rabbits after topical administration directly into the eye.%’27

The two anticonvulsant sugar sulfamates topiramate 3.18 and RWJ-37497 3.19°%%°
were shown to behave as very potent CAls and their X-ray crystal structures in
complex with isozyme hCA II have been reported*’>' (Fig. 3.7). The CA inhibitory
effect may play an important role in the anticonvulsant activity as well as in the
reported clinical side effects that might be encountered in patients treated with this
drug (weight loss in human and animals and nephrolithiasis risk among others).

Both sugar derivatives 3.18 and 3.19 bind with their sulfamate moiety to zinc,
resulting in a tetrahedral coordination of the metal ion (Fig. 3.8), which is coordinated
to the three histidine residues as in the uninhibited enzyme (His94, His96, and His119)
as well as the nitrogen atom of the sulfamate moiety, which is presumably in
deprotonated state, as for the sulfonamide CAls complexed within the active site of
the enzyme.'~!'!-1¢

In addition, both compounds make two hydrogen bonds to the side chain oxygen
atom of Thr199 and the backbone NH nitrogen atom of the same residue. The hydroxy
group of Thr199 forms an additional hydrogen bond with Glu106, such that the Thr199
hydroxyl acts as a hydrogen bond acceptor for inhibitor binding. A total of eight
hydrogen bonds between topiramate bound to the enzyme and amino acid residues
from the cavity have been evidenced, which explain the very potent inhibitory activity
of topiramate against hCA II (K; of 5 nM).>' Despite the similarity in anchoring to the
Zn(II) ion, a surprising difference is observed in the binding mode of the two inhibitors
with respect to the ring system. Topiramate also forms several hydrogen bonds to
amino acid side chains in a hydrophilic binding pocket (Asn67 and GIn92) and to a
water molecule that donates a hydrogen bond to Thr200 (Fig. 3.8a). In addition, this
water interacts with the oxygen atom of the six-membered ring of 3.18. RWJ-37497
3.19, on the other hand, shows a quite different binding mode in which the ring system
is rotated by about 180° in comparison to that of topiramate. Therefore, surprisingly,



THE SULFAMATE GROUP IN THE DESIGN OF CARBONIC ANHYDRASE INHIBITORS 47

@ His119 Glu106
N (0N
LY &)

N >0 Thri99
His96 /’\ ! ; o Thr200
N\ . | H\O)\/U\N
/:202‘+\ 2.0 /’/_7 _N (0]
o N H _.-H e
N @‘N --" 29 0

N
©

Leu198

Pro202

oL
co
%)
/—{\
N
‘(D
\
\
\
\
\ ¢
ln-‘—o ’
T %
\
iy
§O\<O
o
©
T
O-T------

o e ;
N o
Ho ! 31
Asn62 B Leu204
HN Val135
Asn67 Phe131
Ao
GIn92
(b) His119 Glu106
N SN
i) Sl 'o
N "0 Thrigg
His96 — ll Thl’200
N/_:\N\ i
X S~o !
~o 1
,\ZTJ%J: 2.1 -
(/\N 31\\@ N/O <29
= 0=SS
His94 (0]
Leu198
. o)
Hisg4 0 Pro202
n \L 1)
/
§ 70 9-g=0 Leu204
Asn62 (“)
Val135
Phe131

Asn67
GIn92
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FIGURE 3.9 Structures of dual STS—CA inhibitors.

the cyclic sulfate group points toward a more hydrophobic pocket lined by residues
Leul98, Pro202, and Phel31 (although this moiety is more hydrophilic than the
corresponding diisopropylidene moiety of topiramate), and except for the sulfamate
anchoring group, no further hydrogen bonds are observed (Fig. 3.8b). RWJ-37497 was
reported to have an ICs of 36 nM against hCA I1.%* It is interesting to note that the
topiramate isomer 3.20, possessing the sulfamate-methyl moiety in a different
position as compared to 3.18, is a much weaker CAI than the topiramate or RWJ-
37497, having K; values of 400 uM against hCA I, 16 uM against hCA II, and 27 pM
against bCA IV (h, human; b, bovine; m, murine isozymes).31

Potter’s and Reed’s groups also investigated the CA inhibitory properties of several
of the steroid sulfatase inhibitors (STSIs) developed during their research on novel
therapies for hormone-dependent tumors.*>>* Some of their best STSIs, such as
667COUMATE 3.21, EMATE 3.22, bis-sulfamate 3.23, and the coumarin sulfamate
3.24, were tested as hCA Il inhibitors, showing to possess ICsq values of 17, 9,290, and
15 nM, respectively (Fig. 3.9).%*-*

It may be seen that except for the bis-sulfamate 3.23 possessing an ethyl group in
ortho position of the sulfamate moiety (which presumably interferes with the
coordination to the Zn(II) ion within the enzyme active site), the other sulfamates
investigated showed very strong CA Il inhibitory properties, which may be a beneficial
feature for the antitumor effects of such pharmacological agents. The same group also
reported docking studies of some of these inhibitors to hCA II** and hCA XII**. The
predictions regarding EMATE 3.22 binding to hCA II** have been soon thereafter
shown to be wrong, after the report of the X-ray crystal structure of 3.22 withhCA I, by
this group®> (Fig. 3.10).

The binding of EMATE 3.22 to the hCA II is similar to that of other sulfamates/
sulfonamides, considering the interactions of the zinc anchoring group (Fig. 3.10), but
differs considerably when the steroidal scaffold of the inhibitor is analyzed. This part
of the inhibitor interacts only within the hydrophobic half of the CA active site,
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FIGURE 3.10 The hCA II-EMATE 3.22 adduct: the enzyme is shown as ribbon diagram,
with the zinc ion (central sphere) and its protein ligands (His94, His96, and His119) shown. The
inhibitor molecule lies toward the hydrophobic half of the enzyme cavity.*

interacting with residues Vall21, Phel31, Vall35, and Pro202 and leaving the
hydrophilic half able to accommodate several water molecules not present in the
uncomplexed enzyme. In addition, a very shortbond of 1.78 Abetween the zinc ion and
the coordinated nitrogen atom of the sulfamate moiety is observed, which may explain
the high affinity of this inhibitor for hCA 1II (K of 10 nM).35

But the most interesting studies regarding the design of CAls of the sulfamate type
with putative antitumor applications have been reported by Winum et al.>*>*” In these
studies, detailed SAR data were obtained for two series of sulfamates, the first
one preponderantly including aromatic and steroidal derivatives® (Table 3.1) whereas
the second one including mostly aliphatic sulfamates®’ (Table 3.2), which were tested
for their interaction not only with the red cell isozymes hCA I and II, but also for the
first time with the tumor-associated isozyme CA IX, which is overexpressed in a large
range of tumors.>'7-*3

As seen from data of Table 3.1, very potent (nanomolar) inhibitors were detected
against the three investigated CA isozymes.”® Best hCA 1 inhibitors were phenyl
sulfamate 3.25a, and some of its 4-halogenoderivatives, as well as the aliphatic
compound n-octyl sulfamate 3.25r (K values in the range of 2.1-4.6 nM— these are
among the most potent hCA I inhibitors ever reported!). Against hCA II, low
nanomolar inhibitors (1.1-5nM) were phenyl sulfamate 3.25a and some of its
4-halogeno/nitro derivatives, n-octyl sulfamate 3.25r, and estradiol-3,1703-
disulfamate 3.25t among others (Fig. 3.11). All the investigated sulfamates showed
efficient CA IX inhibitory properties, with inhibition constants in the range of
18-63 nM. The best CA IX inhibitor detected so far was 4-chlorophenyl sulfamate
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TABLE 3.1 Inhibition Data for Derivatives 3.25 Investigated by Winum et al.>®
Against Isozymes I, II, and IX

RO-SO,NH;
3.25a—x
K[ (nM)
Inhibitor R hCA I hCA 1I* hCA IX®
Sulfamic acid (H,NSOz;H) 3.16 21,000 97,000 nt
Topiramate 3.18 250 5 nt
EMATE 3.22 37 10 30
3.25a Ph 2.1 1.3 63
3.25b 4-Me-C¢Hy 3.8 1.9 59
3.25¢ 4-Ph-C¢H, 113 95 50
3.25d 4-Cl-C¢Hy 4.6 1.1 18
3.25¢ 4-Br-C¢Hy 7.3 1.5 19
3.25F 4-1-C¢Hy 9.5 3.8 23
3.25¢g 4-MeO-CeHy 33 1.6 34
3.25h 4-PhO-CeH, 115 98 51
3.25i 4-AcNH-CgHy 37 18 45
3.25§ 4-O,N-C¢Hy 40 1.5 36
3.25k 4-NC-CeHy 480 149 41
3.251 4-t-Bu-CgHy 43 29 33
3.25m 4-CF;-C¢Hy 369 138 54
3.25n CgFs 415 113 47
3.250 CeCls 432 125 39
3.25p 2,4,6-C13C¢H, 454 138 37
3.25q 2-Naphthyl 103 63 40
3.25r n-CgHy; 3.5 2.7 25
3.25s A 105 76 43
3.25t A 6 5 58
3.25u A 15 13 32
3.25v A 31 27 44
3.25w A 278 15 39
3.25x A 28 23 26

nt: not tested; A: see structure in Fig. 3.11.
“Human (cloned) isozymes by the esterase method.
bCatalytic domain of human cloned isozyme by the CO, hydration method.

3.25d (K; of 18nM). These data are critical for the design of novel antitumor
properties, mainly for hypoxic tumors that overexpress CA IX,*'7*® which are
nonresponsive to radiation or chemotherapy. The antitumor properties of the
STSIs****32 in clinical trials, on the other hand, may also be due to their potent
inhibitory properties of CA isozymes involved in tumorigenicity, such as CA II and
especially CA IX, and constitute an attractive dual mechanism of action for such
antitumor agents.”>*>

Considering the excellent (and unexpected) CA inhibitory properties of the only
aliphatic sulfamate 3.21r investigated in the first study,*® the same group reported a
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TABLE 3.2 Inhibition Data for Sulfamates 3.26 Investigated by Winum et al.>’
Against Isozymes hCA [, II, and IX

RO-SO,NH,
3.26a-ac
Inhibitor R hCA I“uM)  hCA T (aM)  hCA IX” (nM)
3.26a Me 40 6000 >1000
3.26b Et 38 5500 >1000
3.26¢ n-Pr 3.70 750 >1000
3.26d i-Pr 690 >10,000 >1000
3.26e n-Bu 3.10 70 >1000
3.26f n-CsH,, 0.71 58 126
3.26g n-C10H21 0.53 0.7 23
3.26h n—Cl 1H23 0.43 4.7 17
3.26i 1n-Cy,Has 0.27 10.0 9
3.26j n—C14H29 0.15 87 15
3.26k I’l-C16H33 58 97 22
3.261 1n-C,gHs; 65 129 120
3.26m CF;-CH, 7.8 845 458
3.26n n-C¢F13CH,CH, 400 8000 335
3.260 n-CgF7CH,CH, >1000 9000 142
3.26p (CF3),CH 3.54 1580 279
3.26q CH,=CHCH,CH, 800 883 386
3.26r CH=CCH,CH, 990 5900 633
3.26s CICH,CH,CH, 4.62 570 >1000
3.26t c-CsHy >1000 >10,000
3.26u c-CeHy 59 60 >1000
3.26v PhCH, 0.76 3.4 14
3.26w PhCH,CH, 0.41 1.1 12
3.26x p-Me-C¢H,CH, 0.10 2.7 13
3.26y p-Ph-CcH4CH, >1000 >10,000 >1000
3.26z A (fluorenylmethyl) 38 4500 >1000
3.26aa A (cholesteryl) >1000 >10,000 >1000
3.26ab A 0.40 13 65
3.26ac A 0.41 23 76

A: see structure in Fig. 3.12.
“Human (cloned) isozymes by the CO, hydration method.
bCatalytic domain of human cloned isozyme by the CO, hydration method.

large series of aliphatic (and some polycyclic) sulfamates of type 3.26, and their
interaction with the same physiologically relevant three CA isozymes, that is, hCA 1,
I, and IX*' (Table 3.2).

For this new series, the best hCA I inhibitor was n-tetradecyl sulfamate 3.26j and
some (substituted) benzyl/phenethyl sulfamates (inhibition constants in the low
micromolar range). Against hCA II, low nanomolar inhibitors (0.7-3.4 nM) were
n-decyl sulfamate 3.26g and the (substituted)benzyl/phenethyl derivatives mentioned
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FIGURE 3.11 Structures of inhibitors 3.25s—x.

above, 3.26v-x. Good CA 1I inhibition was also observed for the hydroxy/keto
derivatives of dehydroepiandrosterone sulfamate 3.26ab and 3.26ac (Fig. 3.12).
Efficient hCA IX inhibitory properties, with inhibition constants in the range of
9-23 nM, were observed for the aliphatic sulfamates C,y—C¢ (with the best inhibitor

/",.
OSOzNHz HZNOZSOM

ooy
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Q§£
HoNO,SO “'OH
3.26ab

3.26aa

HoNO,SO’ : { io
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FIGURE 3.12 Structures of CA inhibitors 3.26z, 3.26aa, 3.26ab, and 3.26ac.
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FIGURE 3.13 Structures of inhibitors 3.27 and 3.28.

n-dodecyl derivative, K7 of 9nM) and the (substituted)benzyl/phenethyl sulfamates
3.26v—x.

Synthesis and inhibition studies of a series of aliphatic, aromatic, and polycyclic
bis-sulfamates have been reported,* showing that each isozyme studied (h\CA I, I, or
IX) is best inhibited by a certain structural type of such compounds, with hCA I being
best inhibited by resorcinyl-1,3-bis-sulfamate 3.25s (K; of 79nM), hCA II by
estradiol-3,17-bis-sulfamate 3.25t, 4-fert-butyl-1,2-phenylene-bis-sulfamate 3.27,
and the aliphatic C4—~C; bis-sulfamates 3.28 (K} values in the range of 5-9.7 nM),
and CA IX by the C;—C;( aliphatic bis-sulfamates 3.28 (Kj values in the range of
4-10nM) (Fig. 3.13). Some of these derivatives are also more selective CA IX
inhibitors compared to CA II inhibitors with selectivity ratios in the range of
2.63-10.43.

The inhibition profile of the three investigated isozymes with this type of com-
pounds was rather different, allowing us to hope that the preparation of CA IX-
selective inhibitors is possible. All these data demonstrate that in addition to the
classical CAls of the aromatic/heterocyclic sulfonamide type, sulfamate inhibitors can
be designed with very strong affinity for the active site of different isozymes, a fact that
might be relevant for obtaining diverse pharmacological agents that modulate the
activity of these widespread enzymes.

3.4 THE SULFAMIDE MOTIF IN THE DESIGN OF CARBONIC
ANHYDRASE INHIBITORS

Sulfamide motif attracts permanent interest as a lot of enzyme inhibitors containing
sulfamide fragments exhibit a broad spectrum of activities.***!

The first inhibition study of some CA isozymes with sulfamide (H,NSO,NH,,
3.29) has been reported in 1996 by Briganti et al.>* It has been shown that this simple
compound behaves as a weak inhibitor against the classical cytosolic isoforms CA I
and II, with inhibition constants of 0.31 and 1.13 mM, respectively (for the physio-
logical reaction catalyzed by these enzymes). Furthermore, working with the Co(II)-
substituted CA II (in which the active site zinc ion has been replaced by the colored,
paramagnetic Co(II) ion), it has been proved by means of electronic and 'H-NMR
spectroscopy (in paramagnetic systems) that the inhibitor directly coordinates to the
metal ion within the enzyme active site, which presumably remains in its tetrahedral
geometry, as in the wild-type, uninhibited enzyme.** This result was thereafter
confirmed when the same group reported the high-resolution X-ray crystal structure
of the adduct of sulfamide with human CA II* (Fig. 3.14).
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FIGURE 3.14 The hCA II- sulfamide 3.29 adduct: the inhibitor is shown in space fill and
stick model, with the zinc ion (gray sphere), its ligands (His94, His96, and His119), water
molecules (black balls), and other amino acid residues involved in the binding. Distances are in
angstroms.?*

As observed in Fig. 3.14, the inhibitor molecule, presumably as monoanion, is
coordinated to the zinc ion by means of a nitrogen atom (Zn—N distance of 1.76 A),
similar to the sulfonamides for which such studies have been performed.” The same
NH moiety coordinated to zinc participates in a hydrogen bond with the OH group of
Thr199 (which in turn is hydrogen bonded to the carboxylate moiety of Glu106, these
two amino acid residues being known as the ““door-keepers” in the CA active site and
are conserved in all a-CAs>). Another hydrogen bond then involves one of the oxygen
atoms of sulfamide and the backbone NH of Thr200, which in turn participates in
another hydrogen bond with this inhibitor: its OH group makes a 3.26 Ahydrogen bond
with the second NH, moiety of sulfamide (the one noncoordinated to zinc). This second
amino moiety also participates in two other hydrogen bonds with water molecules
present in the active site. All these data showed for the first time that CAls may
presumably be designed from the sulfamide class of derivatives, as the lead compound
(the simple inorganic sulfamide 3.29), although being a weak inhibitor, makes a lot of
favorable interaction with the amino acid residues in the CA II active site, at the same
time possessing a derivatizable NH, group positioned in a favorable position for
introducing bulkier moieties, in the search of more potent inhibitors. Indeed, in another
study,*” it has been then shown that this group can be derivatized by means of reactions
with sulfonyl halides, arylsulfonyl isocyanates, or aromatic/heterocyclic aldehydes,
leading to derivatives of types 3.30-3.32 (Fig. 3.15), some of which showed inhibition
constants against isozymes CA I, II, and IV in the low nanomolar range.

The sulfonylated sulfamides 3.30, the arylsulfonyl-carbonylsulfamides 3.31, or the
Schiff bases 3.32 incorporated a large variety of moieties R, belonging mainly to the
aromatic/heterocyclic class. For derivatives 3.30, some aliphatic derivatives have also
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FIGURE 3.15 Structures of inhibitors 3.30-3.32.

been prepared, but their activity was generally weaker than that of the aromatic/
heterocyclic compounds.*? Thus, the main conclusion of this work was that starting
from a millimolar lead molecule, sulfamide 3.29, low nanomolar CAIs could be
obtained by means of very simple derivatization reactions.

In another study,*® a series of N,N-disubstituted and N-substituted sulfamides of
types 3.33 and 3.34 were prepared from the corresponding amines and N-(fert-
butoxycarbonyl)-N-[4-(dimethylazaniumylidene)- 1,4-dihydropyridin-1-ylsulfonyl]
azanide or the unstable N-(rert-butoxycarbonyl)sulfamoyl chloride.** Being too
bulky, the disubstituted compounds were ineffective as CAls (Table 3.3), whereas
monosubstituted derivatives (incorporating aliphatic, cyclic, and aromatic moieties)
as well as a bis-sulfamide behaved as micro—nanomolar inhibitors of two cytosolic
isozymes, hCA I and II, responsible for critical physiological processes in higher
vertebrates. Aryl sulfamides were more effective than aliphatic derivatives. Low
nanomolar inhibitors have been detected, which generally incorporated 4-substituted
phenyl moieties in their molecule (Table 3.3). This was another interesting example of
CAISs in which low nanomolar inhibitors were generated starting from an ineffective
lead molecule.

A very interesting sulfamide derivative incorporating boron, of type 3.35
(Fig. 3.16), was designed and synthesized to obtain compounds with application in
boron neutron capture therapy (in the management of tumors). This compound showed
only moderate CA inhibitory properties, with inhibition constants in the range of
48-92 nM against isoforms hCA 1, II, and IX.*

Our group reported*® recently the X-ray crystal structure of the topiramate
sulfamide analogue 3.36 (Fig. 3.16) in complex with hCA II. Compound 3.36 was
revealed to be roughly 210 times a weaker hCA Il inhibitor than the topiramate 3.18. It
is also arather weak hCA I, IX, and XII inhibitor (affinity in the micromolar range) but
shows nanomolar inhibitory activity against other CA isoforms such as CA VA, VB,
VII, and XIII. The high-resolution X-ray structure of the hCA 11-3.36 adduct reveals
tight binding within the active site, experienced by Zn(II) ion coordination through the
deprotonated sulfamide moiety. Moreover, the organic scaffold participates in an
extended network of hydrogen bonds with Thr199, GIn92, His94, Asn62, and Thr200.
Its binding to hCA Il is also similar to that of topiramate 3.18 except that an important
clash between the 8-methyl moiety of 3.36 and the methyl group of Ala65 has been
evidenced (Fig. 3.17).

This result supports our assay results and provides rationale for the possibility
to obtain CAls with diminished affinity for hCA II while still maintaining tight binding
for other isoforms. This could lead to compounds possessing fewer side effects owing
to improved selectivity over this physiologically dominant isoform.

19,46
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TABLE 3.3 Inhibition Data for Derivatives 3.33 and 3.34 Against the Cytosolic,
Human Isozymes hCA I and hCA II by an Esterase Assay Method with 4-Nitrophenyl
Acetate as Substrate*’

RR’N-SO,NH, NH,S0,-NH-RR’-NH-SO,NH,
3.33 3.34
K (nM)

Inhibitor R R/ hCA 1* hCA 11

3.29 H,NSO,NH, - - 35,000 82,000
3.33a n-Bu H 173 148
3.33b Cyclohexyl H 164 450
3.33¢ 2-Adamantyl H 960 890
3.33d PhCH, H 133 123
3.33d i-Bu i-Bu >100,000 >100,000
3.33e i-Pr i-Pr >100,000 >100,000
3.33f Cyclohexyl Cyclohexyl >100,000 >100,000
3.33g PhCH, PhCH, >100,000 647
3.33h -(CH,)s- 155 148
3.33i -(CHy)e- 163 131
3.33j Ph H 13 12
3.33k 4-Me-CgH, H 15 13
3.331 4-CF;-CgHy H 8 7
3.33m 4-Cl-CgHy H 19 15
3.33n 4-Br-C¢Hy H 23 21
3.33p 4-1-C¢Hy H 18 17
3.33k 4-MeO-CeHy H 14 11
3.33r 4-HO-C¢H, H 16 12
3.33s 4-O,N-C¢H, H 18 13
3.33t 4-EtO,C-CgHy H 26 19
3.33u 4-NC-CgH, H 20 16
3.33v 4-Me,N-CeHy H 17 21
3.33x CeFs H 34 32
3.33y 3-Benzoyl-C¢Hy H 62 49
3.33z 2-Naphthyl H 39 36
3.34 (CH,),-SS-(CH,), 149 27

“Human (cloned) isozymes by the esterase method.

3.5 N-SUBSTITUTED SULFONAMIDES/SULFAMATES/SULFAMIDES
AS CARBONIC ANHYDRASE INHIBITORS

Krebs reported in 1948 that substitution of the sulfonamido moiety in compounds of
type ArSO,NHR (i.e., R different of H) drastically reduces the CA inhibitory
properties as compared to the corresponding derivatives possessing primary sulfon-
amido groups, ArSO,NH,.*’
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FIGURE 3.16 Structures of inhibitors 3.35 and 3.36.

Recently, several detailed studies regarding the possible modifications of the
sulfonamido moiety, compatible with the retention of strong binding to the enzyme,
have been reported. Compounds of type 3.37, 3.29, and 3.16 were studied kinetically
for inhibition of reactions catalyzed by CA I and II (CO, hydration and ester
hydrolysis), but their binding to the enzyme has also been monitored spectroscopically
by studying the electronic and 'H-NMR spectra of adducts of such inhibitors with
Co(I)-CA II** (Table 3.4).

Thus, for the series of derivatives with modified sulfonamido moieties 3.16, 3.29,
and 3.37 (Table 3.4), it has been observed that the presence of bulky substituents at the
sulfonamido moiety (such as phenylhydrazino, ureido, thioureido, guanidino, etc.) led
to compounds with weak inhibitory properties, whereas moieties present in inorganic
anion CAIs (such as NO, NCS, and Nj3) or compact moieties substituting the
sulfonamide nitrogen (such as OH, NH,, CN, and halogeno) led to compounds with
appreciable inhibitory properties. Thus, the N-hydroxy sulfonamide 3.37b, the
N-chloro-substituted derivatives 3.37j and 3.37Kk, and the nitroso and thiocyanato
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FIGURE 3.17 Binding of 3.36 to the hCA II active site. The figure represents distances in
angstroms.
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TABLE 3.4 Inhibition of hCA I and hCA II with Compounds Incorporating
Modified Sulfonamide Moieties 3.37a-t, Sulfamide 3.29, and Sulfamic Acid 3.16
(Briganti et al.?%)

4-Me-C 6H4SOZ'X HzNSOzNHz HOSO zNHz
3.37a-t 3.29 3.16
Ki (uM)*
Inhibitor X hCA 1 hCA II
3.16 21 390
3.29 310 1130
3.37a NH, 50 11
3.37b NHOH 41 9
3.37¢c NHOMe 220 173
3.37d NO 35 24
3.37e NCS 30 18
3.37f N, 27 45
3.37¢g Imidazol-1-yl 160 34
3.37h NHNH, 70 53
3.37i NHNHPh >1000 120
3.37j NHCI 19 2.1
3.37k NCI, 12 3.6
3.37m NHCN 210 125
3.37n NHOCH,COOH 150 85
3.37p OH 130 460
3.37q SH 5 10
3.37r NHCONH, >1000 460
3.37s NHCSNH, >1000 410
337t NHC(NH)NH, >1000 540

“Errors in the range of 5-10% of the shown data, from three different assays.

derivatives 3.37d and 3.37e possessed the same affinity for the two investigated
isozymes as the unsubstituted sulfonamide 3.37a. Interestingly, the thiosulfonic acid
(as sodium salt) 3.37q was one of the best inhibitors in this series, in contrast to the
sulfonate (as sodium salt) 3.37p, which behaved as a very weak inhibitor. Indeed, by
using such compounds as leads, several series of much stronger inhibitors were then
reported, possessing modified sulfonamido moieties as zinc binding functions, of the
type SO,NHOH, SO,NHCN, SO,NHPO;H,, SO,NHSO,NH,, SO,NHSO;H, or
SO,NHCH,CONHOH among others.**#%-5

Thus, compounds such as 3.38-3.47 (Fig. 3.18), possessing N-cyano, N-hydroxy, or
N-phosphoryl-sulfonamido moieties, or the related modified sulfamide/sulfamic acid
zinc binding functions, and diverse alkyl, aryl, or heterocyclic moieties in their
molecules, showed affinities in the low nanomolar range for hCA II (except for 3.44),
being equipotent or better inhibitors than the corresponding unsubstituted sulphona-
mides.****° Compound 3.44 is a weak inhibitor of hCA II (affinity constant of
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FIGURE 3.18 Structures of inhibitors 3.38-3.47.

1.2 pM), but it has a much higher affinity (50 nM) for hCA I, thus being one of the most
“selective” hCA T inhibitors reported until now.**

Sulfonylated amino acid hydroxamates were also shown to possess strong CA
inhibitory properties.*’ Such hydroxamates generally act as potent inhibitors of
metalloproteases containing catalytic zinc ions, such as the matrix metalloproteinases
(MMPs) or the bacterial collagenases.’’ They bind to the Zn(II) ions present in these
enzymes bidentately, coordinating through the hydroxamate (ionized) moiety.”’
Scolnik et al. showed that two simple hydroxamates, of the type RCONHOH (R=Me,
CF3), act as micromolar inhibitors of hCA II and bind to the Zn(II) ion of this enzyme,
as demonstrated by X-ray crystallography.’? By using these two derivatives as lead
molecules, Scozzafava et al.* designed a series of sulfonylated amino acid hydro-
xamate derivatives possessing the general formula RSO,NHCH(R’)CONHOH and
showed that they bind to the Zn(II) ion of CA by means of electronic spectroscopic
studies on the Co(II)-substituted CA. Some of these compounds, such as 3.46 and 3.47,
showed affinity in the low nanomolar range for the major CA isozymes (CA I, II, and
IV), but substitution of the sulfonamide nitrogen by a benzyl or a substituted benzyl
moiety led to a drastic reduction of the CA inhibitory properties and to an enhancement
of the MMP inhibitory properties. Thus, between the two types of zinc enzymes, the
zinc proteases and the CAs, there exists some cross-reactivity from the viewpoint of
the hydroxamate inhibitors, but generally strong MMP inhibitors are weak CAls, and
vice versa.
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All these data demonstrate that in addition to the classical CAls of the aromatic/
heterocyclic sulfonamide type, substitution of the —NH, with different motif can lead
to inhibitors with potency greater than the corresponding unsubstituted sulfonamides,
afactthat may be relevant for obtaining diverse pharmacological agents that modulate
the activity of these widespread enzymes.

One of the best examples is the substitution of —NH, with —NHOH that can give
hydroxy sulfonamide (RSO,NH-OH) or sulfamide (RNHSO,NH-OH) derivatives,
compounds closely related to hydroxamic acids R-CONHOH and hydroxyurea
(R-NHCONHOH).

N-Hydroxyurea 3.48 and acetohydroxamic acid 3.49 were previously shown to act
as weak CA inhibitors with K of 28 and 47 uM, respectively. Nevertheless, the X-ray
crystal structure of the adduct of isozyme hCA Il with 3.49 has been reported, showing
that the hydroxamate moiety (deprotonated at the nitrogen atom) is coordinated in
monodendate fashion to the Zn(II) ion, whereas its OH and CO groups participate in
two hydrogen bonds with the OH moiety of Thr199 and with the backbone NH of the
same residue.>

The first inhibition study of hydroxyurea 3.48 as CA inhibitor was published by
Scozzafava et al. in 2003. The X-ray crystal structure of the adduct hCA II with 3.48
was then recently reported by the same group who demonstrated that N-hydroxyurea
3.48 binds in a bidendate fashion to the Zn(II) ion within the hCA II active site by
means of both nitrogen and oxygen atoms belonging to the NHOH group, with
distances of these atoms from zinc in the range of 2.00-2.07 A>* (Fig. 3.19).

In addition, the oxygen of the carbonyl moiety of 3.48 makes a hydrogen bond with
the backbone NH group of Thr199, which was also observed in the case of hCA 11-3.49
adduct. Moreover, a water molecule (not shown in Fig. 3.19) participates in a network
of two hydrogen bonds involving the OH and NH of the NHOH moiety.

All these data underline that these two simple zinc binding functions bearing
NH—-OH moiety can be exploited for obtaining interesting and potent carbonic
anhydrase inhibitors as well as other metalloenzymes inhibitors.

A same type of comparison can be made with sulfamide (H,NSO,NH,, 3.29) and
hydroxysulfamide (H,NSO,NHOH, 3.50). The first inhibition study of some CA
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FIGURE 3.19 Schematic representation of the interaction between the inhibitors 3.48 and
3.49 with the hCA II active site. Distances are in angstroms.
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FIGURE 3.20 Schematic representation of the interaction between the inhibitors 3.29 and
3.50 with the hCA II active site. Distances are in angstroms.

isozymes with 3.20 has been reported by this group.” It has been shown that this
simple compound behaves as a weak inhibitor against the classical cytosolic isoforms
CA T and II, with inhibition constants of 0.31 and 1.13 mM, respectively (for the
physiological reaction catalyzed by these enzymes). The same group reported the
high-resolution X-ray crystal structure of the adduct of 3.20 with human CA IL.>°

As observed in Fig. 3.20, the sulfamide molecule 3.29 is coordinated to the zinc ion
by means of a nitrogen atom (Zn—N distance of 1.76 A), similar to the sulfonamides for
which such studies have been performed.> The same NH moiety coordinated to zinc
participates in a hydrogen bond with the OH group of Thr199. Another hydrogen bond
then involves one of the oxygen atoms of sulfamide and the backbone NH of Thr200,
which in turn participates in another hydrogen bond with this inhibitor: its OH group
makes a 3.26 A hydrogen bond with the second NH, moiety of sulfamide (the one
noncoordinated to zinc). This second amino moiety also participates in two other
hydrogen bonds with water molecules present in the active site.”®

A study on the simple N-hydroxysulfamide 3.50 showed a highly enhanced CA
inhibitory activity as compared to both sulfamide 3.29 and sulfamic acid 3.16,
compounds with which it is structurally related (Table 3.5).%” Thus, N-hydroxysulf-
amide was approximately a 75-fold better hCA I inhibitor than the sulfamide and
approximately 2000-fold better hCA II inhibitor than the sulfamide, whereas these
factors were 11 for the inhibition of hCA IX and 9.8 for the inhibition of hCA XII.

Analysis of the three-dimensional structure®® of the hCA 11-3.50 complex revealed
that the inhibitor 3.50 is coordinated to the Zn(II) ion by the ionized, terminal H,N
moiety of the N-hydroxysulfamide molecule, although this is not the most acidic
moiety present in N-hydroxysulfamide. The deprotonated primary amino group of the
inhibitor is coordinated to the zinc ion, at a distance of 1.86 A, intermediate between
the very short distances evidenced for the sulfamide adduct (Zn—N of 1.76 A). The NH
moiety also coordinated to Zn(II) participating in a strong hydrogen bond with the OH
moiety of Thr199 (of 2.73 A), whereas one oxygen of the SO, moiety makes a second
hydrogen bond (of 2.88 A) with amide NH of the same amino acid residue (Fig. 3.20).
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TABLE 3.5 Inhibition of Isozymes hCA I, II, IX, and XII with Sulfamide, Sulfamic
Acid, N-Hydroxysulfamides 3.51, Sulfamides 3.52, and the Corresponding Sulfamates
3.53%

RNHSO,NHOH RNHSO,NH, ROSO;NH,
3.51 3.52 3.53
K; (nM)*
Inhibitor R hCA 1 hCA I hCA IX hCA XII
H,NSO,NH, - 031x10° 1.13x 10° 9.6x10° 132x10°
H,NSO;H* - 021x10° 039 x 10° 92x10°  10.7x 10
3.50 H 4050 566 865 1340
3.51b n-CoHas 5800 473 506 874
3.51c n-C12H25 6000 89.6 485 539
3.51d PhCH, 8200 313 790 633
3.51e 4-PhC¢H,CH, 8100 50.5 353 372
3.52a 4-CF5CgH, 8 7 26 48
3.53a 4-CF;C¢H, 369 138 54 103
3.52b 4-CNCgH, 20 16 30 45
3.53b 4-CNCgH, 480 149 41 76
3.52¢ C¢Fs 34 32 40 19
3.53¢ CeFs 415 113 47 34
3.52d 2-Naphthyl 39 36 38 30
3.53d 2-Naphthyl 103 63 40 62

“Errors in the range of 5-10% of the shown data, from three different assays.

The other oxygen of the SO, moiety is at about 3.2 A from the metal ion, as in many
other sulfonamide—CA II adducts. The NH moiety of the NHOH functionality also
participates in two hydrogen bonds, similar to the second H,N moiety of sulfamide.
Thus, a strong hydrogen bond with the OH moiety of Thr200 is observed (of 3.24 A),
and a second, weaker one with a water molecule of 3.58 A. The OH group of the
inhibitor molecule establishes again two hydrogen bonds, one with the same OH of
Thr200 that participates in the hydrogen bond with the NH moiety of the inhibitor, this
time of 3.06 A, whereas the second one with another water molecule present within the
active site of 3.56 A. Thus, the presence of extra two hydrogen bonds in the hCA II-N-
hydroxysulfamide adduct as compared to the hCA II-sulfamide adduct seems to be the
main factor responsible for the enhanced affinity of the first inhibitor for the enzyme.
In fact, these supplementary interactions are due to the presence of the additional OH
moiety in the molecule of the tight binding inhibitor.

A study on substituted N-hydroxysulfamides 3.51 has also been described and their
inhibitory activity has been investigated against the cytosolic (hCA I and II) and
transmembrane tumor-associated (hCA IX and XII) CAs.**N-Hydroxysulfamide 3.50
was a more potent inhibitor as compared to sulfamide or sulfamic acid against all
investigated isozymes, with inhibition constants in the range of 473 nm—4.05 pM. Its
substituted n-decyl, n-dodecyl, benzyl, and biphenylmethyl derivatives were less
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inhibitory against hCA I (K| values in the range of 5.8-8.2 uM) but more inhibitory
against hCA II (K values in the range of 50.5—473 nM) (Table 3.5). The same situation
was true for the tumor-associated isozymes, with K values in the range of 353-790 nM
against hCA IX and 372-874 nM against hCA XII. Some sulfamides/sulfamates of
types 3.52 and 3.53, respectively, possessing similar substitution patterns have also
been investigated for the inhibition of these isozymes, showing that in some particular
cases sulfamides were more efficient inhibitors than the corresponding sulfamates.
Potent CAIs targeting the cytosolic or tumor-associated CA isozymes can thus be
designed from various classes of sulfonamides or sulfamides and their derivatives,
considering the extensive interactions in which the inhibitor and the enzyme active site
are engaged, based on the X-ray crystallographic data shown above and on this study
that comparatively evaluated these compounds possessing different zinc binding
groups and their relative efficiency in inhibiting various isoforms.®

3.6 PHOSPHATE-PHOSPHONATE-BASED CARBONIC
ANHYDRASE INHIBITORS

Phosphate and phosphonate are important functions found in a large variety of
molecule of biological interest, especially anticancer or antiviral drugs. The use of
phosphonate motifin the design of carbonic anhydrase inhibitors was first reported by
Fenesan et al. in 2000.°® A small series of substituted aryl N-phosphoryl sulfonamides
(—SO,NHPO(OH),) 3.53-3.58 were prepared and studied kinetically for inhibition of
reactions catalyzed by CA I and II (CO, hydration ester hydrolysis). Some derivatives
(Fig. 3.21) exhibited strong inhibitory activity against CA II with inhibition constant
below 20 nM for compounds 3.53e, 3.53h, 3.56, and 3.57 (Table 3.6).

From this study, an important fact deserves to be mentioned. All the reported
phosphoryl sulfonamides 3.53-3.58 are potent carbonic anhydrase inhibitors as the
corresponding parent unsubstituted sulfonamides. By analogy, sulfamates possessing
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FIGURE 3.21 Structures of phosphoryl sulfonamides 3.53-3.58.
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TABLE 3.6 Inhibition of hCA I and hCA II with Phosphoryl Sulfonamides 3.53-3.58

K; (nM)*
Inhibitor R hCA I hCA 11
3.53a H 560 280
3.53b 4-F 485 190
3.53¢ 4-C1 470 145
3.53d 4-Br 310 60
3.53¢ 41 42 8
3.53f 4-CH,4 215 54
3.53g 4-OCH; 200 50
3.53h 4-NO, 51 15
3.53i 2-NO, 420 210
3.54 450 200
3.55 125 45
3.56 52 15
3.57 10 3
3.58 7 2

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

*Human (cloned) isozymes.

a phosphoryl moiety substituting the nitrogen atom (R-O-SO,NH-PO;H,) have been
reported by our group.59 It was demonstrated that the phosphorylated sulfamate zinc
binding group is very efficient for the design of low nanomolar CA inhibitors. Aliphatic
compounds incorporating Cg—C ¢ chains lead to inhibitors with affinities of §8—16 nM
against hCA I and 5-12nM against hCA II (Table 3.7).°° Compared to the parent
sulfamate, the inhibitory activity was increased by addition of the phosphoryl motif.

A detailed inhibition study of the five carbonic anhydrase isoenzymes with
inorganic phosphate (PO43 -, HPO42_), carbamoyl phosphate (HZNCOOPO32_), and
the antiviral phosphonate foscarnet ("OOC-PO3?~) was described recently by

TABLE 3.7 CA Inhibition Data with Compounds (3.59-3.62) and Standard
Inhibitors Against Human Isozymes hCA I and hCA II

Ky (nM)*
Compound hCA 1? hCA 11
3.59 n-CgH;7-O-SO,NH-PO3H, 8.2 5.3
3.60 n-C12H25-O-802NH-PO3H2 10.5 9.9
3.61 n—C14H29—O—SOZNH—PO3H2 14.6 11.9
3.62 n-C,6H33-O-SO,NH-PO5H, 16.1 11.2
Sulfanilamide 3.1 28,000 300
Acetazolamide 3.2 900 12
Topiramate 3.18 250 5

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

®Human (cloned) isozymes.
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Rusconi et al.,’” demonstrating that the cytosolic ubiquitous isozyme hCA IT and the
transmembrane tumor-associated isozyme hCA IX were slightly inhibited whereas
the cytosolic isozyme hCA I was activated by most of them. On the other hand, the
membrane-associated isozyme hCA IV was the most sensitive to inhibition by these
compounds, especially foscarnet 3.63 (K; of 0.82 mM). hCA IV is very abundant in
the kidneys, where it plays an important physiological function in the bicarbonate
reabsorption and secretion of ammonium ion into urine among others. These results
may explain some of the renal side effects of this antiviral drug.

These interesting preliminary results were completed in 2007 by the report of the
interaction of the antiviral drug foscarnet 3.63 with 11 carbonic anhydrase isozymes
and the X-ray crystal structure for the adduct of the drug with hCA 1.°! In this study, it
was first demonstrated that foscarnet is a modulator of hCA I activity that can act either
as an activator or as an inhibitor, depending on the duration of the incubation period.
Inhibitory activity against CA I (Kj of 24.1 mM) was observed when foscarnet was
incubated for a long period (3—5 days). The best inhibition profile was observed for the
three following isozymes: the membrane-anchored CA'V, and the cytosolic isoforms
hCA VII and mCA XIII with Kj in the range of 0.56—0.87 mM. For the extracellular
isoforms, for example, the secreted CA VI isoform found in milk or saliva, or the
transmembrane isoforms CA IX, XII, and XIV that have the active site situated outside
the cell, inhibition activity was observed in the range of 1.81-3.60 mM (see Table 3.8).

The hCA I-foscarnet 3.63 adduct was crystallized and showed that foscarnet
coordinated to the zinc ion by means of the phosphonate moiety that possesses two
negative charges, leading to additional electrostatic attraction between the positively

TABLE 3.8 Inhibition Constant of Foscarnet
- OOC-PO%’, 3.63) Trisodium Salt Against 11 CA
Isozymes for the CO, Hydration Reaction at 20°C

Isoform K; (mM)*
hCA 1 24.1
hCA 11 14.2
hCA IV 0.82
hCA VA 41.7
hCA VB 11.8
hCA VI 1.81
hCA VII 0.56
hCA IX 2.21
hCA XII 1.29
hCA XIII 0.87
hCA XIV 3.60

h, human (cloned) isozymes; m, murine recombinant isoform. For all
the isozymes, preincubation of enzyme with inhibitors for 15 min at
room temperature, except for hCA I: preincubation for 5 days at 4°C.
“Errors in the range of 3-5% of the reported value (from three
different assays).
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FIGURE 3.22 Schematic representation of the interaction between the inhibitor 3.63 and the
hCA T active site. Distances are in angstroms.

charged dication (Zn>") and the negatively charged dianion, with the consequent
reduction of the Zn—O distance (1.73 A). This is to be compared with monoanion
(RSO, NH-) inhibitors that coordinate to the zinc ion at a distance of 1.80-2.20 A
(Fig. 3.22).

It is worth pointing that compared to all other CA inhibitor—adducts investigated
until now by means of X-ray crystallography, no strong hydrogen bond was evidenced
between the OH group of Thr199 and the inhibitor atom directly coordinated to the
Zn(II) ion.

Moreover, a repulsive interaction between one methyl group of the side chain of
Leul98 and the oxygen atom of the carboxylate moiety of foscarnet was observed.
This type of clash was already observed by our group*® for other CA inhibitors and may
explain the relatively weak inhibitory activity of 3.63 against hCA I.

Another study realized by our group in 2005 presented the interactions of five hCA
isozymes with organic phosphates and phosphonates, including methylphosphonic
acid 3.64, phenylphosphonic acid 3.65, N-(phosphonoacetyl)-L-aspartic acid 3.66,
methylene diphosphonic acid 3.67, the O-phosphates of serine 3.68, and threonine
3.69 (Fig. 3.23).
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FIGURE 3.23 Structures of compounds 3.64-3.69.
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TABLE 3.9 Inhibition Constants of Organic Phosphonates/Phosphates Against
hCA 11, 1V, V, and IX for the CO, Hydration Reaction at 20°C

K; (mM)*
Inhibitor hCA I hCA IV hCAV hCA IX
3.64 98 nM 0.31 0.11 1.26
3.65 99 nM 54uM 0.09 221
3.66 7.8uM 79nM 0.37 2.25
3.67 1.25 5.34 0.73 0.86
3.68 0.42 4.26 0.36 0.92
3.69 1.08 3.18 0.85 1.23

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

hCA I was activated by all these compounds with the best activators being 3.64 and
3.65 (K values of 0.10-1.20 uM). On the other hand, 3.64 and 3.65 were nanomolar
inhibitors of hCA II (K; values of 98-99 nM). Compound 3.66 demonstrated an
inhibitory activity against hCA II of 7.8 mM whereas the other compounds were weak
millimolar inhibitors of this isozyme (Table 3.9).

The membrane-associated isozyme hCA IV showed an interesting behavior toward
this class of inhibitors. Compound 3.66 was the most efficient CA IVinhibitor with a K;
of 79nM; however, 3.65 also showed efficient inhibition (Kj of 5.4 uM). The
mitochondrial isozyme hCA V and the tumor-associated transmembrane isozyme
CA IX were weakly inhibited by all these compounds (Kj in the range of
0.09-2.25 mM). It is important to note from this study the dramatic difference of
activity of these derivatives againsthCA I'Vas compared to hCA II. Thus, phosphonate
motif constitutes an important zinc binding function that can be used for the design of
isozyme-specific inhibitors.

All these data demonstrate that in addition to the classical sulfonamide motif,
phosphonate function has strong affinity for the active site of different carbonic
anhydrase isozymes and can be counted in the class of zinc binding function that can be
used in the design of selective carbonic anhydrase inhibitors.

3.7 CONCLUSION

The design and discovery of carbonic anhydrase inhibitors continue to be the subject of
intense research. Modulation of the zinc binding function in the structure of the
inhibitors offers interesting opportunities for the development of novel drugs. Even if
the classical sulfonamide function is always used as model ZBF, strong carbonic
anhydrase inhibitors can be obtained varying the nature of the metal binding function.
Bioisoteric sulfonamide moieties such as sulfamide, sulfamate, and their N-substituted
analogues have proved to be ZBF of great interest for the design of compounds with
selectivity and/or specificity for some of the medicinal chemistry targets belonging to
this enzyme family. Other chemical classes of compounds such as phosphate and
phosphonate have also been recently described. X-ray crystallography allowed a better
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understanding of the interactions between these new ZBFs and the enzyme active site
that might be exploited for future investigation and discovery of new potent and
selective carbonic anhydrase inhibitors.
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4.1 INTRODUCTION

Carbonic anhydrases (CAs, EC 4.2.1.1) constitute an ubiquitous family of metalloen-
zymes found in prokaryotes and eukaryotes that catalyze the reversible hydration of
carbon dioxide to the bicarbonate ion (CO, + H,O = HCO;~ + H™"). These proteins
are encoded by four evolutionarily unrelated gene families: the o-CAs (in vertebrates,
bacteria, algae, and cytoplasm of green plants), the B-CAs (predominantly in bacteria,
algae, and chloroplasts), the y-CAs (in archaea and some bacteria),'™ and the 5-CAs
(in some marine diatoms).> There are no significant sequence homologies between
representatives of the different CA families, but all members are zinc enzymes.’
Human CAs belong all to the a-class; to date, 15 isozymes have been identified,
among which 12 are catalytically active (CA I-IV, VA-VB, VI-VIL, IX, and XII-XIV),
whereas the CA-related proteins (CARPs) VIII, X, and XI are devoid of any catalytic
activity.® o-CA isozymes widely differ in their cellular localization. In particular, CA 1,
II, I, VII, and XIII reside in cytosol; CA IV, IX, XII, and XIV are associated with
membranes; CA VA and VB occur in mitochondria; and CA VI is secreted.”” 2
a-CA isozymes are widely distributed in many tissues and organs, where they play a
crucial role in various physiological processes, such as CO,/HCO3 ™ transport between
metabolizing tissues and lungs, pH and CO, homeostasis, electrolyte secretion,
biosynthetic reactions (gluconeogenesis, lipogenesis, and ureagenesis), bone resorp-
tion, and tumorigenicity.'*"'” As a consequence, in the last years many of the CA
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isozymes have become important therapeutic targets for pharmaceutical research.
However, most of the available CA-directed pharmacological agents are still far from
being optimal drugs. In fact, they present various side effects, mainly because of their
lack of selectivity for the different CA isozymes. > Thus, developing isozyme-specific
CA inhibitors would be highly beneficial in obtaining novel classes of drugs. Prospects
for achieving such a goal have not been very optimistic because of the high sequence
similarity observed between various isozymes. However, recently a large number of
X-ray crystallographic studies on different a-CA isozymes and CA—inhibitor com-
plexes have provided a scientific basis for the rational drug design of more selective
enzyme inhibitors.>’-1¢728

The aim of this chapter is to give a comprehensive update of the reported structural
studies on CAs belonging to the a-class. In particular, in the first part of this review, we
will examine the principal structural features of the o-CA isozymes for which the 3D
structure has been solved so far. Next, we will summarize the current state of the art on
complexes of the most thoroughly characterized CA isozyme, hCAII, with the principal
classes of CA inhibitor, as determined by X-ray crystallography. Finally, some recent
developments in the field of selective CA inhibitors will be also highlighted.

4.2 o-CARBONIC ANHYDRASE THREE-DIMENSIONAL STRUCTURES

To date, the three-dimensional structures of CA I, II, III, IV, VA, XII, XIII, and XIV
from different mammals have been determined,”’ > revealing that all these enzyme
isoforms have a roughly ovoidal shape with approximate dimensions of 50 x 40 x 40
A’ and a typical fold characterized by a central 10-stranded antiparallel B-sheet
surrounded by several helices and additional B-strands (Fig. 4.1). As expected, on the
base of high sequence identity, the three-dimensional structures of all these isozymes
were similar and all the secondary structure elements were strictly conserved (Fig. 4.2).
However, an accurate structural comparison revealed a number of small local structural
differences that were mainly localized around residues 125-131 (amino acid
numbering refers to hCA II), thus occurring both on the molecular surface (residues
125-130) and in the middle of the active site (residue 131).

The active site is located in a large, cone-shaped cavity that reaches almost to the
center of the molecule. The catalytic zinc ion is located at the bottom of the cavity,
coordinated by three conserved His residues and a water molecule/hydroxide ion.**°
The Zn**-bound solvent molecule is also engaged in H-bond interactions with another
water molecule (called the deep water) and with the hydroxyl moiety of a conserved
Thr residue (Thr199) that in turn is bridged to the carboxylate moiety of a conserved
Glu residue (Glu106) (Fig. 4.3). These interactions enhance the nucleophilicity of the
Zn**-bound water molecule and orient the CO, substrate in alocation favorable for the
nucleophilic attack (Fig. 4.4).3 437,40 Finally, in all these enzyme isoforms, the active
site cavity generally consists of two distinct portions made of hydrophobic or
hydrophilic amino acids. In particular, residues in positions 121, 131, 141, 143,
198, and 207 delimit the hydrophobic region, while those in positions 62, 64,67, and 92
identify the hydrophilic one (Fig. 4.2).%°
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FIGURE 4.1 Ribbon diagram of hCA II, which has been chosen as representative CA
isozyme. The active site Zn>" ion coordination is also reported. (See the color version of this
figure in Color Plates section.)

A careful comparison between the active sites of all these isozymes revealed a
general conservation of the nature and conformation of most of the amino acids present
within the active site cavity (Trp5, Tyr7, GIn92, Vall21, Leul41, Vall43, Leul98,
Pro201, Pro202, Val207, Trp209) with few amino acid substitutions at positions 62, 65,
67, 69, 91, 131, 132, 135, 136, 200, and 204 (Fig. 4.2). However, since the latter
residues have often been reported to have an important role in binding of inhibitors to
CAs,'®*~* their variability could determine modifications of the specific isozyme
interaction with inhibitor molecules.

4.3 THREE-DIMENSIONAL STRUCTURES OF hCA I/INHIBITOR
COMPLEXES

Three main classes of CA inhibitors (CAls) have been studied crystallographically: the
ureates/hydroxamates, the metal complexing anions, and the unsubstituted sulfona-
mides and their bioisosteres such as sulfamates and sulfamides.>****¢ In the next
section, the main features of the binding to hCA II active site of the most representative
inhibitors belonging to these three classes will be schematically reviewed.

4.3.1 Binding of Ureates and Hydroxamates

In addition to the interconversion between carbon dioxide and bicarbonate, hCA Il also
catalyzes other nonphysiological reactions, among which the hydration of cyanamide
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to urea (HN=C=NH + H,O & H,NCONH,). This reaction has been thoroughly
characterized by spectroscopic, kinetic, and crystallographic techniques,*’**® dem-
onstrating that cyanamide interacts with the metal ion within the CA active site, adding
to the coordination sphere and not substituting the metal-bound solvent molecule
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FIGURE 4.4 Schematic representation of the catalytic mechanism for the CA-catalyzed CO,
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hydroxyurea, and (d) acetohydroxamic acid.

(Fig. 4.5a).*" 1t thereafter undergoes a nucleophilic attack from the metal-bound
hydroxide ion, forming urea that remains bound to the metal, as observed in the X-ray
crystal structure of hCA II soaked in cyanamide solutions for several hours.*’ The urea
molecule is directly coordinated to the active site Zn>" ion through a protonated
nitrogen atom (Fig. 4.5b). Several hydrogen bonds involving active site residues

Thr199 and Thr200, as well as three water molecules, further stabilize the hCA II-urea
adduct.”’ Kinetic studies in solution further proved that urea acts as a tight binding
inhibitor of hCA II, with very slow binding kinetics (ko =2.5 x 10 s~ ' M~ ).#’
These findings have been the starting point of new studies regarding the interaction of
CAs with small molecules possessing appropriate structural features to act as new zinc
binding functions. One such molecule is N-hydroxyurea, the simplest compound
incorporating the hydroxamate functionality.** X-ray crystallography showed that
N-hydroxyurea binds to the Zn*" of hCA Il active site in a bidentate mode by means of
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the oxygen and nitrogen atoms of the NHOH moiety, also participating in a network of
hydrogen bonds with a water molecule and Thr199 (Fig. 4.5¢).>° It is worth noting that
structural studies have demonstrated that the isosteric acetohydroxamic acid is
coordinated in a monodentate fashion to the Zn>" ion, whereas its OH and CO groups
participate in two hydrogen bonds with Thr1990G and Thr199N atoms (Fig. 4.5d).”!
These findings suggest that the hydroxamate function can be usefully exploited for
obtaining potent CA inhibitors due to its high versatility of binding to the metal ion
present in the active site of these enzymes.

4.3.2 Binding of Inorganic Anions

Most monovalent anions act as CAs inhibitors with apparent dissociation constants that
vary considerably from a few micromolar to about 1 M.>° Crystallographic studies have
revealed that four distinguishable binding modes are possible for these anions with
respect to the Zn>" ion in the active site: regular tetracoordination, distorted tetra-
coordination, pentacoordination, and inhibition without binding to the metal.*> The
diversity in behavior between different inhibitors can be ascribed to the structural
features of the ligands. In particular, anions having a protonated ligand atom replace the
zinc-bound solvent molecule with a regular tetrahedral coordination geometry and
form a hydrogen bond with the Thr1990G atom. Examples of this kind of anions are
hydrogen sulfite (HS™)** and hydrogen bisulfite (HSO5 ") (Fig. 4.6a). When the
anionic inhibitor lacks a protonated ligand atom, three different binding modes can be
realized. Anions as bromide (Br~)? and azide (N3 )*> still coordinate the zinc ion
with a distorted tetrahedral geometry, since they cannot form a hydrogen bond with
Thr1990G atom (Fig. 4.6b). On the contrary, anions such as formate®® and thiocya-
nate> bind to the enzyme active site by addition to the metal coordination sphere,
generating a trigonal bipyramidal species (Fig. 4.6¢). Finally, a last group of anions,
including nitrate, cyanide, and cyanate,5 256 does not seem to coordinate the zinc ion but
to be located in a hydrophobic cavity near the Zn>" and to be hydrogen bonded to the
Thr199N atom (Fig. 4.6d), but these data need to be confirmed by more detailed studies.

4.3.3 Binding of Sulfonamide/Sulfamate/Sulfamide Inhibitors

Sulfonamides were early on shown to inhibit CAs in 1940.%” Starting from this finding,
a large number of kinetic, physiological, and pharmacological studies on these
compounds have been performed.®**%°" A considerable number of crystal struc-
tures of CA—sulfonamide complexes have also been reported,*” providing a detailed
description of the binding mode of these compounds to the CA active site. In all the
adducts, the sulfonamide group binds to the enzyme active site in its negatively
charged deprotonated form,®' with the NH ™ moiety that replaces the zinc-bound water
molecule and coordinates the metal ion with a regular tetrahedral geometry (Fig. 4.7).
This NH™ moiety also participates in hydrogen bonding with the Thr1990G atom,
which in turn is engaged in another hydrogen bonding with the carboxylate group of
Glul06 residue.***37¢263 One of the oxygen atoms of the sulfonamide group is
hydrogen bonded to Thr199N atom (Fig. 4.7), while the other oxygen atom is about
32A away from the zinc ion.” These studies provided evidence that the sulfonamide
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group represents an ideal ligand of the CA active site, since it combines the negative
charge of the nitrogen with the positively charged zinc ion. Moreover, the presence of
one proton on the coordinated nitrogen atom satisfies the hydrogen bond acceptor
function of Thr1990G atom, which forms a strong bond with it.?

Recently, the crystal structures of hCA II adducts with the simplest parent
compounds of all sulfonamides, that is, sulfamide (H,NSO,NH,) and sulfamic acid
(H,NSOsH), have been reported.63 Both the sulfamic acid and the sulfamide bind to the
CA I active site in their anionic form, coordinating to the Zn*" with a regular
tetrahedral geometry (Fig. 4.8). These studies highlighted that, despite structural
similarities between these two inhibitors and the classical sulfonamides of the type R-
SO,NH,, the substitution of the C-SO,NH, with a N-SO,NH,/O-SO,NH, bond in
sulfamide/sulfamic acid leads to a different binding mode of these molecules to the
enzyme active site. In particular, the latter two moieties are able to participate in a more
intricate hydrogen bond network that differs from that formed by the classical
sulfonamide inhibitors (Fig. 4.8).%> These molecules have thus been suitably used as
lead compounds for the design of new types of inhibitors, namely, the organic
sulfamate and sulfamide derivatives.>>®

4.3.3.1 Benzenesulfonamides After the report of Mann and Keilin in 1940°7
that sulfanilamide (4.1) acts as a potent and specific CA inhibitor, many benzene-
sulfonamides were synthesized and investigated for their CA inhibitory action. These
studies allowed to derive for this class of compounds the following structure—activity
relationships: (i) 2-substituted and 2,4- and 3,4-disubstituted benzenesulfonamides
are generally weaker inhibitors than 4-substituted derivatives; (ii) 4-substituents
inducing good activities include halogens, acetamido and alkoxycarbonyl, and esters
of 4-sulfamoylbenzoic acid; (iii) promising activities as well as desired physico-
chemical properties are seen for compounds possessing carboxy, hydrazido, ureido,
thioureido, and methylamino moieties in position 4. **° For a large number of these
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compounds, the X-ray structures of the complexes with the physiologically most
relevant isozyme, CA II, have been reported at a very good resolution providing
important information on the binding modes of these molecules within the enzyme
active site.>***>* In particular, the phenyl sulfonamide moiety of all these inhibitors
occupies the same position within the hCA IT active site making several van der Waals
interactions with the side chains of GIn92, Val121, Phel31, Leul98, and Thr200, in
addition to the above-described Zn>" coordination (Fig. 4.9). In contrast, different
interactions of the moieties used to functionalize these molecules may occur. In the
next section, the numerous benzenesulfonamide CAIls so far available have been
grouped on the basis of either the functional groups used to derivatize the phenyl ring
or the mechanism of action. Moreover, the main structural features of the adducts that
some representative inhibitors form with hCA II have also been reviewed.

NH,

4.1

Sulfamoyl Benzenecarboxyamide Derivatives The reaction of 4-carboxy-
benzenesulfonamide (4.2) or 4-chloro-3-sulfamoyl benzoic acid (4.3) with different
scaffolds possessing free amino groups leads to sulfamoyl-benzenecarboxyamide
derivatives of type 4.4 and 4.5, which constitute a particular class of CAls.?*¢%7
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Several kinetic and structural studies on different types of these compounds are
available at the moment in the literature showing that, depending from the nature of
the R group, CAls with varied affinity toward the different isozymes and diverse
physicochemical properties can be obtained. As an example, the derivatization of 4.2
with carboxy-protected amino acids/dipeptides, or aromatic/heterocyclic sulfona-
mides, led to molecules that showed very strong in vitro affinity for the isozymes
CA 1II and CA 1V, which are involved in aqueous humor secretion within the eye.
Moreover, these compounds presented an excellent penetrability through the cornea to
reach ciliary processes CAs due to their good hydrophilicity/lipophilicity balance.®®
Thus, such compounds were easily formulated as eye drops either in solution or as
suspensions at physiological pH values, and their in vivo efficacy in animal models of
glaucoma was much higher than that of the clinically available topically acting
antiglaucoma sulfonamides dorzolamide (4.6) and brinzolamide (4.7).66
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4-(Aminosulfonyl)-N-phenylmethylbenzamide (4.8) is another sulfamoyl-benze-
necarboxyamide derivative that has been extensively used as lead compound to
generate potent CAls. This compound strongly inhibits hCA II with a dissociation
constant of 2.1 nM.®”"* The crystal structure of the hCA 11-4.8 adduct provided a
structural explanation to the high affinity of the inhibitor toward the enzyme. In
particular, besides the canonical interactions of the benzenesulfonamide moiety
within the enzyme active site, an important edge-to-face interaction between the
Phel31 and the benzyl ring of the inhibitor was observed.”* The latter interaction
suggested the presence of a weak but favorable electrostatic attraction between the
partial positive charge on the ring hydrogen atoms of Phel31 and the partial negative
charge above the ring plane of the inhibitor phenyl group. The effect of various
fluorine substitution patterns of the inhibitor benzyl group (see compounds 4.9—-4.12)
on the inhibitory properties of such compound has also been extensively studied from
both kinetic and structural points of view,”*”* showing that a tight binding inhibitor
can be improved even further by simply substituting fluorine for hydrogen at specific
locations to enhance weakly polar interactions with adjacent enzyme residues.**
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Several other carboxyamides structurally related to 4.4 were reported in the
literature.”%"~"" As an example, Whitesides’ group reported the derivatization of
4-carboxy-benzenesulfonamide 4.2 with oligopeptidyl moieties generating com-
pounds such as 4.13 and 4.14.72%7~%° In another series of such derivatives, oligoethy-
lene glycol units were attached to 4.2 and the terminal hydroxyl moiety of the tail was
derivatized by acyl-amino moieties, generating CAls of type 4.15.7
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The effect of the length of repeating glycine and ethylene glycol (EG) units in
compounds of type 4.13, 4.15, and 4.16 was investigated both structurally and
kinetically.*>"* These studies highlighted that the (EG), group exhibits greater affinity
for the CA II surface than does (Gly),, for inhibitors of comparable length. Moreover,
the terminally unsubstitued inhibitors containing (EG),, or (Gly),, groups, such as 4.15
and 4.16, bind 100-fold better than the unsubstituted arylsulf0n21mide.22’75’76 Inter-
estingly, as revealed by crystallographic studies, (EG),, and (Gly),, moieties show a
common binding mode that may be due in part to the steering effect of the benzamide
group, which apparently directs the linker chain primarily toward the hydrophobic side

of the active site cleft.”? o

H
O N
,OH

SO,NH,

n=1-6

4.16

The derivatization of 4.2 with a functional group that could independently bind to a
second specific site of the CA enzymes has also been used by Srivastava and coworkers
to obtain very strong CA inhibitors of type 4.17 and 4.18.”"-"? In these molecules, the
weak inhibitor benzenesulfonamide is conjugated to the iminodiacetate-Cu®" (IDA-
Cu”") moiety, which is supposed to interact with the surface-exposed His residues, via
a spacer group, thus enhancing significantly the enzyme-inhibitor affinity. This ‘“‘two-
prong” approach is expected to serve as a general strategy for converting weak
inhibitors of enzymes into tight binding inhibitors (Fig. 4.10). X-ray crystallographic

Secondary site

Linker

Primary site

FIGURE 4.10 Interactions of a generic “two-prong” inhibitor with both primary and
secondary binding sites of hCA II.
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studies of the hCA 11-4.18 adduct reveal that, as expected, the benzenesulfonamide
moiety is coordinated to the Zn*" similarly to other benzenesulfonamide inhibitors,
while the IDA-Cu”" prong is bound to His64, thus suggesting that the high inhibition
power of the inhibitor against CA II is related, in addition to the displacement of the
catalytic nucleophile, to the inhibition of the catalytic proton shuttle His64.”"
However, due to the instability of copper—sulfonamide complexes (which liberate
copper ions in solution) and the fact that only His64 complexation by the metal ions has
been observed so far, the ““two-prong’” approach is not useful for obtaining isozyme-
selective CAls as originally stated by its discoverers.”"

H H
O<__N o N
SN0 NN (CH,C007),Cuy " ON(CH,C007),Cu,*
SO,NH, SO,NH,
417 4.18

Benzenesulfonamides Containing a Thioureido Moiety — The thioureas of type 4.19,
obtained from isothiocyanatosulfonamides (such as, for example, 4-isothio-
cyanatobenzenesulfonamide and its congeners) and amines, hydrazines, or amino
acids,”’ " represent an interesting class of derivatives that, among the various CAls
reported in the last few years, showed very promising applications.”’*° Such com-
pounds have generally an excellent water solubility and potent inhibitory activity
against the cytosolic isozyme hCA II as well as the transmembrane, tumor-associated
isozyme hCA IX, thus being interesting candidates for developing antiglaucoma/
antitumor therapies based on them.”’*® However, so far little structural information
on the binding mode of such derivatives to CA active site is available. N-1-(4-
Sulfamoylphenyl)-N-4-pentafluorophenyl-thiosemicarbazide (4.20) is an interesting
member of this family, which has been demonstrated to be an inhibitor effective for
hCA 1, and very good for hCA II and hCA IX (inhibition constants in the range of
15-19nM).®' The X-ray crystal structure of the adduct with hCA II showed that the
inhibitor binds within the hydrophobic half of the active site, making extensive and
strong van der Waals contacts with amino acid residues GIn92, Vall121, Phel31,
Leul98, Thr200, and Pro202 in addition to the canonical coordination of the
sulfonamide nitrogen to the Zn>" ion. It is interesting to note that, although the
organic scaffold of the inhibitor does not establish significant polar interactions with
the enzyme (for example, no hydrogen bonds were evidenced between the C=S group
or the nitrogen atoms belonging to the thiosemicarbazide moiety of the inhibitor and
amino acid residues of the active site), the large number of hydrophobic contacts
mentioned above can account for the good inhibitory properties of this molecule that
are of the same magnitude as those of clinically used CAls.>**
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Fluorescent sulfonamides prepared either by the reaction of aminofluorescein
derivative 4.21 with isothiocyanato-aromatic/heterocyclic sulfonamides 4.2277*° or
by the reaction of fluorescein isothiocyanate (4.23) with amino-substituted aromatic/
heterocyclic sulfonamides 4.24%% constitute another interesting group of CAls
containing a thioureido moiety (Scheme 4.1). These molecules were reported to

NH,

‘ COOH  + SCN—A—SO,NH,
N
4.22
HO o) o)

)SL
4.21 \ N~ “N—A—SO,NH,
H
‘ COOH

/ O \
N HO 0 )
O 425
COOH + H,N—A—SO,NH,
AN
0

‘ 4.24
o

SCHEME 4.1

A = Aromatic/heterocyclic ring
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specifically target hypoxic tumors in which the isoform CA IX is overexpressed.®**
One of the most promising compounds in this series is derivative (4-sulfamoylphe-
nylethylthioureido)fluorescein (4.26), which besides its strong capability to bind the
cytosolic hCA II isozyme (K4 0.30 nM) showed even higher affinity for the tumor-
associated CA IX (K4 0.64 nM). Thus, it is actually in clinical studies as an imaging
tool for acute hypoxic tumors.'® The X-ray crystal structure of 4.26 in complex with
the cytosolic isoform hCA II has been reported together with a modeling study of
the adduct that this inhibitor forms with the tumor-associated isoform hCA IX.'’ The
crystallographic analysis showed that, beyond the canonical interactions of the
benzenesulfonamide group of the inhibitor within the hCA Il active site, the thioureido
moiety was oriented toward the hydrophobic part of the active site cleft, establishing
strong van der Waals interactions with residues GIn92, Vall21, Phel31, Vall35,
Leul98, Thr199, Thr200, and Pro202, the 3-carboxy-amino-phenyl functionality was
at van der Waals distance from Phel31, Gly132, and Val135, and the bulky tricyclic
fluorescein moiety was located at the rim of the active site, on the protein surface, and
strongly interacted with the a-helix formed by residues Asp130-Val135 (Fig. 4.11a).
Molecular dynamic (MD) simulation studies revealed that all these interactions were
preserved in the hCA IX-4.26 adduct, even if an additional polar interaction was
observed. In fact, in the latter case, the carbonyl moiety of the fluorescein tail of 4.26
participates in a strong hydrogen bond with the guanidine moiety of Arg130, an amino
acid characteristic of the hCA IX active site (Fig. 4.11b). This interaction accounted
for the roughly two times higher affinity of 4.26 for hCA IX over hCA II and explained
why, in vivo, the compound specifically accumulated only in hypoxic tumors over-
expressing CA IX and not in the normal tissues.'® Thus, these studies constituted an
interesting starting point for the further drug design of more isozyme-selective CA IX
inhibitors with potential use as diagnostic tools or for the management of hypoxic
tumors.

Benzenesulfonamides Derivatized with Charged Groups — Owing to the extracellular
location of some CA isozymes, such as CA IV, IX, XII, and X1V, it is theoretically
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possible to design membrane-impermeant CAls that would selectively inhibit
membrane-associated CAs without interacting with the cytosolic or mitochondrial
isoforms. This possibility has been recently investigated through the design of positively
charged sulfonamides® 2 that generally incorporate pyridinium moieties.*>** Many
representatives of such class of molecules have been reported in recent years, showing
that these compounds may lead to effective CA inhibitors.**? Interestingly, although
isozyme-selective compounds have not been detected, it has been demonstrated that
such derivatives were unable to cross the plasma membrane in vivo.**®” Such data were
extremely important for specific in vivo inhibition of membrane-associated isozymes
and consequently for the eventual development of novel anticancer therapies.
Among these derivatives, one of the most promising compounds was the 1-N-(4-
sulfamoylphenyl-ethyl)-2,4,6-trimethylpyridinium perchlorate (4.27).'¢%999% Ip
fact, kinetic studies demonstrated that this molecule was able to efficiently inhibit
both CA II and IX (K; values of 21 and 14 nM against CA II and IX, respectively).'®
However, in vivo, due to its membrane impermeability, it is likely that selective
inhibition of the membrane-associated isozyme can be achieved without appreciable
inhibition of the cytosolic isozyme CA 1L

SO,NH,

4.27

The X-ray crystal structure of 4.27 in complex with hCA II has been solved,'®
providing the molecular basis of the high affinity of this molecule toward CA active
site. The crystallographic analysis showed that, beyond the canonical interactions
of the benzenesulfonamide moiety within the active site channel, several other
important stabilizing interactions were established by the 2.4,6-trimethylpyridi-
nium functionality. In particular, this moiety was at van der Waals distance from the
aliphatic chain of Ile91, pointing toward the hydrophilic half of the active site and
making a face-to-face stacking with Phel31 aromatic ring. Its positively charged
nitrogen was not involved in any direct binding to the protein, but it was stabilized
by several dipolar interactions with water molecules present in the active site. A
structural comparison of 4.27 with other benzenesulfonamide inhibitors containing
an aromatic tail revealed that two main binding modes within the CA II active site
can occur. Some inhibitors, such as 4.20 and 4.36, bind with their tail within the
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FIGURE 4.12 Solvent accessible surface of hCA II. The hydrophobic half of the active site
cleft is shown in grey while the hydrophilic one in black. The superimposition of the inhibitors
4.27 (grey), 4.20 (white) and 4.36 (black), showing the two different binding mode of the
aromatic tail, is also reported.

hydrophobic half of the active site, defined by residues Phel31, Vall135, Leul98,
Pro202 and Leu204. On the contrary, 4.27 and other derivatives bind with their tail
pointing toward the hydrophilic half and making a strong face-to-face stacking
interaction with Phel131. Thus, this interaction seems to steer the inhibitor toward
this part of the active site, while the impossibility to participate in it leads to the
binding within the hydrophobic region (Fig. 4.12).'° Such findings evidenced a key
role for residue Phel31 in the orientation of inhibitor molecules in the CA active
site. Considering that different isozymes present diverse amino acids in position
131, this residue can represent a target to achieve inhibitors with isozyme
selectivity.

The structural and functional consequences of positively charged, negatively
charged, and neutral substituents on benzenesulfonamide CA inhibitors have also
been investigated in detail in a systematic study of Srivastava and coworkers.”
In particular, four simple benzenesulfonamide inhibitors, namely, compounds
4.28-4.31, substituted at the para position with differently charged functional groups
have been designed and synthesized. Moreover, the affinities and X-ray crystal
structures of their complexes with hCA I and hCA 1II have been determined. These
studies highlighted that a para-substituted positively charged amino group is more
poorly tolerated in the active site of CA I compared to CA II, while a para-substituted
negatively charged carboxylate substituent is tolerated equally well in the active sites
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of both CA isozymes. However, enzyme-inhibitor affinity increases in both cases
upon neutralization of inhibitor charged groups by acylation or esterification.”

+

NH, coo-
SO,NH, SO,NH,
4.28 4.29
NHCOCH, COOEt
SO,NH, SO,NH,
430 4.31

Benzenedisulfonamides  Benzenesulfonamide derivatives that possess more than
one sulfonamide group in their molecule were tested as CAls either to search for more
active inhibitors or to design compounds with a different biological activity, for
example, saluretics and high ceiling diuretics (the CA inhibitory effect being secondary
in the latter cases)."® Two main classes of such compounds were extensively
characterized so far: the 1,3-disulfamoylbenzenes of type 4.32-4.34%° and the bis-
sulfonamides of type 4.35 derived from biphenyl, biphenylether, biphenylsulfide,
biphenylmethane, or containing urea, guanidine, carboxyamido moieties, and so on as
spacers.' 54

NH, NH,
Cl SO,NH, SO,NH, SO,NH,
Cl Cl CF;
SO,NH, SO,NH, SO,NH,
4.32 4.33 4.34

HZNSO@X@ SO,NH,

X = 0; S; CH,; NHCONH;

NH NH NH
4.35
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Dichlorophenamide (4.32) is a classical CAI belonging to the first generation of
inhibitors that has been (and still is) largely clinically used for the management of
glaucoma’ > and for the treatment of several neurological disorders.”*® This
compound, together with its closely related analogues 6-chloro-4-amino-benzene-
1,3-disulfonamide (4.33) and 6-trifluoromethyl-4-amino-benzene-1,3-disulfona-
mide (4.34), were investigated in detail in order to be used as starting compounds
in drug design studies for obtaining anti-glaucoma agents. The inhibition proper-
ties of these three disulfonamides toward several mammalian and bacterial/
archaeal isozymes were found to be quite peculiar and distinct from those of
other clinically used derivatives. Particularly, 4.32 was found to be one of the best
inhibitors of the mitochondrial isoform hCA VB, thus representing a good lead
compound for antiobesity agents,®**’4.33 was found to be a very good inhibitor
for a-CA from Helicobacter pylori, and 4.34 was one of the best inhibitors of
murine CA XIIL*° The high-resolution structures of the three compounds
4.32-4.34 complexed to hCA II were also reported,”® revealing a particular
binding mode of these three inhibitors within the CA II active site cavity
(Fig. 4.13). In particular, beyond the canonical coordination of the Zn*" atom
by means of the ionized sulfonamide NH ™ group, the substituted phenyl moiety of
each inhibitor is stabilized in the active site by various van der Waals and hydrogen
bond interactions with residues delimiting the cavity (Fig. 4.13). The sulfonamide
group in meta-position to the coordinated sulfamoyl moiety plays a key role in this
stabilization, being oriented toward the hydrophilic side of the active site cleft in
all the three adducts and establishing several hydrogen bonds with His64, Asn67,
GIn92, and Thr200. Consequently, the plane of the phenyl moiety of the inhibitors
appears to be rotated by 45° and tilted by 10° with respect to its most recurrent
orientation in other CA II-benzenemonosulfonamide derivatives®?®%-19
(Fig. 4.14). Thus, these data suggest that the presence of an additional sulfonamide
group in meta-position of hCA II benzenesulfonamide inhibitors can be favorably
used to differently orient the phenyl moiety within the enzyme active site. As a
consequence, a putative tail conjugated with the benzene-1,3-disulfonamide group
can be opportunely oriented in the enzyme active site, leading to inhibitors with
diverse inhibition profiles and selectivities for various mammalian, bacterial, or
archaeal CAs.”’

4-(4-Sulfamoylphenylcarboxamidoethyl)benzenesulfonamide (4.36) is an
interesting compound, belonging to the class of bis-sulfonamides of type 4.35,
which has been shown to act as an efficient topical antiglaucoma sulfonamide with
strong inhibitory properties toward hCA II (K; of 5nM).°® The X-ray crystal
structure of the adduct that this molecule forms with hCA II provided important
information on the interaction mode of inhibitors containing two benzenesulfo-
namide moieties within the enzyme active site.** In particular, the structural
analysis evidenced that, even if the interactions of the benzenesulfonamide zinc
anchoring group of 4.36 are similar to that of other sulfonamides, the binding
mode of the remaining organic scaffold of the inhibitor is considerably different
(Fig. 4.15). In fact, this part of the inhibitor interacts only with the hydrophobic
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FIGURE 4.13 Schematic representation of benzendisulfonamides (a) 4.32, (b) 4.33, and
(c) 4.34 bound within the hCA II active site

half of the CA active site, leaving the hydrophilic half able to accommodate
several water molecules not present in the unbound enzyme. Furthermore, the
secondary sulfonamide moiety is well anchored to the protein by two hydrogen
bonds involving residues Gly132 and GIn136, placed on the rim of the entrance to
the active site cleft (Fig. 4.15). Finally, it is worth noting that only one sulfon-
amide moiety of the two ‘“‘heads” that 4.36 possesses participates in the coordi-
nation of the metal ion when the inhibitor is bound within the enzyme active
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FIGURE 4.14 Superposition of hCA Il-inhibitor adducts that highlights the different
orientations of the benzene-1,3-disulfonamide inhibitors such as 4.32 (red), 4.33 (yellow),
and 4.34 (orange) with respect to a classical monosulfonamide derivative such as 4.38 (blue).
(See the color version of this figure in Color Plates section.)

site. Thus, the presence of two sulfamoyl moieties in the inhibitor molecule plays a
role only in the proper orientation of the molecule within the active site,
accounting for its high affinity toward the enzyme.**

0

HZNSOTQ—/{
N
H

4.36

1©—SOZNH2

Hypoxia Activatable, Bioreductive Benzenesulfonamides The use of less toxic
prodrugs that can be selectively activated in the tumor tissue, taking advantage of
some exclusive aspects of tumor physiology, such as selective enzyme expression
or hypoxia, represents an interesting approach for improving the selectivity of
anticancer drugs.'® Since CA IX is overexpressed in hypoxic tumors and is
present only in low amounts in some parts of the normal gastrointestinal tract, this
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FIGURE 4.15 Schematic representation of inhibitor 4.36 binding within the hCA II active
site.

enzyme may constitute an attractive target for the design of hypoxia activable
prodrugs.'®"'% We have recently reported a new approach for designing
bioreductive hypoxia activable CAIs'” that utilizes disulfide derivatives of
benzenesulfonamides. In principle, such disulfide-containing sulfonamides
should be bulky and thus unable to bind within the restricted space of the CA
active site, which normally can accommodate only one benzenesulfonamide
moiety. In contrast, the corresponding thiol derivatives, obtained under the
reducing conditions present in hypoxic tumors (see Scheme 4.2), are much less
bulky than the sterically hindered disulfides, thus showing better CA inhibitory
activity. Moreover, since this type of hypoxia activatable prodrug will be formed
only in the cancer tissue, no monomeric sulfonamide derivative should be present
outside the tumor cell. This should lead to a tumor-specific drug with potentially
fewer side effects due to inhibition of other CA isoforms highly abundant in
noncancer tissues, such as CA I, II, IV, or VA. One of the most promising
compounds of this series is N,N’-(2,2’-dithio-dibenzoyl)bis-sulfonamide (4.37).
This molecule shows very weak CA inhibitory activity with K;’s values in the range
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of 653-4975 nM against the CA I, II, and IX isoforms. 197 However, its monomeric
derivative 4-(2-mercaptophenylcarboxamido)benzenesulfonamide (4.38) is a quite
effective CA I inhibitor (K7 of 276 nM), and a very potent CA II and IX inhibitor, with
inhibition constants of 16 and 9.1 nM, respectively.'®” The X-ray crystal structure of
4.38 in adduct with hCA II showed that the inhibitor makes a host of favorable
interactions with the side chains of GIn92, Val121, Phel31, Leul98, Thr199, Thr200,
Pro201, and Pro202, whereas the sulfamoyl moiety was coordinated to the Zn>t ion
(Fig. 4.16a). Modeling studies revealed that the same interactions were preserved in the
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(a) Active site region in the hCA 11-4.38 complex X-ray structure.

(b) Model of the hCA TX—4.38 adduct from MD simulations. Residues participating in
recognition of the inhibitor molecule are reported.

FIGURE 4.16
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adduct of this compound with hCA IX, but in addition a strong polar interaction
between GIn67 and the thiol group of the inhibitor was observed (Fig. 4.16b). This
additional interaction may explain the almost two times more effective inhibition of the
tumor-associated isozyme over the cytosolic isoform.'”” Further experiments are
actually in progress to test in vivo the antitumor activity of these compounds.

2-Substituted-5-nitro-benzenesulfonamides' ' of type 4.39, incorporating a large
variety of secondary/tertiary amines, are another important class of bioreductive
hypoxia activable CAls useful for the treatment or imaging of hypoxic tumors. These
compounds were generally ineffective inhibitors of the cytosolic isoform I, showed a
better inhibition of the physiologically relevant CA II, and strongly inhibited the
tumor-associated CA IX and XII.'%® Interestingly, some of these derivatives showed
excellent selectivity ratios for the inhibition of the tumor-associated isozymes over the
cytosolic ones. 108 5_Chloro-5-nitrobenzenesulfonamide (4.40), which can be reduced
(chemically or enzymatically) to the corresponding aminosulfonamide 4.41
(Scheme 4.3), represents the simplest member of this class of molecules. The X-ray
crystal structure of the adduct hCA 11-4.40, as well as the molecular modeling studies
for the interaction of this inhibitor with hCA IX, allowed to identify a different
pattern of hydrogen bonds responsible of the discrimination of the two isoforms for
this type of bioreductive compound (Fig. 4.17).'°® In particular, Asn67 present in the
hCA Il activessite isreplaced in hCA IX by GIn67, which, as aconsequence of its longer
side chain, is able to form a stable hydrogen bond with the inhibitor NO, oxygen
atoms (Fig. 4.17).

NH
SO,NH,

NO
4.39
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FIGURE 4.17 (a) Active site region in the hCA 11-4.40 complex X-ray structure.

(b) Model of the hCA 1X—4.40 adduct from MD simulations. Residues participating
in recognition of the inhibitor molecule are reported.

Benzenesulfonamides Acting as Dual CA and COX-2 Inhibitors  Valdecoxib (4.42)
and celecoxib (4.43) are two nonsteroidal anti-inflammatory drugs, acting as
selective inhibitors of the inducible cyclooxygenase isoform 2 (COX-2)."" Both
compounds contain an unsubstituted arylsulfonamide group, which is a key feature
of many CA inhibitors. Using kinetic studies, we recently demonstrated an
unexpected nanomolar affinity of these compounds for several CA isozymes,
such as CA I, II, IV, and IX +17:43.112 Crystallographic studies on 4.42 and 4.43
in complex with CA II revealed that this inhibition is essentially mediated via
binding of the sulfonamide group to the catalytic zinc ion. The structural analysis
also revealed that the organic scaffolds of 4.42 and 4.43 were positioned in the CA
active site in a completely different mode (Fig. 4.18). In particular, the phenyl-
isoxazole moiety of 4.42 filled the active site channel of the enzyme and interacted
with the side chains of GIn92, Val121, Leu198, Thr200, and Pro202, while the 3-
phenyl group was located into a hydrophobic cavity, simultaneously establishing
van der Waals interactions with the side chains of various hydrophobic residues
(Mle91, Vall21, Vall35, Leul4l, and Leul98) and a strong offset face-to-face
stacking interaction with the aromatic ring of Phe131 (Fig. 4.18). In contrast, 4.43,
being more sterically hindered, completely filled the CA II active site, positioning
the trifluoromethyl group in the hydrophobic part and the p-tolyl moiety in the
hydrophilic region (Fig. 4.18). Thus, the capability of 4.43 bulky substituents to
interact with both hydrophobic and hydrophilic parts of the active site may explain
why it is approximately a two times stronger CA II inhibitor compared to 4.42.""+
These studies highlight the cross-reactivity of these compounds with CAs and
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FIGURE 4.18 View of the hCA Il active site complexed with valdecoxib 4.42 (magenta) and
celecoxib 4.43 (cyan) brought to optimal structural overlay. (See the color version of this figure
in Color Plates section.)

suggest new opportunities of these COX-2 selective nonsteroidal anti-inflammatory
drugs in particular with respect to glaucoma and anticancer therapy.
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4.3.3.2 Heterocyclic Sulfonamides Investigation on heterocyclic sulfona-
mides as CAls has been encouraged by the pioneeristic studies of Davenportin 19453
that reported that thiophene-2-sulfonamide was 40 times more active than sulfanil-
amide 4.1 as a CA inhibitor. Subsequently, the preparation of a very large series of
heterocyclic sulfonamides derived from the most important ring systems (imidazole,
alkyl and aryl imidazoles, benzimidazoles, benzothiazole, 1,2,4-triazole, thiazole,
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tetrazole and alkyl/aryl tetrazoles, 1,3,4 thiadiazole, pyrimidine, pyrazine, etc.) was
also reported,''*!'!3 allowing to derive important structure/activity relationships for
this kind of compounds. In particular, these studies highlighted that five-membered
derivatives were more effective CAls than six-membered ring compounds and that the
presence of nitrogen and sulfur atoms within the ring led to the most potent inhibitors.
Thus, extremely powerful inhibitors were found to be 5-substituted-1,3,4-thiadiazole-
2-sulfonamide (4.44), 6-substituted-benzothiazole-2-sulfonamide (4.45), and 1,3,4-
thiadiazoline-2-sulfonamides (4.46). Derivatives of thiophene-2-sulfonamide (4.47)
with different substitution patterns were also shown to possess good inhibitory
properties.''® Finally, important results were also obtained from bicyclic derivatives
of thieno-thiopyran-2-sulfonamides (4.48), which led to the first clinically used
topically acting sulfonamide, namely, dorzolamide (4.6).*''” In the next section, the
binding mode to the hCA II active site of the most representative inhibitors belonging
to the heterocyclic sulfonamide group will be examined in detail.
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Thiophene and Thiadiazole Sulfonamide Derivatives The majority of structural
studies on heterocyclic sulfonamides have been carried out on five-membered rings,
such as thiophene, thiadiazole, and thiadiazoline derivatives (4.47, 4.44, and 4.46) in
complex with isozyme I1.'%"1812! The structural analysis of these hCA TI-inhibitor
adducts revealed that the heterocyclic sulfonamide moiety of these inhibitors always
occupies the same position within the hCA Il active site, making several van der Waals
interactions with the side chain of residues GIn92, His94, Val121, Leul98, Thr199,
and Thr200 in addition to the canonical Zn>* coordination (Fig. 4. 19).105:118-121 e
thiadiazole ring, unlike the thiophene and the thiadiazoline ones, is able to establish
additional hydrogen bond contacts with the hydroxyl group of Thr200 through its
heterocyclic nitrogen atoms (Fig. 4.19b).!0%-119:121

Derivatization of the thiophene, 1,3,4-thiadiazole, and 1,3,4-thiadiazoline rings
by introducing a functional group in position 5 results in CAls with varied affinities
and physicochemical properties (see compounds 4.49-4.56).'14-116:120:122-128 A ¢
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FIGURE 4.19 Schematic representation of the binding mode of (a) thiophene, (b) thiadia-
zole, and (c) thiadiazoline derivatives within the hCA II active site

an example, the introduction of an acetamido moiety at the C5 atom of the 1,3,4-
thiadiazole ring led to acetazolamide (4.49),'°%!''*'2° the CAI par excellence,
which has been proved to possess very good pharmacological properties such as low
toxicity and excellent bioavailability. This compound has been continuously used to
manage glaucoma, gastroduodenal ulcers, and many other disorders since
1954."1212° The binding mode of 4.49 to the hCA Il active site has been investigated
in detail by means of X-ray crystallography revealing that, in addition to the already
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FIGURE4.20 Schematic representation of inhibitor 4.49 binding within the hCA I active site.

described interactions of the 1,3,4 thiadiazole ring with the CA active site, the
carbonyl oxygen of the acetamido moiety is hydrogen bonded to the side chain of
GIn92, while the methyl group establishes van der Waals interactions with Phe131

and GIn92 (Fig. 4.20)."'%°
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Methazolamide (4.51) is a thiadiazoline derivative, closely related to acetazol-
amide, that has been used in clinical medicine for more than 40 years.' Despite their
very similar structure, methazolamide is more liposoluble than acetazolamide, and
therefore it is characterized by a higher membrane permeability.' Due to its excellent
pharmacological properties, it has been largely utilized as lead compound for the
design of many other CAIs.%%'?%124126 Among the compounds derived from metha-
zolamide, 4-methyl-5-perfluorophenylcarboximido-8*1,3,4-thiadiazoline-2-sulfon-
amide (4.52) is worth noting since it was recently shown to act as an efficient topical
antiglaucoma drug.'?® Its binding to the hCA II active site is similar to that of other
heterocyclic sulfonamide inhibitors considering the interactions of the sulfonamide
and thiadiazoline ring but differs when the perfluorobenzoylimino fragment is
analyzed. Indeed, a strong hydrogen bond between the carbonyl oxygen of the
inhibitor and the GIn92NE2 atom is observed. Moreover, a strong stacking interaction
with Phel131 was also present (Fig. 4.21).'

The introduction of a second sulfonamide group at the C5 atom of the thiophene- or
1,3,4-thiadiazole-2-sulfonamide core has also been largely used for designing
important classes of pharmacological agents with improved physicochemical prop-
erties.'?>'** Important examples of compounds obtained in this way are constituted by
molecules 4.50 and 4.53-4.56.''°'?! The crystallographic analysis of the adducts of
these compounds with hCA 1I revealed that the second sulfonamide group can
establish several polar interactions with active site residues. In particular, in the case

FIGURE4.21 View of the active site region in the hCA 11-4.52 complex showing the residues
participating in recognition of the inhibitor molecule. Hydrogen bonds and the active site Zn*"
ion coordination are also shown (dotted lines). (See the color version of this figure in Color
Plates section.)
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FIGURE 4.22 Schematic representation of inhibitors (a) 4.54 and (b) 4.53 within the hCA 11
active site.

of the thiophene disulfonamides, one of the oxygen atoms of the secondary 5-
sulfonamide accepts a hydrogen bond from the GIn92NE2 atom'*° (Fig. 4.22a),
while the secondary sulfonamide moiety in thiadiazole disulfonamides is not able to
directly hydrogen bond the GIn92NE atom, but only through a bridging water and/or a
glycerol molecule''*'*! (Fig. 4.22b).

Different aromatic tails have been introduced to the secondary sulfonamide group.
Despite some sensible differences between these tails (ring type, ring substitutions,
and tail length), a comparative structural analysis of all these compounds in complex
with isoform Il reveals that the aromatic tails are all superposable and point toward the
hydrophobic part of the binding pocket, establishing an edge-to-face interaction with
the phenyl ring of Phe131,"*'?! a residue known to play a critical role in the binding
of inhibitors to hCA IL.'°

Bicyclic Sulfonamides Derived from Thiophene and Thiadiazole — The derivatization
of the previously reported thiophene disulfonamides by connecting the secondary
5-sulfonamide group with the C4 atom of the thiophene ring led to bicyclic compounds
containing the thienothiazine-6-sulfonamide-1,1-dioxide skeleton (compounds 4.7
and 4.57-4.66).'>° The CA inhibitory properties of these molecules were carefully
investigated both kinetically and structurally by Boriack-Sjodin et al.,'?® highlighting
that these bicyclic derivatives generally present a significant enhancement of the
enzyme-inhibitor affinity with respect to the corresponding thiophene disulfonamides
that present the same substitution of the secondary sulfonamide group.'? Crystallo-
graphic studies suggested that this increase in binding affinity results from the
preorganization of the secondary sulfonamide in an orientation that optimizes the
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interaction of the substituent with the hydrophobic patch defined by Phel31, Val135,
Leul98, Pro202, and Leu204. As already observed for the corresponding thiophene
disulfonamides, aromatic substituents on the endo-sulfonamide nitrogen establish a
critical edge-to-face interaction with Phel31 side chain (Fig. 4.23).120
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The effect of the substitution of the aromatic substituents on the endo-sulfonamide
nitrogen with aliphatic ethers, such as in 4.58 and brinzolamide 4.7, was also
thoroughly investigated kinetically and structurally.?®'** These studies revealed that
the loss of the edge-to-face interaction between the aromatic substituent and Phel31
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FIGURE 4.23 Schematic representation of inhibitor 4.66 binding within the hCA II active
site.

has only a minor impact on enzyme-inhibitor affinity, as long as the substituted
aliphatic group is sufficiently large to desolvate a correspondingly large hydrophobic
patch in the enzyme active site.'*® Stereochemical and configurational variations at
the C4 position of the thienothiazine-6-sulfonamide- 1,1-dioxide skeleton also modu-
late enzyme-inhibitor affinity. In particular, the addition of a methylamino group with
S stereochemistry changes the orientation of the ring compared to that in the absence of
a C4 substituent. Consequently, the affinity of the inhibitor decreases dramatically,
clearly indicating that bicyclic sulfonamides having substituents with S stereochem-
istry at C4 cannot be easily accommodated in the CA II active site.'° In agreement
with this observation, when a racemic mixture of the inhibitor is used, only the R
enantiomers bind to the enzyme.'*

The introduction of an additional degree of unsaturation between C3 and C4 in the
six-membered thiazine ring, as observed in compound 4.65, does not change the
binding mode of the inhibitor. Therefore, neither a C4 substituent nor the conforma-
tional flexibility of the thiazine ring seems to be required to achieve enzyme-inhibitor
affinity in the nanomolar or subnanomolar range.'?° On the contrary, the introduction
of a substituent in position 3, as observed in compounds 4.63 and 4.64, has a dramatic
effect on the binding mode of the inhibitor.'*® In particular, the orientation of the
aromatic substituents on the endo-sulfonamide nitrogen inside the active site changes
dramatically. In fact, in the crystal structure of hCA 11-4.64 complex, the morpholino
group is associated with the hydrophobic patch defined by Phel31, Val135, Pro202,
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FIGURE 4.24 Superposition of hCA II-inhibitor adducts: 4.65 is reported in white and 4.64
in black.

and Leu204, generally occupied by the substituents on the endo-sulfonamide nitrogen
in the absence of a C3 substituent (Fig. 4.24). Consequently, the meta-substituted
phenyl group is orientated toward the opposite side of the active site, at van der Waals
distance with Asn67, Ile91, GIn92, and Phe131 (Fig. 4.24)."*°

Ethoxzolamide (4.67) is another important bicyclic sulfonamide with CA inhibitory
properties that has been largely used as drug (not so much nowadays) for the treatment
of edema due to congestive heart failure, and for drug-induced edema, in addition to its
application as antiglaucoma agent. It has also been used as lead molecule for the design
of dorzolamide and brinzolamide. Although 4.67 presents a chemical structure
quite similar to brinzolamide, it shows a rather different inhibition profile. In fact,
while ethoxzolamide indiscriminately inhibits all CA isozymes except CA III,"*" in the
nanomolar or subnanomolar range, brinzolamide presents selectivity for the inhibition
of some isozymes over the others. Indeed, it does not inhibit appreciably CA I, CA III,
and CA IV."*? The structural analysis of the complex of ethoxzolamide with CA II and
the comparison with the corresponding hCA II-brinzolamide adduct suggest that the
different inhibition profiles of these two compounds can be ascribed to the presence of
bulky substituents on the bicyclic ring system of brinzolamide.
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4.3.3.3 Sulfonamides Containing Other Ring Systems Many other
annulated bicyclic systems, in which one of the rings incorporates a benzenesul-
fonamide moiety, were investigated for their CA inhibitory properties and many of
these derivatives, such as indanesulfonamides of type 4.68-4.69, thiazolinone
derivatives of type 4.70, and indolsulfonamides of type 4.71, were also structurally
characterized in their adduct with hCA IL**'**!** Among these compounds,
indanesulfonamides, which were originally investigated to better understand the
drug design of anticonvulsant CA inhibitors, have been thoroughly characterized.
Indeed, Chazalette and coworkers in 2004'%° reported a large series of such
derivatives, obtained by means of acylation reactions of some 1- and 2-amino
derivatives of the parent unsubstituted compound 4.68 with alkyl- and/or arylcar-
boxylic acid chlorides. In particular, starting from the medium-potency CA II
inhibitor 4.68 (K; of 52 nM), much more effective CAls were produced. Among
these derivatives, the indane-2-valproylamido-5-sulfonamide (4.69) was one of the
most interesting compounds, showing K; values of 3.4 and 1.6 nM against CA II
and I, respectively.'>> The pharmacological evaluation of this type of derivatives
was initially tested only against CA I and II, and then extended to other isoforms
with medicinal chemistry applications, showing these compounds being rather
effective and selective against CA IX and VIL'*®'¥7 The high-resolution crystal
structures of both 4.68 and 4.69 in complex with the physiologically dominant
human isoform I1'*? provided important information on the molecular basis of the
indanesulfonamides inhibitory properties. In particular, structural data showed that
both the inhibitor molecules were located in the enzyme active site coordinating the
Zn** ion by means of the deprotonated sulfonamide nitrogen and establishing a
large number of hydrophobic and polar interactions (Fig. 4.25). However,
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FIGURE 4.25 Schematic representation of inhibitors (a) 4.68 and (b) 4.69 within the hCA 11
active site.
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FIGURE 4.26  Superposition of hCA Il-inhibitor adducts: 4.68 is reported in yellow, 4.69 in
magenta, and 4.70 in cyan. (See the color version of this figure in Color Plates section.)

although these compounds have quite similar chemical structures, the arrangement
of their indane moieties within the active site showed significant differences
(Fig. 4.26). In fact, the indane ring plane within the hCA 11-4.69 complex was
rotated about 180° with respect to that observed in hCA 11-4.68 counterpart. This
structural rearrangement seemed to be necessary to avoid a steric clash between the
bulky valproylamide functionality of 4.69 and the residues present in the hydro-
phobic region of the active site.'*® The hypothesis of a structural rearrangement of
the inhibitor caused by the insertion of a bulky substituent on the indane ring found
a confirmation in the crystal structure of the hCA 11-4.70 complex reported by
Klebe’s group (Fig. 4.26)."** This molecule, developed using a virtual screening of
some libraries of compounds, is a submicromolar hCA II inhibitor and is structur-
ally related to 4.68 as it incorporates an unsubstituted thiazolinone ring. The
structural overlay of 4.68, 4.70, and 4.69, when bound to hCA II, showed a great
level of similarity in the binding mode of the first two inhibitors, as compared to the
latter one (Fig. 4.26). Taken together, these data suggested that the introduction of
bulky substituents on bicyclic sulfonamides may strongly influence the binding
mode of these molecules to the CA active site. Consequently, the introduction of
bulky tails on bicyclic ring systems may represent a powerful strategy to induce the
desired physicochemical properties (i.e., enhanced liposolubility) to an aromatic
sulfonamide CA inhibitor or to obtain inhibitors with diverse inhibition profiles and
selectivities for various mammalian CAs.
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4.3.3.4 Aliphatic Sulfonamides Aliphatic sulfonamides of the type R-
SO,NH, (R =Me, PhCH,) were originally investigated in the pioneeristic work
of Maren in 1967 that showed that differently from aromatic/heterocyclic sulfo-
namides, these compounds were extremely weak CAls. Successively, Maren and
Conroy'?® reported that some types of aliphatic sulfonamides could act as very
strong CAls. In particular, these studies showed that an increasing number of
halogen atoms in position 1 or 2, or both, from the sulfonamide moiety had the effect
to enhance the acidity of the SO,NH, moiety and consequently to improve the CA
inhibitory properties. Thus, derivatives such as trifluoromethane sulfonamide
(4.72)1% nonafluorobutane- 1-sulfonamide (4.73) were proved to act as nanomolar
CAls.
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Starting from these observations, this type of relatively little investigated CAls was
object of great interest in the search of compounds with different and possibly
improved selectivity/inhibition profiles, as well as enhanced solubility, compared to
the classical sulfonamide CAls. Unfortunately, until now only little structural infor-
mation on the binding mode of these molecules to the CA active site is available.
Trifluoromethane sulfonamide (4.72)139 was the first aliphatic sulfonamide to be
structurally characterized in its adduct with hCA II. This molecule is one of the most
potent inhibitors of CA II, even if its clinical use has been prevented by its toxicity and
limited bioavailability.'*® The significant CA inhibitory properties of this molecule
were mainly ascribed to its very strong acidity due to the high electron withdrawing
nature of the CF5 moiety and to its close proximity to the sulfonamide group.'*® The
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FIGURE 4.27 Superposition of hCA Il-inhibitor adducts that highlights the different
orientations of trifluoromethane sulfonamide 4.72 (green) with respect to a classical arylsul-
fonamide derivative such as acetazolamide 4.49 (cyan). (See the color version of this figure in
Color Plates section.)

structural analysis revealed that the binding mode of this inhibitor to the CA II active
site was considerably different from that of classical aromatic/heterocyclic sulfona-
mides. In fact, the small hydrophobic trifluoromethyl group was oriented inward
toward the active site, making van der Waals contacts with residues Vall121, Val143,
Leu198, Thr199, and Trp209 (Fig. 4.27). This orientation is generally inaccessible for
bulky aromatic groups that, instead, point outward from the active site cleft
(Fig. 4.27)."* Consequently, even if the position occupied by the sulfonamide
nitrogen atom was similar to that observed for the other sulfonamide inhibitors, the
positions of the two sulfonamide oxygens were different. In particular, the inhibitor
was rotated by approximately 180° around the sulfur—nitrogen bond with respect to
aromatic/heterocyclic sulfonamides, with both oxygens of the sulfonamide moiety
pointing outward from the active site cleft (Fig. 4.27)."*8

The other structural information available for aliphatic sulfonamides regards
different types of inhibitors, namely, compounds 4.74—4.77, including the widely
used antiepileptic drug zonisamide 4.74.%"-'4%-'*! These inhibitors are characterized
by the presence of a heteroaromatic ring connected to the sulfonamide zinc binding
group by an aliphatic spacer. X-ray crystallographic studies of the adducts of these
inhibitors with hCA 1II evidenced that the tetrahedral geometry of the zinc ion and
the hydrogen bond network between the sulfonamide moiety of all these inhibitors and
the enzyme active site were all retained with respect to other hCA II-sulfonamide
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FIGURE 4.28 Schematic representation of aliphatic sulfonamides (a) 4.74, (b) 4.75, (c) 4.76,
and (d) 4.77 bound within the hCA 1I active site.

complexes structurally characterized so far (Fig. 4.28).2"14*'*! On the contrary, the
orientation of the heterocyclic ring within the active site was completely different to
that of structurally related compounds such as acetazolamide (Figs. 4.28 and 4.29).
Indeed, the aliphatic spacer introduces an additional rotational freedom between the
sulfonamide and the ring moiety allowing orientations inside the active site not
accessible to the classical CAls. The structural analysis also highlighted that, although
compounds 4.74-4.77 have a similar organic scaffold, they present significant
differences in the binding mode to the active site. Indeed, while the heterocyclic
rings of inhibitors 4.74, 4.75, and 4.77 are quite well superimposable when bound to
the enzyme, all of them pointing toward the hydrophobic part of the active
site,>"14%14! the inhibitor 4.76 adopts a completely different orientation, pointing
toward the hydrophilic part of the active site and establishing a m-stacking interaction
with the imidazole ring of His94 (Figs. 4.28c and 4.29)."*' This peculiar orientation
was never observed in any other hCA II-inhibitor adducts and was mainly ascribed to
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FIGURE 4.29 Superposition of hCA II-inhibitor adducts: 4.49 is reported in black, 4.75 in
white, and 4.76 in grey.

the —CF,— spacer that formed a strong hydrogen bond with the Thr2000G atom
through one of its two fluorine atoms (Fig. 4.28c). On the contrary, the spacer in the
other three complexes'*' did not form any stabilizing interaction (Fig. 4.28a, b, and d).
The unusual orientation of 4.76 was further stabilized by another hydrogen bond
interaction between its NH, group and the Asn670D1 atom (Fig. 4.28¢).'*!

SO,NH,
\N
/
(0]
4.74
& .
N SO,NH, SONH, . // \ SONH
N/QS)\/ H2N s ., N/QS 2 2
/ F F / NH2
4.75 4.76 4.77

These studies evidenced novel binding modes of aliphatic sulfonamides containing
heterocyclic rings, suggesting that these compounds can represent an interesting
alternative to the classical aromatic/heterocyclic sulfonamides in the development of
CA isoform-specific inhibitors.
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4.3.3.5 Sulfamate CAls also Acting as Steroid Sulfatase Inhibitors A
key therapeutic target for the treatment of estrogen-dependent tumors, that is,
tumors with the hormones supporting their growth and development, is the steroid
sulfatase (STS).'***? This enzyme catalyzes the hydrolysis of steroid sulfates, such
as estrone-3-sulfate (E1S) to estrone (E1), which is the main source of estrogens
in tumors,'*? and modulates the production of androstenediol (Adiol), which
contributes to the estrogenic stimulation of hormone-dependent breast tumors.
Owing to the role of STS in supporting tumor growth, several structurally diverse
STS inhibitors have been developed in the past decade, with the irreversible types of
inhibitors having a phenol sulfamate ester as their active pharmacophore.'** One of
the most important features of these sulfamates is the concomitant ability to interact
with hCA 1II, since the sequestration by this enzyme in erythrocytes represents an
important mechanism that optimizes their oral activity, pharmacokinetics, and
represents a protection against first-pass metabolism.'** As a consequence, in the
last few years, to investigate in detail the interaction of many sulfamate-based STS
inhibitors with hCA 11, several X-ray structures of these compounds in complex with
this enzyme have been reported.'*~'>® Moreover, the finding that several sulfa-
mates were also found to be potent inhibitors of CA IX,">! whose expression is
increased in many tumors, recently raised the intriguing possibility that the
inhibition of CAs may contribute to the overall anticancer efficacy of this
class of drug.

EMATE (estrone 3-O-sulfamate, 4.78), was the first very potent STS inhibitor to
be reported, even though its further development was not followed, since this
compound was found to be highly estrogenic in rodents.'>? To overcome the side
effects of EMATE, efforts were made in parallel by various research groups. The
most notable approaches included the development of nonsteroidal mimics, such as
STX64 (4.79), a STS inhibitor currently in Phase I clinical trials for the treatment of
breast cancer, as well as the modification of the EMATE ring system or the
introduction of substituent(s) at various positions of its steroidal scaffold to give
derivatives such as 4.80, 4.81, and 4,82148- 150153154 ot were nonestrogenic but
remained highly potent against STS'*? and hCA II. The X-ray crystal structures of
their adducts with the latter enzyme'*>'4®148-150 were also recently reported,
showing that the sulfamate group of all these compounds binds to hCA II active site
in a similar manner, with the deprotonated NH™ moiety coordinating the Zn>" ion
(Fig. 4.30). The steroid nucleus of 4.78, 4.81, and 4.82 and the tricyclic ring
structure of 4.79 were rather well superposable (Fig. 4.31), all of them lying in the
hydrophobic part of the active site pocket, establishing a large number of strong van
der Waals interactions (see Fig. 4.30). Compound 4.82 established an additional
hydrogen bond interaction with residue GIn136 (see Fig. 4.30e). Surprisingly, a
different orientation was observed for compound 4.80, bound to the Zn>" ion
in the active site with the 17-O-sulfamate group, rather than the 3-O-sulfamate
one (Figs. 4.30c and 4.31). This finding was justified considering that, although the
ionization of the alkyl sulfamate of 17-position is disfavored respect to
the ionization of the aryl sulfamate of the 3-position, the 2-substituent could



O]
LT

11 VOU 943 UIthim punoq g8 (3) pue “I§ (p) 08+ (9) “6L°% (Q) ‘8L°p (¥) SIONQIYUI LS PIseq-Sjewej[ns jo uonejuasaidor onewayds ¢y AANOIL

(o]
% 002yl

861ne7

o)
2020.d
o]
\ vozne

90LNIv

9EHUID

002iuL

Lelaud

y0cha
GELIBA

(p)

96SIH

m_._.wf% V

V6SIH
ch_o

LSLIeA
EvLEA
lyina

861na7
Lelaud

SELIeA
zeLhin

0ena

(a)
904nio

/) <
6LLSIH \ﬁ_,w N H
\o 661UL
. o

Nm:_o
002yl

861na7

Leldud
¢0co.d

g€ :m>

"91IS QATIOR

901N

i
O 66 LUl

O 00gyL

20coid

.::I

(e)
904N

96SIH

B HN
N F N\ ;

7 N 7
611SIH _u 0

N ~\ o

|«\/_Z +2 .

z\_ NHT
0=S=0"

V6SIH
H
ceul _

LZLIeA
e 00c4yL

66HYL

LyLne]
861N
LeLeud .
2020.d
zeLhn

SEHEA

116



THREE-DIMENSIONAL STRUCTURES OF hCA II/INHIBITOR COMPLEXES 117

potentially render less favorable the interaction of the 3-O-sulfamate group
with the zinc ion, causing a steric hindrance with proximal residues in the active
site.

148

4.78 4.79 4.80

4.81 4.82

An alternative approach to the treatment of the hormone-dependent tumors consists
in reducing levels of estrogens using aromatase inhibitors. As the inhibitors of
aromatase given in conjunction with STS inhibitors would maximize estrogen
depletion in treated patients, new drugs can be obtained by designing dual aromatase—
steroid sulfatase inhibitors (DASIs) that inhibited both enzymes as single agents.
Important example of DASIs included 4-[(4-O-sulfamoylbenzyl)(4-cyanophenyl)-
amino]-4H-[1,2,4]triazole (4.83) and 4-[(3-bromo-4-O-sulfamoylbenzyl)-(4-cyano-
phenyl)amino]-4H-[1,2,4]triazole (4.84).15 5 These molecules, as observed for the
aforementioned STS inhibitors, containing the sulfamate moiety were also able to bind
the hCA II active site. In particular, compound 4.83 had ICs, value of 27 nM against
CAI, while 4.84 was four to five times less potent with an ICs( value of 137 nM. 147 A
detailed picture of the molecular interactions between these DASI compounds and
hCA II was shown by their crystal structures.'*” Both molecules were located within
the active site cavity and were stabilized by van der Waals interactions with several
protein hydrophobic residues (Fig. 4.32). However, the binding of these compounds
within the hCA II active site was similar, but not identical. Indeed, the introduction of
the bromine in compound 4.84 appeared to rotate the sulfamate-bearing aromatic ring
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FIGURE 4.31 Superposition of hCA Il-inhibitor adducts: 4.78 is reported in blue, 4.79 in
green, 4.80 in orange, 4.81 in yellow, and 4.82 in red. (See the color version of this figure in
Color Plates section.)
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4.83 and (b) 4.84 bound within the hCA II active site
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by about 30° away from Vall21 and toward Pro202, and the ring was displaced by
about 1.8 Atoward Val121. This was presumably due to the steric interactions between
the protein and the large bromine atom. Thus, the positioning of the sulfamate
containing aromatic ring and the accommodation of the large bromine atom appeared
to be the major factors that resulted in a significantly lower affinity of 4.84 toward the
CA II active site.

N
X N
—=N N
’/ \ ’4 \
NN NN
N N
0 0
O:?:O O:?:O
NH, NH,
4.83 4.84

In summary, the analysis of structures of the hCA II-sulfamates adducts
reviewed here, beyond to demonstrate that even small modifications to inhibitor
structures can produce large modifications in binding mode and affinity, signifi-
cantly expanded the knowledge of the interactions between sulfamate-based ligands
and hCA II and supported more rational drug design strategies to test whether other
classes of drugs can also be delivered by the inhibition of erythrocyte CA II upon
sulfamoylation.

4.3.3.6 Sulfonamide/Sulfamate/Sulfamide Containing Sugar Moieties
Although the use of CAls in the treatment of glaucoma represents a very useful
tool in reducing elevated intraocular pressure, the systemic administration of such
drugs often leads to unpleasant side effects as a consequence of the inhibition of
CAs present in other tissues different from the eye. Thus, a great interest has been
devoted in recent years to the development of topically effective antiglaucoma
sulfonamides and important advances have indeed been achieved with dorzolamide
and brinzolamide.'>®'>” The attachment of sugar moieties to the scaffold of
aromatic sulfonamides has also recently been proved to constitute an alternative
efficient approach for the development of topically acting CAls antiglaucoma
agents.'>®~'°! In fact, the derivatization of 4-carboxy-benzenesulfonamide (4.2) or
sulfanilamide (4.1) by means of tails incorporating various simple or more complex
sugar moieties, such as in derivatives 4.85-4.93, led to sulfonamides with an
excellent CA inhibitory activity.'>*'®=1%> Moreover, due to the highly hydrophilic
character of the sugar moieties, these sulfonamides presented a good water
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solubility, thus representing interesting drugs to be administered directly into
the eye.
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Until now, only one of these derivatives was structurally characterized for its
interaction with hCA II, namely, N-(4-sulfamoylphenyl)-o-D-glucopyranosylamine
(glucose derivative 4.93), one of the most promising compounds of this series. In fact,
this molecule was shown to be a potent inhibitor of several CA isozymes and a
promising antiglaucoma agent with topical activity in an animal model of the
disease.'®" The high-resolution X-ray crystal structure of the adduct hCA 11-4.93
was determined revealing the molecular basis of the strong enzyme inhibitory activity
of this sugar derivative.'® In particular, while the sulfonamide and the phenyl ring of
the inhibitor bound in the canonical way to the enzyme, the glycosyl moiety,
responsible for the high water solubility of the compound, was oriented toward the
hydrophilic region of the active site, stabilized by a network of seven hydrogen bonds
with five water molecules and the enzyme residues Pro201 and GIn92'%° (Fig. 4.33). It
is interesting to observe that the types of interactions observed in the hCA 11-4.93
adduct were never reported previously in other hCA Il-inhibitor complexes, and thus
they could be suitably used for the rational drug design of other sugar-based CAls.

Another class of CA inhibitors containing sugar moieties is represented by the
widely used antiepileptic drug topiramate 4.94 and its analogues 4.95 and 4.96.
Topiramate presents a peculiar chemical structure derived from a monosaccharide
bearing a sulfamate functional group. This drug possesses potent anticonvulsant
effects as a consequence of a multifactorial mechanism of action: blockade of sodium
channels and kainate/AMPA receptors, CO, retention secondary to inhibition of the
red cell and brain CA isozymes, and enhancement of GABAergic transmission. ' ¢
A side effect of this drug observed in obese patients was the loss of body weight,'”°
although no certain pharmacological explanation of this phenomenon has been
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FIGURE 4.33 Schematic representation of inhibitor 4.93 binding within the hCA II active
site.

provided so far. It was recently demonstrated that 4.94 is also a very potent inhibitor
of several CA isozymes, among which are hCA II (Kj of 13.8 nM) and hCA VA
(K; of 25.4nM).* To identify the basic molecular interactions that explain the high
affinity of 4.94 for CAs, the X-ray crystal structure of the adduct hCA 11-4.94 was
solved.”> The main protein—inhibitor interactions observed in this structure are
schematically depicted in Fig. 4.34a. According to this figure, apart from the common
interactions of the sulfamate group within the hCA II active site, an extended network
of hydrogen bonds between the inhibitor and some amino acid residues within the
enzyme cavity is observed.
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FIGURE 4.34 Schematic representation of inhibitors (a) 4.94 and (b) 4.96 bound within the
hCA 1I active site.

The sulfamide analogue of 4.94 (compound 4.95),'”" although differing only by the
substitution of an oxygen atom with an NH moiety, is a much less potent hCA 1I
inhibitor. The analysis of the crystal structure of the hCA 11-4.95 adduct explains well
this finding. In fact, although 4.95 binds in nearly the same conformation and in the

FIGURE 4.35 Superposition of hCA II-inhibitor adducts: 4.94 is reported in yellow and 4.96
in red. (See the color version of this figure in Color Plates section.)
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same region of the active site compared to 4.94, its C8 methyl group makes a clash with
methyl side chain of Ala65,*' thus explaining the weak binding of this compound to
hCA 1L

4.96'"" is another structural analogue of topiramate, where one of the di-
isopropylidene moieties was substituted by a cyclic sulfate group. The X-ray
structure of the hCA 11-4.96 complex has also been reported,'’* showing that the
inhibitor binds to the enzyme active site in a completely different way as compared
to 4.94 (Fig. 4.34b). In particular, while the sulfamate groups of these inhibitors are
nearly superposable, their sugar-derivative moieties are rotated by about 180°
within the enzyme active site (Fig. 4.35). This rotation causes in the hCA 11-4.96
complex a complete different pattern of hydrogen bond interactions and conse-
quently a diverse inhibition capability toward hCA I1.""? These results suggest that
even minor structural differences between two compounds, such as those observed
between 4.94, 4.95, and 4.96, may lead to a different arrangement in the CA active
site and consequently to very different inhibitory effects.

4.4 CONCLUSIONS

A wealth of X-ray structural data have been accumulated in the past 15 years
for CA—inhibitor complexes, including the two main classes of inhibitors: the
pharmacologically relevant sulfonamides and their isosteres (sulfamates, sulfa-
mides, ureates, and hydroxamates) and the simple inorganic anions. Although X-
ray crystal structures are already available for the majority of the 12 catalytically
active members of the o-CA family (i.e., isozymes I-VA, XII, XIII, and XIV),
most of the reported complexes with inhibitors regard just isozyme II (and to a less
extent isozyme I). These data are important for the drug design of isozyme-
selective CAls, a goal largely unattained for the moment, but for which important
advances have been made in the last few years.

By considering the three main structural elements needed to be present in the
molecule of a potent CAI, that is, a zinc binding group (ZBG), an organic scaffold,
and one or more ‘‘tails’ (side chains substituting the scaffold), important progress
has been achieved in our understanding of the factors that govern both potency
and selectivity against various CA isozymes for this class of pharmacological
agents.

The ZBGs leading to potent CAls may belong to various functionalities, with the
classical sulfonamide one still constituting the main player. However, bioisosteres
of the SO,NH, moiety, such as the sulfamate and sulfamide groups, were shown to
lead to equipotent inhibitors with the corresponding sulfonamides, whereas in some
cases even stronger CAls (than the sulfonamides) incorporating these functionali-
ties have been evidenced. Furthermore, as shown extensively in this chapter, the
sulfonamide, sulfamate, and sulfamide ZBGs bind in a very similar manner to the
Zn*" ion/amino acid residues within the CA active site in the enzyme—inhibitor
complexes, analyzed by X-ray crystallography so far. In addition, in some cases,
the sulfamides and sulfamates led to isozyme-selective CAls (compared to the
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corresponding sulfonamides) due to structural conformational changes in the
inhibitor molecule (not connected to the zinc binding of the anchoring group, but
having to do with the organic scaffold/side chains incorporated into the inhibitor
molecule and their interactions with the active site). This may be due to the different
geometries of these molecules induced by diverse hybridizations/angles of the
sulfamate/sulfamide ZBG compared to the sulfonamide one in which a C-SO,NH,
bond is present instead of the X-SO,NH, one (X = O or NH). Alternative ZBGs to
the sulfonamide/sulfamate/sulfamide ones have also been explored in some detail
by crystallographic methods. Thus, unsubstituted hydroxamates, N-hydroxy-urea,
and urea can be considered as promising such moieties although few compounds
were characterized thoroughly for the moment.

A multitude of various organic scaffolds were investigated in detail in CA—inhibitor
complexes, with four main classes of compounds evidenced so far: aromatic,
heterocyclic, aliphatic, and sugar derivatives. Aromatic (most of the time benzene
or naphthalene derivatives) sulfonamides constitute by far the most extensively
investigated class of CAls, followed by aromatic sulfamates and sulfamides.
Benzene-1,3-disulfonamides (of which dichlorophenamide is a clinically used drug)
were also investigated in detail ultimately. The heterocyclic ring systems incorporat-
ing sulfonamide as ZBG are immediately second in importance to the benzenesulfo-
namides, considering the fact that they are contained in many of the clinically used,
classical inhibitors (acetazolamide, methazolamide, ethoxzolamide), as well as in the
second generation of such agents (dorzolamide and brinzolamide). Many of these
CAIs incorporate five-membered sulphur-containing heterocycles (thiophene, 1,3.4-
thiadiazole, 1,3,4-thiadiazoline) or annulated five-membered such rings (benzo-b-
thiophene, benzothiazine, etc.). Recently, some indole-sulfonamide derivatives were
also investigated in detail, this ring system conferring very interesting properties to the
CAls incorporating it (some degrees of isozyme selectivity, potent antitumor activity,
etc). Several aliphatic derivatives were also finally investigated, such as the clinically
used antiepileptic zonisamide and some 1,3,4-thiadiazole derivatives substituted with
CH,SO,NH, or CF,SO,NH, moieties. The binding modes and the selectivity profiles
for inhibition of mammalian CAs of these compounds are completely new and
different from those of the aromatic/heterocyclic sulfonamides investigated earlier.
Thus, more detailed investigations of the aliphatic derivatives such as CAls (eventu-
ally incorporating other ZBGs than the sulfonamide one) are highly desirable and may
lead to important advances. Several sugar derivatives (incorporating both sulfonamide
and sulfamate and sulfamide ZBGs) were also characterized by means of X-ray
crystallography, leading to very interesting results and some isozyme-selective
inhibitors. For example, for the sulfamide analogue of topiramate, an important clash
with Ala65 in the CA II complex has been evidenced, which explains why the
compound is a roughly 200 times weaker hCA II inhibitor compared to topiramate.
Since Ala65 is present only in hCA II and not in other mammalian CA isozymes,
this finding affords a means for designing inhibitors that will bind hCA II with less
efficacy, a feature highly desirable for many CAls targeting other isoforms, such as CA
VA/VB, VI, VII, IX, XII, XIII, or XIV. Indeed, the topiramate sulfamide retained a
good inhibitory activity against most of these isozymes, while being a rather weak
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hCA Il inhibitor. More studies on sugar derivatives such as CAls are indeed needed to
have more insights into the factors governing potency and selectivity toward various
isozymes for this type of CAls.

However, the main problem with the classical, clinically used compounds (also
including the second-generation agents dorzolamide and brinzolamide) is related to
the fact that they are promiscuous inhibitors of all (or most of the) CA isozymes
found in mammals. Some low levels of isozyme selectivity are shown by dorzo-
lamide and brinzolamide that have been designed in such a way to act as much
weaker CA I than hCA II inhibitors, but similar to acetazolamide, methazolamide,
and ethoxzolamide, these two second-generation inhibitors strongly inhibit the
remaining 10 CA isozymes. Thus, considering only the ZBGs and the organic
scaffold, it is practically impossible to design isoform-selective CAls, as the
interactions around the metal ion and the organic scaffold (normally positioned
at the bottom and in the middle of the active site cavity, respectively) are basically
the same between the inhibitors and most CA isozymes with medicinal chemistry
applications. This also explains why the first- and second-generation CAls are
normally devoid of any isozyme selectivity. They are indeed rather small, compact
molecules that bind deeply within the enzyme active site. However, around 10 years
ago, we reported the “‘tail approach™ that afforded the rather facile synthesis of a
large number of CAlIs starting from aromatic/heterocyclic scaffold, also containing
derivatizable amino, imino, or hydroxy groups, to which various moieties (tails) were
introduced by normal chemical modification reactions (acylation, alkylation, ar-
ylsulfonylation, condensation, etc.). In this way, it was possible to modulate both the
physicochemical properties of the synthesized inhibitors (for example, by introduc-
ing tails that induce high water solubility, enhanced lipophilicity, or positive/
negative charges leading to membrane impermeability, fluorescence, spin-labeled
groups, etc.) and their affinity to the various isozymes, as the tail(s) usually interact
with amino acid residues toward the exit of the active site or on its edge. In fact, these
are the amino acids that are less conserved among the various mammalian CAs, and
this explains why most of these novel generation inhibitors show much more
interesting inhibition profiles compared to the classical ones. X-Ray crystal struc-
tures and homology modeling are available for some of these compounds, which
proved that both favorable interactions and clashes with particular amino acids
present only in some isozymes are critical for the inhibition profile and isozyme
selectivity issues. However, this research is still in its infancy and much work must be
done to better understand all factors governing selective inhibition and the design of
isozyme-specific inhibitors.

The coming years will thus probably see the report of the X-ray crystal structures for
the remaining mammalian CAs (CAVB, VI, VIL, IX, and X V). Itis also highly desirable
to have such structures for the catalytically inactive members of the family (CAVIIL X,
and XI) that are much less understood at this moment compared to the catalytically
active enzymes. Itis also desirable that interactions of the same inhibitor(s) with all CA
isozymes should be characterized by X-ray crystallography, as in the last instance, this
will indeed allow us to understand all factors governing selectivity in the drug design of
CAIs. This is for the moment possible to some extent only for acetazolamide, as its
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crystal structures in complex with CA II, IV, VA, XII, XIII, and XIV are reported.
However, as mentioned above, this is a too simple compound for allowing us to use
these structural data in the drug design of isoform-selective compounds. Indeed,
compounds with a more sophisticated chemical structure (such as those incorporating
different ZBGs than the sulfonamide one, and probably various tails in their aromatic,
heterocyclilc, aliphatic, and/or sugar scaffolds) may afford a deeper insight into
phenomena governing these intricate but fascinating processes. Although the CAls
field is a small one, these findings may be relevant to the general drug design research,
especially when enzyme families with a multitude of members and with similar active
site features are targeted.
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5.1 INTRODUCTION

The pioneering studies of Friedenwald,' Kinsey,” and Kinsey and Barany® on the
chemistry and dynamics of aqueous humor showed that the main constituent of this
secretion is sodium bicarbonate. The next step was the identification of carbonic
anhydrase (CA, EC 4.2.1.1) in the anterior uvea of the eye by Wistrand,* who
demonstrated that this enzyme (present mainly in the ciliary processes) is responsible
for the bicarbonate secretion, as a consequence of the hydration reaction of carbon
dioxide with bicarbonate and protons. Becker” then showed that the sulfonamide CAI
acetazolamide, 5.1, produced a drop of the intraocular pressure (IOP) in experimental
animals and humans, whereas Kinsey and Reddy® proved that this phenomenon is due
to a reduced bicarbonate secretion as a consequence of CA inhibition by the
sulfonamide drug. This was the beginning of a novel treatment for glaucoma, a
condition affecting an increasing number of the population and is also the leading
cause of blindness in the Western countries.

(0] N—N
PN
Me N S S//_NH
H /] 2
(0]
5.1

Drug Design of Zinc-Enzyme Inhibitors Edited by Claudiu T. Supuran and Jean-Yves Winum
Copyright © 2009 John Wiley & Sons, Inc.

139



140  ANTIGLAUCOMA CARBONIC ANHYDRASE INHIBITORS AS OPHTHALMOLOGIC DRUGS
5.2 SULFONAMIDES IN THE TREATMENT OF GLAUCOMA

Glaucoma is a chronic, degenerative eye disease, characterized by high IOP that
causes irreversible damage to the optic nerve head and as aresult the progressive loss of
visual function and eventually blindness.>® Elevated IOP (ocular hypertension) is
generally indicative of an early stage of the disease.®'®!" CAIs represent the most
physiological treatment of glaucoma, since by inhibiting the ciliary process enzyme
(the sulfonamide susceptible isozymes CA II and XII'>7'%), a reduced rate of
bicarbonate and aqueous humor secretion is achieved, leading to a 25-30% decrease
in TOP.!2714 Indeed, acetazolamide 5.1, methazolamide 5.2, ethoxzolamide 5.3, or
dichlorophenamide 5.4 were and are still extensively used systemic drugs in the
therapy of this disease,'>”!” as they all act as very efficient inhibitors of several CA
isozymes, and principally of CA II, and CA XII, the isozymes thought to be involved in
aqueous humor secretion at this moment.'>~'® It has previously considered'® that CA
IVis also involved in such processes, but we have recently proved that some clinically
used antiglaucoma sulfonamides act as very weak human CA IV inhibitors, excluding
thus the possibility that this isozyme plays a critical role in aqueous humor formation
in Homo sapiens."®
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The best studied drug of this class is acetazolamide, which has been frequently
administered for years due to its efficient reduction of IOP, very reduced toxicity, and
ideal pharmacokinetic properties.”’ In the long-term therapy, acetazolamide 5.1 is
administered in the dose of 250 mg every 6 h, whereas the more liposoluble, structur-
ally related methazolamide 5.2 in dose of 25-100 mg three times daily; an equal
dosage of dichlorophenamide 5.4 is also useful in reducing ocular hypertension.® But
as CAs are ubiquitous enzymes in vertebrates, the administration of these systemic
sulfonamides with such a high affinity for the enzyme leads to CA inhibition in other
organs than the target one (i.e., the eye) and as aresult, to undesired side effects of these
drugs. The most frequent side effects are numbness and tingling of extremities,
metallic taste, depression, fatigue, malaise, weight loss, decreased libido, gastroin-
testinal irritation, metabolic acidosis, renal calculi, and transient myopi21.8’18’21
Although producing all these unpleasant side effects, systemic sulfonamide CAls of
the type mentioned above (compounds 5.1-5.4) are particularly useful in the man-
agement of glaucoma resistant to other antiglaucoma therapies and in the control of
acute glaucoma attacks.”” Even if the clinical introduction of the topically acting
compounds 5.5 and 5.6 (see later in the text) initially seemed to have produced a
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marked loss of interest in acetazolamide and other systemic sulfonamides, there are
several reasons why acetazolamide and the related drugs 5.2-5.4 still find a place in the
clinical armamentarium of antiglaucoma drugs: (i) dorzolamide 5.5 reduces IOP by up
to 23% as monotherapy and an extra 15% when combined with timolol, whereas
acetazolamide 5.1 alone reduces IOP by 30%;”'*'® (ii) dorzolamide inhibits aqueous
flow by 17%, whereas acetazolamide inhibits this parameter by 30%;> (iii) ocular
burning and stinging was reported in 12—19% of patients undergoing topical dorzo-
lamide treatment, whereas the other topically acting sulfonamide available, brinzo-
lamide (5.6), is much less effective than acetazolamide and dorzolamide in reducing
high IOP, for example, IOP reduction of 20% when brinzolamide was administered
three times a day as 1% suspension.** Thus, systemically acting sulfonamide CAls are
many times preferred by ophthalmologists for the management of glaucoma, mainly
due to their well-known pharmacological properties, low toxicity, and much lower cost
compared to the newer drugs dorzolamide and brinzolamide.*
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The idea to administer topically, directly into the eye, the sulfonamide CAI was
already addressed by Becker’. This and other studies involving the clinically used
compounds 5.1-5.4 only gave negative results, being concluded that sulfonamide
CAIs are effective as antiglaucoma drugs only via the systemic route.®® The lack of
efficiency of sulfonamides 5.1-5.4 via the topical route was due to the fact that the
drug was unable to arrive at the ciliary processes where CA is present.g’21 The
inadequate drug penetrability through the cornea was due to the fact that sulfonamides
5.1-5.4 possess inappropriate physicochemical properties for such a route of admin-
istration. Then, in 1983, in a seminal paper Maren et al.?! postulated that a water-
soluble sulfonamide, possessing a relatively balanced lipid solubility (to be able to
penetrate through the cornea) as well as CA inhibitory properties strong enough,
would be an effective IOP lowering drug via the topical route, but at that moment no
inhibitors possessing such physicochemical properties existed, as the bio-organic
chemistry of this class of compounds remained relatively unexplored.*” Water-soluble
sulfonamide CA inhibitors started to be developed in several laboratories soon
thereafter, and the first such pharmacological agent dorzolamide 5.5 was launched
by 1995."® A second compound, brinzolamide 5.6, structurally very similar to
dorzolamide, was approved for the topical treatment of glaucoma in 1999.%

Dorzolamide 5.5 and brinzolamide 5.6 are nanomolar CA II/XII inhibitors,
possess a good water solubility, are sufficiently liposoluble to penetrate through the
cornea, and may be administered topically, directly into the eye, as a 2% water solution
(of the dorzolamide hydrochloride salt) or as 1% suspension (as the brinzolamide

12,13-15
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hydrochloride salt) 2-3 times a day.'®** The two drugs are effective in reducing IOP
and show fewer side effects compared to the systemically applied drugs. The observed
side effects include stinging, burning, or reddening of the eye; blurred vision; pruritus;
and bitter taste.'®** All but the last are probably due to the fact that dorzolamide (the
best studied topical CAl) is the salt of a weak base with a very strong acid, so that the pH
of the drug solution is rather acidic (generally around 5.5). The last side effect
mentioned above is probably due to drug-laden lachrymal fluid draining into the
oropharynx and inhibition of CA present in the saliva (CAVI) and the taste buds (CA I
and VI), with the consequent accumulation of bicarbonate, and was seen with both
systemic and topical CAIs."®** Less is known for the moment regarding the side
effects of brinzolamide, but it seems that this drug produces less stinging but more
blurred vision compared to dorzolamide.'®** Unfortunately, dorzolamide showed
some more serious side effects, such as contact allergy,® nephrolithiasis,>’ anorexia,
depression, and dementia®® and irreversible corneal decompensation in patients who
already presented with corneal plroblems.29 Thus, even if dorzolamide and brinzo-
lamide indeed represent a major progress in the fight against glaucoma with therapies
based on CAls, novel types of topically effective inhibitors belonging to this class of
pharmacological agents are stringently needed and much investigated.

One approach recently reported for obtaining novel types of such agents
consisted in attaching water-solubilizing moieties to the molecules of aromatic/
heterocyclic sulfonamides.'*™'7-*> Such moieties included pyridine-carboximido;
carboxypyridine-carboxamido, quinolinesulfonamido; picolinoyl, isonicotinoyl,
perfluoroalkyl/arylsulfonyl, as well as amino acyl groups among others, whereas
ring systems that have been derivatized by using the above-mentioned moieties
included 2-, 3-, or 4-aminobenzenesulfonamides; 4-(w-aminoalkyl)-benzenesulfo-
namides; 3-halogeno-substituted-sulfanilamides; 1,3-benzene-disulfonamides;
1,3,4-thiadiazole-2-sulfonamides; benzothiazole-2-sulfonamides; and thienothio-
pyran-2-sulfonamides among others, and they were chosen in such a way as to

TABLE 5.1 Fall of IOP of Normotensive Rabbits After Treatment with One Drop
(50 pL) Solution of 2% CAIs of Types 5.7-5.12 Directly into the Eye, at 30, 60, and
90 min After Administration

AIOP (mmHg)?

Inhibitor pH* t=0 t=30min t=60 min t=90 min
Dorzolamide 5.5 0 22+0.1 4.1+£0.15 2.7+0.1
5.5

5.7 6.5 0 59+0.2 11.2+£0.5 13.1£0.3
5.8 6.5 0 54+0.1 109+0.4 12.5£0.3
5.9 5.5 0 48+0.1 82+0.1 7.0£0.2
5.10 7.0 0 4.0+£0.2 7.2+0.1 9.0+£0.2
5.11 7.5 0 3.0£0.1 7.2+0.2 55+03
5.12 5.5 0 49+0.1 8.7+£03 6.9+04

“ The pH of the ophthalmic solution used in the experiments.
5 AIOP = IOP.our01 eye — IOPyeqied eye; Mean = average spread (n=3).
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demonstrate that the proposed approach is a general one.’*® Compounds such as
5.7-5.12 showed 2-3 times more effective topical IOP lowering effects in rabbits
compared to dorzolamide.**® They possessed good water solubility (as hydro-
chlorides, triflates, or trifloroacetates), inhibition in the low nanomolar range
against hCA II (the figures after the number characterizing the compound represent
the inhibition constant against hCA II), good penetrability through the cornea, and
very good IOP lowering properties in both normotensive and glaucomatous rabbits
(Table 5.1). What is more important, this effect lasted for a prolonged period
compared to the similar effect of dorzolamide.

Me
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— —— H
HCl HCI
7 (3 nM, hCA II) 5.8 (2 nM, hCA Il)

5.9 (3nM, hCAl)

5.10 (3 nM, hCAII)

/\</\4 /CH,

o}
I HCI \ Q
S—NH, | $—NH,
o HC™ 58 S O

o’ o

5.11 (10 nM, hCA II) 5.12 (6 nM, hCA )

5.3 COMBINATION ANTIGLAUCOMA THERAPY OF CAIs WITH OTHER
PHARMACOLOGICAL AGENTS

Another approach for improving topically administered CAls, mainly dorzolamide or
brinzolamide, consisted in formulating the eye drops containing the two sulfonamides
in combination with other topically/systemically acting antiglaucoma drugs such as
B-blockers, prostaglandins, or acetazolamide.’*™* Xanthan gum (0.5%), which
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contains a high molecular weight polysaccharide possessing pseudoplastic properties
and, in consequence, an unusually high ocular penetration, associated with dorzola-
mide hydrochloride (2% water solution), has also been used in association with
dorzolamide, which is more efficient as an IOP lowering agent in this combination.'®
Dorzolamide hydrochloride 2% water solution (or brinzolamide hydrochloride, 1%
suspension) was shown to effectively lower IOP when associated with the -blocker
timolol 5.13 (0.5%), with the prostaglandin derivatives latanoprost 5.14 (0.005-0.1%)
or unoprostone 5.15 (0.005-0.1%), or with the systemically administered acetazol-
amide.’*™ In all these cases, an additive effect of about 15% on IOP lowering of the
two drugs has been observed, whereas side effects seemed to be reduced or of
diminished intensity compared to the side effects of each drug alone.

5.14

Complexes of several 1,3,4-thiadiazole-2-sulfonamide derivatives of type
5.16-5.19, possessing strong CA inhibitory properties with hydroxypropyl-
B-cyclodextrin (HPBCD), have also recently been investigated for IOP lowering
properties, being known that the association of ophthalmologic drugs with cyclodex-
trins may lead to enhanced penetration of the drug within the eye.** Although the
investigated CAIs 5.16-5.19 possessed very powerful inhibitory properties against the
two CA isozymes involved in aqueous humor production within the eye, that is, CA II
and IV (in the low nanomolar range), these compounds were topically ineffective as
IOP lowering agents in normotensive/hypertensive rabbits due to their very low water
solubility and impossibility to penetrate through the cornea to arrive at the ciliary
process enzymes. On the contrary, the cyclodextrin—sulfonamide complexes proved to
be effective and long-lasting IOP lowering agents in the two animal models of
glaucoma mentioned above, leading to strong IOP lowering, as shown in Fig. 5.1,
where data for the standard drug dorzolamide are also provided. It is obvious that the
association of sulfonamide CAls with cyclodextrins leads to a very efficient IOP
lowering in this glaucoma animal model, constituting a thought-provoking approach
for developing antiglaucoma medications for human use.
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A 1OP (mmHg)

Time (h)
FIGURE 5.1 Effect of topically administered sulfonamide CA inhibitors (2% water solu-
tions/suspensions) on the IOP of hypertensive albino rabbits (initial IOP of 33 £+ 3 mmHg).
Curve 1: dorzolamide DZA (hydrochloride salt, pH 5.5); curve 2: brinzolamide BRZ (2%
suspension); curve 3: compound 5.24 (solution, pH 7.0); curve 4: compound 5.26 (solution,

pH 7.0).
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More recently, sugar moieties have been designed as tails to induce increased
hydrophilicity and water solubility into sulfonamide CAIs. Winum et al.** reported a

series of N-(p-sulfamoylphenyl)-o-p-glycopyranosylamines of type 5.20-5.27 pre-
pared by the reaction of sulfanilamide with different monosaccharides in the presence
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of ammonium chloride. The new compounds were investigated for inhibition of CAs
involved in aqueous humor secretion within the mammalian eye. Isozymes CA I and I
were strongly inhibited by some of these compounds, with inhibition constants in the
range of 510-1200nM against CA I and 10-25nM against CA II, similarly to
clinically used sulfonamides, such as acetazolamide, methazolamide, dichlorophe-
namide, dorzolamide, and brinzolamide. The presence of sugar moieties in these
molecules induced enhanced water solubility compared to other sulfonamides. In
hypertensive rabbits (a widely used animal model of glaucoma), two of the new
compounds, thatis, 5.24 and 5.26, showed strong and long-lasting IOP lowering, being
more effective than dorzolamide and brinzolamide, the two clinically used, topically
acting antiglaucoma sulfonamides with CA inhibitory properties (Fig. 5.1).
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o o) OH SO,NH,
HO HO NH
Ho NH 5.20 523 o
OH OH - HN
OH " on 5.26
Ho OH SOZNHZ SO;NH,  OH

HO /© SO,NH,
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5.4 CAls INCORPORATING NO-DONATING MOIETIES

The largest majority of the topically acting antiglaucoma drugs (the B-blockers, the
prostaglandin analogues, the sympathomimetics, etc.), except for the sulfonamide
CAls, also act as vasoconstrictors, 394046 Sulfonamide, such as acetazolamide,
methazolamide, dorzolamide, or brinzolamide, in addition to efficiently lowering IOP
after systemic (acetazolamide and methazolamide) or topical administration (dorzo-
lamide and brinzolamide) show powerful vasodilating effects, connected with the
concomitant raising of the carbon dioxide partial pressure in the blood.**~° The
unusual property of this class of antiglaucoma drugs mentioned above prompted us to
investigate the possible role of nitric oxide (NO) precursors/donors (such as arginine or
sodium nitroprusside among others) in association with different topical antiglaucoma
medications and also to design new compounds that incorporate both sulfonamide and
NO-donating moieties in the same molecule.

It has been known since the early 1980s that the vascular relaxation caused by
acetylcholine depends on the presence of the vascular endothelium, and this activity
was ascribed to a labile humoral factor termed endothelium-derived relaxing factor,
which was eventually attributed to nitric oxide.*® The activity of NO as a vasodilator
has been known for over 100 years. In addition, NO is released in vivo as a result of
dosing a patient with amy] nitrite, nitroglycerin, or other nitrovasodilators. However,
NO and its sources are not known to directly affect intraocular pressure.*® We recently
investigated whether the in vivo NO precursor arginine (Arg) as well as the inorganic
salt with clinical applications sodium nitroprusside (SN, which easily liberated the
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FIGURE 5.2  Effect of topically administered NO donors arginine and sodium nitroprusside
on IOP lowering in normotensive albino rabbits (initial IOP = 18 & 3 mmHg). Curve 1: Arg 2%;
curve 2: Na nitroprusside 2%.

coordinated to Fe(IlI) NO molecule in solution) may have an effect on IOP in
normotensive and hypertensive rabbits. As shown from data of Fig. 5.2, topically
administered Arg or SN, in concentrations of around 2%, strongly lower IOP in this
animal model of the disease.

Furthermore, we combined diverse IOP lowering drugs, such as dorzolamide
(Figs 5.3 and 5.4) or timolol 5.13 (Fig. 5.5), with various concentrations of NO-
donating agents (Arg or SN in concentrations from 1 to 3%) and again a very potent
IOP lowering effect has been observed that is much more potent and long lasting than
the individual drug alone.

In the next step, we reported an entire new class of sulfonamides incorporating
nitrate esters in their molecule*® that may also easily release NO in solution, of which
compounds 5.28 and 5.29 are two well-studied representatives.*® These compounds
were shown to be low nanomolar CAls for CA 1II, IV, IX, and XII and to strongly
diminished elevated IOP in hypertensive albino rabbits when administered via the
topical route (Fig. 5.4).
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5.29
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FIGURE 5.3 Effect of topically administered IOP lowering drugs (50 pL solutions) on the
IOP of normotensive albino rabbits (initial [OP = 18 &+ 3 mmHg). Curve 1: Dorzolamide (DZA)
2% (standard); curve 2: DZA 1% + Arg 1%; curve 3: DZA 1% + Arg 3%; curve 4: DZA
1% + Na nitroprusside 0.5%; curve 5: DZA 1% + Na nitroprusside 1%.
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FIGURE 5.4 Effect of topically administered IOP lowering drugs (50 pL solutions) on the
IOP of hypertensive albino rabbits (initial [OP = 30 £+ 2 mmHg). Curve 1: Dorzolamide (DZA)
2% (standard); curve 2: Sulfonamide 5.28"° 1%; curve 3: Sulfonamide 28*° 2%.
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FIGURE 5.5 Effect of topically administered IOP lowering drugs (50 pL solutions) on the
IOP of normotensive albino rabbits (initial IOP = 18 + 3 mmHg). 1: Timolol 5.13 2% (stan-
dard); 2: Timolol 5.13 2% + Arg 2%; 3. Timolol 5.13 1% + sodium nitroprusside 2%.

The mechanism of action of NO on IOP lowering is unknown for the moment, but it
may be related to the direct inhibition of CA in addition to the well-known vasodilating
effects of this molecule. Further studies are warranted to better understand these
phenomena and to launch clinically this class of very promising pharmacological
agents.

5.5 CAlIs IN MACULAR EDEMA, MACULAR DEGENERATION, AND
DIABETIC RETINOPATHY

Optic nerve blood flow is diminished in the eyes of primary open-angle glaucoma
suspects and patients.*” Since sulfonamides with CAI inhibitory properties act as
vasodilators,'*'* this may explain the use of such drugs in the treatment of retinal
edema and age-related macular degeneration. In consequence, these pharmacological
agents may represent a new approach for improving visual function. Thus, retinal
edema (alsoreferred to as cystoid macular edema) consists of a swelling process within
the critically important central visual zone and may develop in association with a
variety of ocular conditions such as diabetic retinopathy, ischemic retinopathies,
intraocular surgery (such as cataract removal or implantation of plastic lenses), laser
photocoagulation, and so on.*’ % It is also common in patients affected by retinitis
pigmentosa, a hereditary disorder leading to total blindness.”" The precise mechanism
by which the swelling process is triggered is uncertain, but natural metabolic toxins
may play a role in this disease.*’ Macular degeneration on the other hand is
characterized by fluid accumulation in the outer retina, accompanied by lipofuscin
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(a metabolic waste product) accumulation between photoreceptors and the villi of the
retina pigment epithelium. These catabolic waste products (also denominated drusen)
are generally cleared by the blood in the healthy retina, but with aging they tend to
accumulate and coalesce, so that vast areas of the retinal photoreceptors become
disengaged from their neighboring retinal pigment epithelial villi.*’ " As a conse-
quence of drusen confluencing in the foveal area, the affected sections of the retina
become blind, which may trigger a macular degenerative disease, with a dramatic loss
of the visual function. No satisfactory current therapy for this condition is known for
the moment.**~>°

The use of CAls in the treatment of macular edema is based on the important
observation®’ that acetazolamide 5.1 (as sodium salt) is effective in the treatment of
this condition when administered systemically. A similar efficiency has also recently
been reported for dorzolamide*®* after topical administration (obviously, without the
side effects of the systemic inhibitor 5.1). It is generally assumed that the disappear-
ance of the edema and the improvement of visual function are independent of
the hypotensive activity of the sulfonamide, being due to direct effects of the drug
on the circulation in the retina.*’ Practically, acetazolamide, dorzolamide, or brinzo-
lamide act as local vasodilators'® and improve blood flow in this organ and, in
consequence, clearing of metabolic waste products, drusen, and so on. The improve-
ment of visual function after such a treatment (in early phases of the disease) seems to
be very good.*

It has also been reported that acetazolamide (375 mg/day) is effective in the
treatment of serous retinal detachment of various etiologies (this disease is also
generally not amenable to treatment).>* Additional studies should be done to establish
whether the topically acting sulfonamide CAIs might be also used in this serious
medical problem.
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I CHAPTER 6

Diuretics with Carbonic Anhydrase
Inhibitory Activity: Toward Novel
Applications for Sulfonamide Drugs

DANIELA VULLO, ALESSIO INNOCENTI, and CLAUDIU T. SUPURAN

Laboratorio di Chimica Bioinorganica, Universita degli Studi di Firenze, Room 188,
Via della Lastruccia 3, I-50019 Sesto Fiorentino (Firenze), Italy

6.1 INTRODUCTION

Thiazide diuretics, such as hydrochlorothiazide, chlorthalidone, or indapamide
among others, were the first well-tolerated and efficient antihypertensive drugs that
significantly reduced cardiovascular disease (CVD) morbidity and mortality in
placebo-controlled clinical studies.'® Being a fundamental therapeutic option not
only for patients with CVD but also for those suffering from type II diabetes, obesity,
and related metabolic complications, these drugs are highly prescribed. 1-6 Asinitially
thought, their mechanism of action is more complicated than the diuretic/saluretic,'
and it has recently been shown that many such sulfonamides exert a direct vasodilator
effect by activating calcium-activated potassium channels (KCa),* which in turn
depend on the pH control of the zinc enzyme carbonic anhydrase (CA, EC4.2.1.1) that
catalyzes the interconversion between carbon dioxide and bicarbonate, with a release
of a proton.”

Acetazolamide (5-acetamido-1,3,4-thiadiazole-2-sulfonamide) 6.1 is a potent but
promiscuous inhibitor of CAs and was the first nonmercurial diuretic to be used
clinically in 1956.”® Acetazolamide represents the prototype of a class of pharmaco-
logical agents with apparently limited therapeutic usefulness nowadays; however,
they played a major role in the development of fundamental renal physiology and
pharmacology, as well as in the design of many of the widely used diuretic agents such
as the thiazide and high-ceiling diuretics."’~'? In mammals, 16 different o-CA
isozymes or CA-related proteins (CARP) have been described so far, with very
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different catalytic activity, subcellular localization, tissue distribution, and suscepti-
bility to be inhibited by sulfonamides.””'* These enzymes catalyze a very simple
physiological reaction, the interconversion between carbon dioxide and bicarbonate
ion, and are thus involved in crucial physiological processes connected with respira-
tion and transport of CO,/bicarbonate between metabolizing tissues and lungs, pH and
CO, homeostasis, electrolyte secretion in a variety of tissues/organs, biosynthetic
reactions (such as gluconeogenesis, lipogenesis, and ureagenesis), bone resorption,
calcification, tumorigenicity, and many other physiologic/pathologic processes.”'*
CAs are highly abundant in the kidneys (a total concentration of about 8—10 pM has
been estimated for this organ), and many isoforms have been shown to be present in
various tissues of this organ. 15:16 C A isoforms, such as CA IL IV, VB, IX, XII and XIV,
present in kidneys play a crucial role in at least three physiological processes: (i) the
acid-base balance homeostasis (by secreting and excreting protons, due to the carbon
dioxide hydration reaction catalyzed by these enzymes); (ii) the bicarbonate reab-
sorption processes, and (iii) and the renal NH," output. '®'7 These important
functions are well localized in the different segments of the nephron: bicarbonate
reabsorption occurs in the proximal tubule, whereas urinary acidification and NH,*
output occur in the distal tubule and collecting duct.'®!” Following the administration
of a CA inhibitor (CAI), such as acetazolamide 6.1, the volume of urine promptly
increases, and its normally acidic pH (of 6) becomes alkaline (around 8.2). 12,1617 Ay
increased amount of bicarbonate is eliminated into urine (120 times higher than the
amount eliminated normally), together with Na™ and K™ as accompanying cations,
whereas the amount of chloride excreted is diminished. The increased alkalinity of the
urine is accompanied by a decrease in the excretion of titratable acid and ammonia,
and in consequence by metabolic acidosis. This sequence of events is due to the
inhibition of various CA isozymes in the proximal tubule, which leads to inhibition of
H* secretion by this segment of the nephron. Inhibition of both cytosolic (CA II) and
membrane-bound (CA IV and XIV) enzymes seems to be involved in the diuretic
effects of the sulfonamides.'*'®'® Inhibition of such CAs decreases the availability
of protons for the Nat—H™ antiporter, which maintains a low proton concentration in
the cell. The net effect of these processes is the transport of sodium bicarbonate from
the tubular lumen to the interstitial space, followed by movement of the isotonically
obligated water, and thereafter augmented diuresis. CAls also increase phosphate
excretion (by an unknown mechanism) but have little or no effect on the excretion of
calcium or magnesium ions.'®!”

Acetazolamide 6.1 and structurally related sulfonamides, such as methazolamide
6.2, ethoxzolamide 6.3, and dichlorophenamide 6.4, were and are still used for the
treatment of edema due to congestive heart failure and for drug-induced edema, in
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addition to their applications as antiglaucoma agents.”® However, these systemic
CAIs generally produce many undesired side effects due to inhibition of CAs present
in other organs than the kidneys (see Chapter 5). The structurally related compound to
acetazolamide, benzolamide 6.5, with an acidic pK, of 3.2 for the secondary sulfon-
amide group is completely ionized at the physiological pH as sulfonamidate anion.”"®
Its renal effect on bicarbonate excretion is around 10 times as potent as that of
acetazolamide, the drug being maximally active at doses of 1 mg/kg and being actively
and rapidly accumulated in the kidney, but its plasma half-life is only 20 min. All these
facts make benzolamide a renal-specific CAI, but the compound has not been
developed for wide clinical use due to its inappropriate pharmacokinetics, although
some anecdotical reports indicate that it might be beneficial for patients suffering from
chronic obstructive lung disease.®
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Using acetazolamide 6.1 as lead, a large number of other quite successful sulfon-
amide diuretics were developed in the 1960s and 1970s, such as the benzothiadiazines
6.6 (hydrochlorothiazide 6.6a, hydroflumethiazide 6.6b, and the like), quinethazone
6.7, metolazone 6.8, chlorthalidone 6.9, indapamide 6.10, furosemide 6.11, and
bumetanide 6.12.”%1%'® Some of them are among the most widely clinically used
diuretics,'~® and as they all possess primary SO,NH, moieties, acting as excellent zinc
binding groups for the metal ion present within the CA active site, % it is to be expected
that they should also have CA inhibitory properties. However, this issue has been
investigated only in the 1960s or 1970s when these drugs were launched and when only
one CA isozyme (i.e., CA II) was presumed to exist and be responsible for all the
physiologic effects of the sulfonamide drugs. The interaction of some of these
clinically used diuretics with all 12 catalytically active mammalian CA isoforms was
reinvestigated recently.”'*'® The X-ray crystal structures of some of them (chlortha-
lidone 6.9 and indapamide 6.10) in complex with CA Il were also reported.'® Such data
are highly useful for the design of novel classes of more isozyme-selective CAls and,
most important, to understand some new pharmacological effects of these old drugs.
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6.2 SULFONAMIDE DIURETICS AS CARBONIC ANHYDRASE
INHIBITORS

In Table 6.1, the inhibition data of the 12 mammalian catalytically active CAs with
drugs 6.1-6.12 are shown.” These data show that like the clinically used/orphan
drug classical sulfonamide CAls, that is, compounds 6.1-6.5, the clinically used
diuretics 6.6—6.12 also act as inhibitors of all 12 investigated CA isozymes, but with
an inhibition profile quite different from that of inhibitors investigated earlier,
particularly 6.1-6.5. The following should be noted from these inhibition data.
(i) Hydrochlorothiazide 6.6a acts as a medium potency inhibitor of isoforms hCA I,
II, VB, IX, and XII, with inhibition constants in the range of 290-603 nM, the
compound being a weaker inhibitor of isoforms hCA VA, VI, VII, XIII, and XIV
(Ky’s in the range of 3.655-5.010 uM) and an exceedingly weak one against hCA I1I
(K7 of 0.79 mM). (ii) Hydroflumethiazide 6.6b shows an inhibition profile quite
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distinct from that of the closely structurally related diuretic 6.6a, being a rather
efficient inhibitor of the isoforms hCA 11, VB, VII, IX, XII, and XIV, with inhibition
constants in the range of 305435 nM. This sulfonamide is a weaker inhibitor of
hCA I, IV, and VI (K7’s in the range of 2.84-8.25 uM) and shows very weak
inhibition against isozymes hCA III, VA, and XIII (K;’s of 10.2-870 uM). It is
already apparent that even small structural changes in the benzothiadiazine scaffold,
such as the substitution of the chlorine atom in ortho to the sulfamoyl moiety by a
trifluoromethyl group, as in the pair 6.6a/6.6b, have dramatic consequences for the
CA inhibitory properties of the two compounds, basically against all investigated
CA iozymes (Table 6.1). (iii) Quinethazone 6.7 is the only diuretic among
compounds 6.1-6.12 that is not approved for clinical use in Europe (but it is
approved in the United States), and this derivative was not available to be
investigated by us. Literature data’ show it to be a very weak hCA I and a modest
hCA 1I inhibitor, with inhibition constants in the range of 1.26-35 uM (Table 6.1).
(iv) Metolazone 6.8 shows very weak hCA I and III inhibitory properties (K;’s in
the range of 54-610 uM), being a low micromolar inhibitor (thus, not a very
efficient one) of hCA II, VI, and XIV, with inhibition constants in the range of
1.714-5.432 uM. However, the drug is a medium potency inhibitor of isozymes hCA
IV, VA, VB, and IX (K;’s in the range of 216-750nM) and a very efficient one
against hCA VII, hCA XII, and mCA XIII (Ky’s in the range of 2.1-15nM).
(v) Chlorthalidone 6.9 also shows a very interesting inhibition profile, acting as
a weak hCA III inhibitor (with a Kj of 11 uM, this compound is one of the most
effective hCA III inhibitors ever detected among all known sulfonamides, except
trifluoromethanesulfonamide that has a K; of 0.9 uM)g’19 and rather weak hCA VI
and XIV inhibitor (Ki’s in the range of 1.347-4.95 uM). Chlorthalidone is a
moderate hCA VA inhibitor (K7 of 917nM) and an effective or very effective
inhibitor of the other mammalian CA isozymes. Thus, the ubiquitous hCA I and II,
as well as hCA IV, show inhibition constants in the range of 138-348 nM, but
isoforms VB, VII, IX, XII, and XIII are inhibited in the low nanomolar range (K;’s in
the range of 2.8-23 nM). These results showing 6.9 to be such a strong CAI against
many isoforms are quite unexpected, and considering the wide clinical use of the
compound for the treatment of hypertension,” at least two issues can be raised: Is
the inhibition of these CA isozymes responsible for some of the therapeutic effects
of the drug (or for some side effects observed with it), and can these observations be
useful for the design of CAls with increased selectivity for some CA isoforms or for
envisaging novel therapeutic applications of the drug (e.g., an adjuvant to antitumor
therapies, considering its strong inhibitory effects against the tumor-associated CA
isozymes IX and XII)?*! We shall reply to some of these questions after considering
in detail the inhibition profile of the remaining three drugs. (vi) Indapamide 6.10
acts as an inefficient CA I and IIT inhibitor (K7’s in the range of 51.9-230 pM) and is
a weak inhibitor of isoforms CA II, VA, VI, and XIV (K;’s in the range of
890-4950nM), but shows significant inhibitory activity against CA IV and VB
(K7’s in the range of 213-274 nM) and excellent inhibition of CA VII, IX, XII, and
XIII, with inhibition constants in the low nanomolar range (K;’s in the range of
0.23-36 nM). These data are indeed remarkable, considering the wide use of the
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drug as diuretic and its beneficial effects in patients with type 2 diabetes mellitus, as
recently reported in several important clinical trials.'®° (vii) Furosemide 6.11 acts
as a very weak hCA III inhibitor (K7 of 3200 uM), but it shows moderate inhibitory
activity against many isoforms, such as CA 1V, VA, VB, VI, VII, IX, XII, and XIII,
with Ki’s in the range of 261-564 nM. On the other hand, the compound is a much
better inhibitor of CA I, II, and XIV, with K;’s in the range of 52-65nM. (viii)
Bumethanide is again an extremely weak hCA III inhibitor (K of 3400 uM),
similarly to furosemide with which it is structurally related. However, bumethanide
is also a weak inhibitor of hCA I, II, and XIII (K;’s in the range of 2570-6980 nM),
probably due to the quite bulky phenoxy moiety in ortho to the sulfamoyl zinc
binding group. The compound shows better inhibitory activity against isoforms CA
IV, VA, and XIV (K;’s in the range of 250-700 nM) but excellent inhibition of the
tumor-associated isoforms CA IX and XII (Ky’s in the range of 21.1-25.8 nM, that is,
the same order of magnitude as acetazolamide 6.1, methazolamide 6.2, or ethox-
zolamide 6.3). Thus, it may be observed that bumethanide is an effective inhibitor of
only the tumor-associated isoforms CA IX and XII, thus discriminating between
these drug targets and other CA isoforms that should not be inhibited by a cancer-
specific CAL

6.3 BINDING OF INDAPAMIDE TO HUMAN CARBONIC ANHYDRASE II

To understand at molecular level the interactions between indapamide 6.10 and the
active site of a CA isozyme, the X-ray crystal structure of the indapamide adduct with
the ubiquitous, highly investigated isoform hCA II was reported.'® Interactions
between the protein and Zn”>" ion were entirely preserved in the adduct, as in all
other hCA TI-sulfonamide/sulfamate/sulfamide complexes investigated so far.”>>* A
compact binding between the inhibitor and the enzyme active site was observed,
similar to what was reported earlier for other such complexes, with the tetrahedral
geometry of the Zn>" binding site and the key hydrogen bonds between the SO,NH,
moiety of the inhibitor and enzyme active site all retained (Figs 6.1 and 6.2).'%*72*
Thus, the ionized nitrogen atom of the sulfonamide group of 6.10 is coordinated to the
zinc ion at a distance of 2.15 A (Fig. 6.2). This nitrogen was also hydrogen bonded to
the hydroxyl group of Thr199 (N-Thr1990G = 2.86 A), which in turn interacted with
the Glul060E1 atom (2.5 A, data not shown). One oxygen atom of the sulfonamide
moiety was 3.06 A away from the catalytic Zn>" ion, being considered as weakly
coordinated to the metal ion, whereas the second one participated in a hydrogen bond
(of 3.19 A) with the backbone amide group of Thr199. 18.22-24 His64 (in its in
conformation) made strong van der Waals contacts (<4 A) with the CONH moiety
of the inhibitor, but these interactions cannot actually be considered as hydrogen
bonds). A very strong interaction was, on the other hand, the offset face-to-face
stacking between the annulated ortho-phenylene moiety of inhibitor 6.10 and the
phenyl group of Phel31 (Figs 6.1 and 6.2), which has been observed previously for
several other adducts of hCA II with sulfonamides such as the pyridinium derivative
6.13'? and sulpiride 6.14.% Such a stacking interaction was in fact demonstrated to be
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FIGURE 6.1 The hCA Il-indapamide 6.10 complex. View of the zinc coordination sphere
and neighboring amino acid residues (His64 and Phe131 among others) involved in the binding
of the inhibitor 6.10.

His64 -

His119

FIGURE 6.2 Detailed interactions in which indapamide 6.10 participates when bound within
the hCA Il active site. Active site residues coordinating the metal ion (His94, His96, and His119)
as well as those involved in the binding of the inhibitor (His64, Phe131, and Thr199) are shown.



BINDING OF INDAPAMIDE TO HUMAN CARBONIC ANHYDRASE Il 163

highly important for the orientation of the inhibitor within the active site and for the
potency of a sulfonamide as CAI against this isoform. ' Thus, to better understand the
binding of 6.10 to hCA II, the superpositions of its hCA II adduct with those of
dichlorophenamide 6.4 as well as those of sulfonamides 6.13" and 6.14%* are shown
in Fig. 6.3. Two facts can be observed. First, a quite peculiar orientation for the phenyl
ring of inhibitors 6.4 and 6.10 bound within the enzyme active site may be observed
with respect to that of other benzene sulfonamides whose structures in complex with
hCA IThavebeenreported (Fig. 6.3a). 18.22-241t may be seen that the plane of the phenyl
moiety of the benzene-1,3-disulfonamide 6.4 and of indapamide 6.10 appears clearly
rotated by almost 30° and tilted by approximately 10° with respect to its most recurrent
orientation, as the derivatives 6.13 and 6.14 (Fig. 6.3b and c). This peculiar confor-
mation may be ascribed to the presence of the secondary sulfonamide group in the meta
position of 6.4, and the corresponding bulky carbohydrazide substituent in the meta
position to the sulfamoyl moiety of 6.10, which probably orient the entire molecule in
this unusual conformation when bound within the enzyme cavity. In addition, both
these CAls (i.e., 6.4 and 6.10) possess a chlorine atom in ortho position to the
sulfamoyl moiety coordinated to the Zn(II) present in the enzyme cavity, which could
also influence the orientation of the organic scaffold due to steric impairment in the
rather restricted environment near the metal ion.”* In fact, Fig. 6.3a shows that the
sulfamoyl-chloro-phenyl fragment present in the scaffold of inhibitors 6.4 and 6.10 is
practically completely superposable in these two hCA Il-sulfonamide complexes,
whereas the second sulfamoyl group of dichlorophenamide 6.4 binds in the same
active site region as the much bulkier carbohydrazide moiety of indapamide 6.10
(Fig. 6.3a). The second feature that is salient for the adduct of 6.10 with hCA Il is with
regard to the stacking interaction in which Phel31 participates with the phenylene
moiety of the bicyclic ring present in indapamide. As seen from Figs 6.1-6.3, the two
rings, that is, the ortho-phenylene moiety of the inhibitor 6.10 and the phenyl group of
Phel31, are strictly parallel to each other, being at a distance of 3.41-3.46 A. The same
stacking has been previously seen between the phenyl moiety of Phel131 and the 2,4,
6-trimethylpyridinium ring of the positively charged sulfonamide 6.13,'* or between
the same phenyl moiety and the N-ethyl-pyrrolidine group of sulpiride 6.14.% In both
these complexes, this stacking interaction has been one of the main factors ensuring a
strong affinity of the inhibitor for the hCA II active site. As seen from Fig. 6.3b and c,
although the phenylene moiety of 6.10 binds in the same active site as the trimethyl-
pyridinium ring of the positively charged sulfonamide 6.13 and the N-ethyl-pyrro-
lidine group of sulpiride 6.14, these three cyclic moieties are not very well superpos-
able with each other, which in part probably explain the net difference of activities of
hCA II inhibitors between the three compounds. Thus, whereas 6.13 is a very strong
hCA IIinhibitor (Kjof 21 nM), sulpiride 6.14 is a slightly weaker one (K7 of 40 nM) and
6.10 is a moderate—weak inhibitor (K of 2.52 pM, Table 6.1). However, we consider
this as a quite positive and interesting feature of indapamide as a CAI (as already
discussed), which might be used to design compounds with reduced affinity for the
ubiquitous, housekeeping enzyme hCA II, but with strong inhibitory properties
against other isoforms such as hCA IV, VB, VII, IX, XII, or XIII, against which
indapamide act as a much more efficient CAI (Table 6.1).
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FIGURE 6.3 Superposition of (a) hCA II-indapamide 6.10 with hCA II-dichlorophenamide
6.4; (b) hCA Il-indapamide 6.10 with hCA II-pyridinium sulfonamide 6.13; and (c) hCA
II-indapamide 6.10 with hCA II-sulpiride 6.14 adducts.
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6.4 POTENTIAL NOVEL APPLICATIONS OF THE DIURETIC
SULFONAMIDES IN THERAPY

The question arises as to what is the relevance of the above-mentioned findings for
the drug design of CAls with diverse pharmacological applications. We think that
there are at least several aspects that need to be considered for answering this
question. First, the classical sulfonamide diuretics 6.6—6.12 (widely used drugs to
treat hypertension'~®) were considered until recently to be inactive as CAls, due to
the fact that they were launched in a period when only CA II was well known (and
considered responsible for all physiologic effects of CAls). It may indeed be
observed that in contrast to the classical CAls of type 6.1-6.5 (generally low
nanomolar CA Il inhibitors), all compounds 6.6—6.12 (except furosemide 6.11) are
much weaker inhibitors of this isozyme, usually in the micromolar range. Indeed,
only furosemide 6.11 is a good CA II inhibitor among these diuretics, with a Ky of
65 nM, whereas all others show K;’s in the range of 138-6980nM (Table 6.1).
Again, with the exception of furosemide 6.11, the diuretics 6.6—6.12 have low
affinity for CA I, the other isoform known when these drugs have been discovered.
However, data of Table 6.1 show that many of the drugs 6.6-6.12 appreciably
inhibit CAs discovered after their introduction in clinical use, with some low
nanomolar (or even subnanomolar) inhibitors against many of them. Examples of
such situations are metholazone 6.8 against CA VII, XII, and XIII; chlorthalidone
6.9 against CA VB, VII, IX, XII, and XIII; indapamide 6.10 against CA VII, IX,
XII, and XIII; furosemide 6.11 against CA I, II, and XIV; and bumethanide 6.12
against CA IX and XII among others (Table 6.1). As already mentioned, bu-
methanide 6.12 is a tumor-specific (targeting CA IX and XII) CAI, of equal
potency to acetazolamide 6.1 but without the promiscuity of acetazolamide, which
is a potent CAI against most mammalian isozymes. Indeed, bumethanide is a weak
inhibitor of all other isoforms except CA IX and XII, which are overexpressed in
tumors.'® Indapamide 6.10 and chlorthalidone 6.9 are also strong inhibitors of



166 DIURETICS WITH CARBONIC ANHYDRASE INHIBITORY ACTIVITY

the tumor-associated CAs, but they are also effective in inhibiting CA VII and XIII
(Table 6.1). It is thus clear that these old drugs may indeed have newer applications
in therapy as experimental agents in situations in which the selective inhibition of
some CA isozymes is needed, and which cannot be obtained with the presently
used compounds of types 6.1-6.5.

A second important aspect of these findings is whether we can explain some
recent observations of clinical trials in which such diuretic agents have been
employed, and how this is reflected in the drug design process. Thus, a relevant
question that arises is how these inhibitory activities of compounds of type 6.6—6.12
against CA isoforms known nowadays to play important physiological functions’~'*
are reflected by the pharmacological effects (or side effects profile) of these drugs?
Itis in fact known that many interesting classes of novel drugs have been discovered
just by observing side effects of some clinically used agents.”"® Recently, it has been
observed that indapamide 6.10 in combination with an ACE inhibitor (as diuretics)
is highly beneficial for the treatment of patients with hypertension and type 2
diabetes.'™® Treatment with indapamide was also shown to lead to a significant
decrease of plasma adiponectin concentration in patients with essential hyperten-
sion.>*' Adiponectin is considered to participate in the pathogenesis of carbohy-
drate metabolism disturbances often found in patients treated with other thiazide-
type diuretics.” On the other hand, classical sulfonamide CAls such as acetazol-
amide 6.1, methazolamide 6.2 ethoxzolamide 6.3, and other compounds possessing
such properties are known to induce vasodilation in a variety of tissues and organs,
including the kidneys, eye vasculature, brain vessels, and so on.>>3¢ However, the
exact mechanisms by which they produce this beneficial effect for many pathologies
(e.g., hypertension, glaucoma, diabetic retinopathy, etc.), or the isoforms involved
in it, are unknown for the moment.> 3 In line with these studies,zs*3 Oa very recent
report shows that indapamide 6.10 has a protective role against ischemia-induced
injury and dysfunction of the blood-brain barrier, probably due to its vasodilating
effects.>’*> An organ-protective effect of indapamide in animal models of renal
failure has also been reported, showing the drug to be beneficial in preventing
damage to the capillary structures, the endothelium, and in reducing the hypertrophy
of superficial glomeruli among others.'®!7>? All these effects are probably medi-
ated by inhibition of CAs present in blood vessels or in the kidneys, but no specific
pharmacological or biochemical studies are available so far, except for these clinical
observations mentioned here.?®>* The lesson we learned from all these data is that
probably many of the recently reported beneficial clinical properties of indapamide
6.10 are indeed due to its diuretic effects, but in conjunction with its strong
inhibition of some CA isozymes (such as CA IV, VB, VII, IX, XII, and/or XIII)
reported here for the first time, isoforms present in kidneys and blood vessels. This
hypothesis may explain both the blood pressure lowering effects and organ-
protective activity of the drug. For medicinal chemists, this means that probably
it is possible to design sulfonamide CAls possessing an inhibition profile similar
to 6.10, but with a stronger activity against the target isoform(s) involved in
these pathologies, provided that it will be possible to understand which these
isozymes are.
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6.5 CONCLUSIONS

The widely used sulfonamide drugs, the benzothiadiazines and high-ceiling diuretics,
among which hydrochlorothiazide, hydroflumethiazide, quinethazone, metolazone,
chlorthalidone, indapamide, furosemide, and bumetanide, which contain primary
sulfamoyl moieties acting as potential zinc binding functions, were recently investi-
gated as inhibitors of 12 catalytically active mammalian CAs. These widely used drugs
were launched in a period when only isoform CA II was known and considered
physiologically/pharmacologically relevant, and thus no inhibition data against other
CA isoforms were available in the literature until recently. Although acting as
moderate—weak inhibitors of CA II, and CA 1, all these drugs were shown to
considerably inhibit other CA isozymes known nowadays to be involved in critical
physiologic processes, among the many CAs present in vertebrates. Some low
nanomolar (or even subnanomolar) inhibitors against such isoforms were detected,
such as metholazone against CAVII, XII, and XIII; chlorthalidone against CAVB, VII,
IX, XII, and XIII; indapamide against CA VII, IX, XII, and XIII; furosemide against
CALIL and XIV; and bumethanide against CA IX and XII. The X-ray crystal structure
of the CA [I-indapamide adduct was also resolved at high resolution, showing features
that may be useful for the drug design of novel classes of CAls. We proposed that the
recently observed beneficial effect of indapamide for the treatment of patients with
hypertension and type 2 diabetes is due to the potent inhibition of CA isoforms present
in kidneys and blood vessels, which explain both the blood pressure lowering effects
and organ-protective activity of the drug. Thus, a class of old drugs may be useful to
design CA inhibitors with completely novel applications in therapy.
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7.1 INTRODUCTION: FROM THE PHYSIOPATHOLOGY
OF CONVULSIONS TO POTENTIAL TREATMENTS

Convulsions are among the most common neurological disorders in clinical medicine'
and are a dysfunction in the brain gray matter arising because of an abnormal, excessive,
paroxysmal, synchronous discharge in a population of neurons. The excessive excit-
ability of neuron seizures is probably caused by ionic imbalance between the depolar-
ized excitatory ions (sodium and calcium entry) and the hyperpolarized inhibitor ions
(chloride influx and potassium outflux).>™* This instability comes from a membrane
alteration of the K conductance, a dysfunction of voltage-dependent sodium channels,
or ionic ATP-dependent membrane transport. Moreover, a weak regulation of the
excitatory and inhibitory neurotransmitters (i.e., glutamate and y-aminobutyric acid,
respectively) also contributes to neuronal excessive electric processes.”

Many causes of seizures such as metabolic trouble, infection, trauma, toxins, or
epilepsy are described. Clinical and electroencephalogram manifestations of seizures
are classified into two basic groups: partial and generalized. Partial seizures focally
beginin a cortical site, and generalized seizures involve both hemispheres widely from
the outset.” The behavioral manifestations of seizures are determined by the functions
normally served by the cortical site where seizures are located. Simple partial seizures
are associated with the preservation of the consciousness. There is usually impairment
of consciousness during generalized seizures."®’ This classification contributes to
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establish a precise diagnostic of the type of seizure, thus determining the choice of the
most appropriate treatment.

In the early 1920s, epilepsy or convulsions were treated with the bromides and
phenobarbital.® Both drugs had major sedating, adverse effects and were frequently
ineffective in completely controlling seizures. The ketogenic diet was then considered
as anew treatment for epilepsy. Studies of the metabolic changes during this diet were
undertaken and it was stated that ketone bodies were the immediate result of the
oxidation of certain acids in the absence of sufficient glucose and postulated that they
were anticonvulsant.®® Furthermore, the discovery of phenytoin in 1938 had turned
the attention of physicians to the development of new antiepileptic agents, keeping the
ketogenic diet by the wayside. Several antiepileptic drugs were then discovered, and
they are divided into two generations (Fig. 7.1): the first generation, before 1990, that
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FIGURE 7.1 Chemical structures of antiepileptic drugs.
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includes phenobarbital, phenytoin, benzodiazepine (diazepam, clonazepam), carba-
mazepine, and valproate and the second generation, from 1990, that includes among
others gabapentin, ethosuximide, felbamate, vigabatrin, topiramate, and zonisamide.
One of the last antiepileptic drugs (AED) developed is levetiracetam for which the
mechanism of action is not completely understood. Most of the commercially
available antiepileptic drugs target the potential-dependent ionic channels and the
inhibitory or excitatory synaptic functions. Figure 7.2 illustrates the principal mecha-
nism of action of the clinically used AED.

Efficacy of these AEDs was evaluated by Kwan and Brodie.'" This study shows that
36% of the patients still suffered from ongoing seizures even with a combination of
several AEDs. Moreover, numerous side effects and drug—drug interactions are also
reported and they limit the clinical use of the currently available anticonvulsive drugs.'?
Other treatment options are thus considered, such as surgery, electrostimulation (vagus
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FIGURE 7.2 Overview of the mechanism of action of AEDs.>*'* Phenytoin and carbamaz-
epine block voltage-sensitive sodium channels. Phenobarbital and benzodiazepine enhance the
GABA-mediated chloride flux that causes membrane hyperpolarization. Valproate closes the
voltage-sensitive sodium channels and T-type calcium channels; it increases GABA synthesis
and decreases GABA degradation. Vigabatrin is an irreversible inhibitor of GABA transami-
nase (GABA-T), the enzyme responsible for the degradation of GABA in the brain. Felbamate
blocks the NMDA receptor, thus preventing the excitation of neurons. Gabapentin is a GABA
analogue that activates the GABA release. Ethosuximide inhibits T-type calcium channels.
Zonisamide blocks both sodium and calcium channels. On the one hand, topiramate blocks the
voltage-sensitive sodium channel and the AMPA receptor and, on the other hand, it potentiates
GABAergic transmission by the activation of GABA 4 receptors. Abbreviations: G = protein g;
GABA = y-aminobutyric acid; GABA-T = GABA transaminase; GAD = glutamic acid decar-
boxylase; GAT = GABA transporter; Glu = glutamate; R =receptor; SA =succinic acid;
SSAD = succinic semialdehyde; SSADDH = succinic semialdehyde dehydrogenase.
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nerve or intracerebral), and radiosurgery.'? Nevertheless, all these approaches together
are not able to solve each clinical case of epilepsy. New ways for the development of
antiepileptic drugs are required to better understand the epileptogenesis and the
mechanisms of drug resistance. New anticonvulsant compounds structurally and
pharmacologically different of the currently prescribed drugs might be designed.'*™"*

7.2 OVERVIEW OF THE CLINICAL USE OF CARBONIC ANHYDRASE
INHIBITORS AS ANTICONVULSANT AGENTS

The use of carbonic anhydrase inhibitors as anticonvulsant drugs was first described in
1953 with acetazolamide and methazolamide (Fig. 7.3)."> Modification of the
environmental pH (alkalosis increases the neuronal excitability) is one potential
factor that may contribute to seizure.'>"'~2° The pH buffering of the extracellular and
intracellular spaces is mainly carried out by the CO,/HCO; ™~ buffer. The ratio of these
two species is regulated by the activity of the carbonic anhydrase (CA,EC4.2.1.1) that
catalyses the reversible conversion of CO, and H,O into H' and HCO; %!

Acetazolamide and methazolamide are used either in combination therapy with
other AED or in refractory epilepsy (treatment of partial, myoclonic, absence, and
generalized tonic-clonic seizures uncontrolled by classical AED). Unfortunately, they
do not provide effective long-term therapy and lead to a rapid tolerance.?” Sulthiame
(Fig. 7.3) is a clinical AED that has been used since 1964 and was found to exert
remarkable anticonvulsant effects by CA inhibition.”*® It is largely used for
symptomatic focal epilepsies in children or for benign epilepsy with centrotemporal
spikes in adult patients.

The sulfamoyl group of zonisamide (Fig. 7.1), which belongs to the second
generation of AED, was expected to suppress seizures in a similar way to acetazol-
amide through the inhibition of CA.?’ However, this does not appear to be the primary
mechanism of action since zonisamide requires much higher doses than acetazolamide
to achieve equivalent titration in vivo. Recently, it was described that topiramate
(Fig.7.1) was able to inhibit CA, contributing by this way to its anticonvulsant activity
in addition to the other mechanisms of action described previously.>*—*

The recent discovery of several carbonic anhydrase isozymes specifically
expressed in the brain'** stimulated the development of CA inhibitors with a high
isozyme specificity. In fact, such drugs can be used as pharmacological tools to better
understand the seizures involvement of CA. Furthermore, the design of novel specific
CA inhibitor with fewer side effects than that of acetazolamide or methazolamide is of
a great interest.
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FIGURE 7.3 Structure of CA inhibitors clinically used as anticonvulsant agents.
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7.3 EXPRESSION AND LOCALIZATION OF CAs IN CENTRAL
NERVOUS SYSTEM

Several type of cells located in the central nervous system are found to express carbonic
anhydrase (Fig. 7.4). CA Il is expressed in choroid plexus, oligodendrocytes, myelin-
ated tracts, and astrocytes in rodent brain.'®> CA Il is present in rat and human choroid
plexus. CAIVislocated on the luminal membrane of cerebral capillaries and associated
with the blood—brain barrier in rat and mouse.*® It is also concentrated in layers III
and VI in the cortex, hippocampus, and thalamus of rats. Before the discovery of a
second CAV isoform,37 isozyme V was found to be expressed in rodent nervous tissues,
especially in astrocytes and neurons 3B AL present, two CAV were identified: CAVA and
VB. Studies from mouse tissues showed that CA VA is limited to liver, skeletal muscle,
and kidney, while CAVB is readily detected in most tissues. The brain expression of CA
VII and CARP VIII is similar. Indeed, a relatively high expression is observed
throughout the cortex, hippocampus, and thalamus.>>>° Nevertheless, the CA VII
expression is highly increased intrapyramidal at around postnatal day 12. This
developmental expression promotes excitatory response evoked by intense GABAergic
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FIGURE 7.4 Schematic localization of CA isozymes in different elements of the CNS
(mCA: isozymes expressed in mouse; rCA: isozymes expressed in rat; the others are expressed
in both rat and mouse),!3-3%:36-38:43-46
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activity.””*° The others CARPs (CARP X and XI) are constitutively expressed in CNS.
Isozyme IX is situated in choroid plexus, but it is overexpressed in glioma, ependy-
moma, and other cerebral tumors. As CAIX, CA XIlisalso associated with cancer andis
characterized by a expression pattern similar to that of CA IX.*' Nevertheless, high
levels of CA XIImRNA were seen in the dentate granule cells, media amygdala, choroid
plexus, and hippocampus.’ CA XIV is located on the plasma membrane of some
neurons and on axons in the brain of both mouse and human. CA XV was only detected
in the mice brain.**

Finally, Halmi and colleagues recently studied the expression of CA I, IV, VII, and
XII in rat brain after kainic acid-induced status epilepticus.® In these conditions, the
expression level of CA IV and VII was stable and not affected by kainic acid. In
contrast, the expression of CA II and XII was induced by kainate.

7.4 INSIGHT INTO THE HYPOTHETICAL ROLES OF CA
IN GENERATING CONVULSIONS

CAs catalyze the carbon dioxide hydration into bicarbonate anion and proton and are
therefore characterized by various functions in the central nervous system (i.e., fluid
and ion homeostasis,?'***’ formation of cerebrospinal fluid, regulation of its pH and
jonic constituents, seizure activity,*® regulation of GABAergic signaling,®***->°
respiratory response to carbon dioxide, generating bicarbonate for biosynthetic
reactions,”' and proliferation and differentiation*®->?). The mechanism by which CAs
can generate seizures is not completely understood. Nevertheless, several links
between CAs and convulsions are discussed in the literature."

1. CAs are responsible for the excitatory activity of glutamate receptors (NMDA
type) by regulating the concentration of protons. Low extracellular concentra-
tion in protons is found to be related to high excitatory activity. In contrast,
excessive amount of protons suppress the excitatory activity of the NMDA
receptors and give a possible explanation for the anticonvulsant effects of CA
deficiency or inhibition.>?

2. CAs are involved in the regulation of GABAergic transmission by providing
bicarbonate anion. The GABAergic transmission is mainly associated with inhibi-
tion/hyperpolarization through the entry of chloride ions in neurons. It provides a
“stabilizing” influence on neuronal activity, and a decrease in this type of
neurotransmission is often associated with epileptiform activity.* Nevertheless,
the GABAergic transmission can also be exciting (depolarization) in certain cases,
playing acrucial role in neuronal plasticity (responsible formemory and learning).>
In this case, excessive depolarization is related to epileptiform activity. The ionic
mechanism of this type of GABAergic excitation depends on the presence of
bicarbonate anion, which is the only physiological ion in addition to chloride that is
able to mediate a current through channels coupled to GABA 4 receptors. One CA
isozyme, namely, CA VII in particular, has been pointed out for its involvement in
this mechanism of GAB Aergic excitation. 13 Ethoxzolamide,amembrane-permeant
CA, prevent these GABAergic excitations, while a CA membrane-impermeant



INSIGHT INTO THE HYPOTHETICAL ROLES OF CA IN GENERATING CONVULSIONS 177

@ HCO5 ™«

(depolarization) Pyramidal neuron

HFS

FIGURE 7.5 Mechanisms of GABA 4 receptor-dependent postsynaptic responses evoked in a
pyramidal neuron. GABA binds to the GABA 5 receptor. It induces a massive chloride uptake and
hyperpolarizes the neuron. The resting condition is reached by the action of the KCC2 transporter
that can expel both K* and CI~ to stabilize the intracellular concentration of chloride. A low
intracellular concentration in chloride is necessary to allow a new hyperpolarization of the
neuron. During a high-frequency stimulation (HFS), the neuronal depolarization is mediated by
an efflux of bicarbonate through the GABA 4 receptor (1). In response to this depolarization, an
accumulation of intraneuronal chloride is observed (2). Subsequently, the simultaneous efflux of
ClI™ and K™ occurs (through another cotransporter than the KCC2) in order to reach the initial
chloride concentration (3). The extracellular K+ concentration ([K*],) is considerably increased
(4) and can influence the membrane potential of pyramidal neurons (depolarization is mediated
by plasmalemmal K™ conductance) (5). The high extracellular concentration of K™ also inhibits
the KCC2 cotransporter leading to an accumulation of C1™ inside the neuron and to the extruding
of K (3), maintaining therefore the neuronal excitability.'>>0-36-7

CA inhibitor has no effect.>* These results clearly show the implication of the
cytosolic CA VII in the neuronal excitation as shown in Fig. 7.5.

3. Intracellular and extracellular pH changes have fundamental importance in
regulating neuronal excitability.'* Small changes inintracellular and extracellular
pH alter the function of ligand-gated and voltage-gated channels. The pH
regulation is principally done by CA IV and XIV.**

4. CAYV present in astrocytes provides bicarbonate anion required for the normal
functioning of pyruvate carboxylase, which is also expressed in these cells.*®
This isozyme can be related to seizures by the fact that its absence or its
dysfunction might lead to a failure in pyruvate carboxylase function. Patients
with pyruvate carboxylase deficiency develop severe neurological disorders
including convulsions.*®
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In conclusion, the relation between CA and the physiopathological mechanisms of
seizures remains unclear. Seizures cannot be attributed to one CA isozyme in
particular. It seems that they are generated by complicated electrophysiological
mechanisms including change in pH, neuronal transmission (GABAergic excitation),
and action on excitatory receptors (NMDA) related to several CA isozymes (CAIL IV,
V, VII, XII, and XIV)."?

7.5 DEVELOPMENT OF NOVEL ANTICONVULSANT CA INHIBITORS

In humans and other mammals, sulfonamides (i.e., acetazolamide (AZA), methazo-
lamide (MZA), zonisamide (ZNS), and sulthiame (SUL)) and sulfamate (i.e.,
topiramate (TPM)) inhibit CAs and act as anticonvulsant. Table 7.1 shows their CA
inhibitory properties against CA isozymes that seem to be involved in convulsions.
The analysis of the K; against CA II shows that AZA, MZA, TPM, and SUL have a
similar inhibitory potency, while ZNS is less active. AZA and SUL are the most active
ones against CA IV. Each drug, except ZNS, exhibits a similar potency against CAVA
and VB. AZA,MZA, TPM, and SUL show very potent hCA VIl inhibitory properties
with low nanomolar Ki’s for this isozyme. AZA, MZA, and TPM provide a potent
inhibition against CA XII. The best inhibitory potency against CA XIV is achieved by
AZA and MZA.

In the course of the design of new carbonic anhydrase inhibitors as anticonvulsant
drugs, acetazolamide, methazolamide, and topiramate were frequently used as lead
compounds.

7.5.1 Acetazolamide and Methazolamide Analogues

Chufan and colleagues demonstrated that the lipophilic fert-butoxycarbonyl deriv-
ative of AZA (7.1) had a better anticonvulsant properties than the lead molecule
AZA itself.*” As lipophilicity is an important parameter to design drugs with a
central action, lipophilic analogues of AZA were thus designed and synthesized.®?

TABLE 7.1 Inhibitory Potency of Clinically Used Anticonvulsant Sulfonamides and
Sulfamate Against the Human CA Isozymes with Hypothetical Convulsant Role

Ky (nM)*

AZA MZA ZNS TPM SUL
hCA I 12 14 35 10 7
hCA IV 74 6200 8590 4900 95
hCA VA 63 65 20.6 63 81
hCA VB 54 62 6033 30 91
hCA VII 2.5 2.1 117 0.9 6
hCA XII 5.7 34 11000 3.8 56
hCA XIV 41 43 5250 1460 1540

“ Stopped-flow method (CO, hydrase activity of the enzyme)*®; Data are from Refs 27~
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The CA inhibitory potency of these analogues was excellent and quite similar
against the hCA II with Kj in the range of 1.2—10 nM, while some of them were less
active against hCA I (Kj of 3-900 nM).%% They possess different alkyl/arylcarbox-
amido/sulfonamido/ureido moieties in the position 5 of the thiadiazole ring and are
characterized by a wide range of lipophilicity (compounds 7.2-7.11; Clog P in the
range 1.8 to —0.33). Those compounds were investigated for their anticonvulsant
properties to establish structure—activity relationship that will help in the design of
new anticonvulsant compounds. It was observed that the valproyl derivative of
acetazolamide (5-valproylamido-1,3,4-thiadiazole-2-sulfonamide; 7.2) and some
structurally related derivatives such as 5-benzoylamido- (7.4), 5-toluenesulfony-
lamido- (7.5), 5-pivaloylamido- (7.7), and 5-adamantylcarboxamido-1,3,4-thiadia-
zole-2-sulfonamides (7.9) exhibited very strong anticonvulsant properties in the
maximal electroshock seizure (MES) test in mice at 30 mg/kg.®® The protection rate
was 75-100% at 30 min and 25-100% at 3 h after intraperitoneal drug administra-
tion. All these compounds were quite lipophilic possessing Clog P in the range of
0.10-1.82. Other investigated sulfonamides (compounds 7.6, 7.8, 7.10, and 7.11)
showed less effective protection (25-67% after 30 min and 3 h injection). These
derivatives were generally less lipophilic than the first subseries except for
compound 7.5. The correlation of the lipophilicity (ClogP), the in vitro CA
inhibition, and their in vivo anticonvulsant activity is not straightforward.®® It
seems that a strong CA inhibitor also possessing a good lipophilicity should
intrinsically lead to powerful anticonvulsant properties. Nevertheless, parameters
other than CA inhibition and lipophilicity (i.e., plasma protein binding, pK,) may
influence the in vivo anticonvulsant properties.
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On the basis of the excellent result of 5-adamantylcarboxamido-1,3,4-thiadiazole-
2-sulfonamide (7.9), which protect 92% of the mice in the MES test, two other
adamantyl-containing moieties (5-adamantylureido- (7.12) and 5-adamantylmethyl-
carboxamido-1,3,4-thiadiazole-2-sulfonamides (7.13)) were thus incorporated into
the thiadiazole ring.*” The evaluation of the CA inhibitory activity leads to the same
range of Kj. Nevertheless, the anticonvulsant effect of these two new compounds was
lower: 5-adamantylmethylcarboxamido-1,3,4-thiadiazole-2-sulfonamide (7.13) pro-
tected 75% of the mice, whereas it was 47% for the 5-adamantylureido-1,3,4-
thiadiazole-2-sulfonamide (7.12).>* The compound 5-adamantylcarboxamido-
1,3,4-thiadiazole-2-sulfonamide (7.9) seems to be optimal for the protection of mice
against induced electric convulsions. Dose—response curves were thus performed with
this last compound and the ED5y was found to be 2.6 mg/kg.
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AZA analogues are thus found to inhibit CA and still retain their anticonvulsant
properties. The adamantyl side chain was used as lead in the development of a new
series of CA inhibitors as anticonvulsant drug. Other compounds should be further
designed and developed on the basis of the leads 7.4, 7.5, and 7.7.5%

In comparison to the numerous AZA analogues that were developed, only a few
methazolamide analogues were designed and synthesized. Four side chains (valproyl,
adamantylcarboxamido, adamantylureido, or adamantylmethylcarboxamido) were
incorporated into the MZA scaffold (7.14-7.17).*>%2 Their inhibitory potency against
hCA Il is excellent (Kjranging from 7 to 14 nM) but is weaker againsthCA I (K ranging
from 70 to 800 nM). Anticonvulsant effect was performed with the adamantyl deriva-
tives through the MES test: compound 7.15 protected 96% of the mice, compound 7.16
protected 73%, and compound 7.17 was less efficient with 42% of protected mice.*?
The dose—response curve performed with 7.15 led to an EDs( of 3.5 mg/kg.
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7.5.2 Aromatic/Heterocyclic Sulfonamides Incorporating Valproyl
or Adamantyl Moieties

A large series of aromatic and heterocyclic sulfonamides were first designed as CA
inhibitors with a topical antiglaucoma activity.®*~®” In recent work, the lipophilicity
of this series was increased to design new anticonvulsant drug.®* Valproic acid is a
lipophilic drug widely used as AED. So, the valproyl moiety was selected and
coupled to the aromatic or heterocyclic sulfonamide scaffolds previously described.
The CA inhibitory activity (data available for hCA I and II) of these new derivatives
is generally more potent when compared to their parent sulfonamide from which
they were prepared. The enhanced inhibitory activity is due to the interaction of the
valproyl side chain with the hydrophobic pocket of the CA active site. Among the
synthesized derivatives, the heterocyclic sulfonamides were more active than
the aromatic ones.®? Unfortunately, no anticonvulsant properties are available for
this series of compounds.

As the 5-adamantylcarboxamido-1,3,4-thiadiazole-2-sulfonamide (described as
an AZA analogue) showed a promising in vivo anticonvulsant property,®? the
adamantyl side chain was incorporated into aromatic scaffolds to investigate the
CA inhibitory activity and the anticonvulsant effect.>> All those derivatives are also
systematically more effective for the CA inhibition as compared to their parent
sulfonamide from which they were prepared. Some of these molecules exhibited a
weak inhibitory potency against the hCA I (Kj values ranging from 1 to 18.50 uM)
and a good inhibitory potency against the hCA II (K values ranging from 28 to
265 nM).>* Compounds characterized by a high CA II inhibitory potency and a
lipophilicity propitious to brain penetration were evaluated for their anticonvulsant
properties in the MES test at 30 mg/kg 3 h after intraperitoneal administration
(compounds 7.18-7.21).>* Compounds 7.18b and 7.21b can be regarded as poor
anticonvulsant drugs, as well as the aminomethylbenzensulfonamides
(7.18a-7.21a). The molecules 7.19b and 7.20b protected mice against convulsions
(67 and 75%, respectively).

SO,NH, SO,NH, SO,NH, SO,NH,
7.18a(n=1) 7.19a(n=1) 7.20a (n=1) 7.21a (n=1)
7.18b(n= 2) 7.19b (n= 2) 7.20b(n=2) 7.21b (n=2)

7.5.3 Topiramate and Analogues

Topiramate is a sulfamate fructopyranose derivative currently used for treating partial
onset. This ‘“‘second-generation” AED has been shown to be clinically effective
against simple and partial seizures and also against generalized tonic-clonic seizures.
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Topiramate is characterized by several mechanisms of action including its ability (i) to
block the voltage Na™ channel and the kainite/AMPA receptor, (ii) to potentiate
GABAergic transmission, and (iii) to inhibit CA. Nevertheless, the effect of TPM on
the GABAergic transmission is supposed to be directly related to a decreased in the
intracellular bicarbonate concentration, which may be caused by an inhibition of
neuronal CA. TPM is therefore found to inhibit the cytosolic CA II and VII present in
brain (Table 7.2).

Considering the interesting CA inhibitory properties of topiramate, Winum and
colleagues designed and synthesized a series of derivatives incorporating the protected
fructopyranose moiety of topiramate.®® This tail was attached on aromatic or
heterocyclic sulfonamide scaffold by a thiourea link. The new derivatives (compounds
7.22-7.28) were active against hCA II (K| ranging from 6 to 750 nM) and hCA VII (K;
ranging from 10 to 79nM). Compounds 7.26 and 7.28 showed anticonvulsant
properties in the MES test performed in mice. Intraperitoneal injected 2 h prior to
induce convulsions, the fluorosulfanilamide derivative (7.26, 50 mg/kg) showed a
more efficient anticonvulsant activity than topiramate (87.5and 69.7%, respectively).
Compound 7.26 is also characterized by the best inhibitory potency against the hCA
VII (K;=10nM) but lower than topiramate (K;=0.9nM) and acetazolamide
(Ky=2.5nM). It is also an excellent CA II inhibitor (K; =6 nM).
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TABLE 7.2 Summary of the Inhibition Activities of Some Promising
Indanesulfonamides

K; (nM) MES test®
Percentage of
Compound hCA II* hCAVII® hCA XII” hCA XIV® Protected Mice

AZA 12 25 5.7 41 12.5
29 186 10 54 675 50

30 0.9 9.3 28 658 62.5
31 17 2.7 0.36 5.6 62.5
32 46 4.5 59 5.0 37.5

AZA, acetazolamide.

“Data are from Ref. 70.

Data are from Ref. 69.

“The maximal electroshock seizure test was carried out 2 h after i.p. 50 mg/kg administra-
tion; n = 8 mice.

7.5.4 Indanesulfonamides

A library of indanesulfonamides was screened for the inhibition of the human
carbonic anhydrase isoforms involved in neuronal excitation, that is, isoforms VII,
XII, and XIV.%° The inhibition pattern of these compounds was excellent with many
nanomolar inhibitors detected (K7’s in the range of 0.78—10nM against hCA VII,
0.32-56 nM against hCA XII, and 0.47-1030 nM against hCA XIV, respectively).
The anticonvulsant activity of indanesulfonamides was examined by the maximal
electroshock seizure test. At a dose of 50 mg/kg, three compounds 7.29, 7.30, and
7.31 protected at least 50% of the mice against the convulsions (Table 7.2). One
compound 7.32 shows a moderate anticonvulsant activity (protection of 37.5%).
Other derivatives were poor anticonvulsants but might be compared to acetazol-
amide (AZA), which was not able to protect mice against convulsions at a body
weight dose of 50 mg/kg. These experiments showed that compounds that are
powerful CA inhibitors do not constantly allow protection against convulsions
through MES test.
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7.5.5 Toward Selective CA VIl Inhibitors

The cytosolic CA VII is highly expressed in brain and contributes to the neuronal
excitability by providing bicarbonate anion that can mediate current through channels
coupled to GABA, receptor. This isozyme is thus a promising target in epilepsy
seizures. Recently, hCA VII was cloned and several aromatic and heterocyclic
sulfonamides were thus investigated for their CA VII inhibition.®' The inhibitory
potency was excellent with Ky values ranging from 4.3 to 210 nM. The study also
showed that the inhibition profile of hCA VII is rather different from that of other
cytosolic isozymes and thus provided a possibility for the design of more selective
hCA VII inhibitors.®" The design of more selective CA inhibitors is needed because
such compounds may avoid side effects due to the inhibition of physiologically
relevant CA isozymes. These novel selective inhibitors may be used as pharmacolog-
ical tools to better understand the exact role of CA in epileptogenesis. At present, no
selective CAVIlinhibitor is described, but a molecular modeling study was conducted
by our group that provided useful insight into the future design of selective CA VII
inhibitors.”!

As no three-dimensional structure is currently available, a model was built for hCA
VII by homology with the crystal structure of hCA II.”! The hCA VII active site was
then characterized and compared to the active site of five other CA isozymes (I, II, IX,
XII, and XIV). Sequence alignments were performed to identify the preserved and
specific residues of hCA VII. Several changed residues were highlighted that are
suspected to be important for the binding of hCA VII inhibitors. In this respect, Ser65
(located at the hydrophilic pocket), Lys91 and Thr130 (both located at the interface
between hydrophilic and hydrophobic pockets), and Ser204 (located at the hydropho-
bic part of the active site) were found to be present only in hCAVII (Fig. 7.6) and can be
specifically targeted to design more selective hCA VII inhibitors.”"

Hydophobic pecket
.

""Q." Hydophilicic pocket

FIGURE 7.6 Model of CA VII (left) and zoom into the active site (right), where the specific
amino acids residues Ser65, Lys91, Thr130, and Ser204 are indicated by black arrows.
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Interesting findings have been discussed in the study of Winum to decrease the
affinity of inhibitor for the ubiquitous cytosolic CA II isozyme.”* The sulfamide
analogue of the topiramate is 210 times less potent on CA II when compared to
topiramate itself. To explain this feature, X-ray crystal structure of hCA II in adduct
with the sulfamide analogue was solved.”” This weak inhibition is due to a clash
between a methyl group of the inhibitor and Ala65 present in CA II. This amino acid
residue is only found in CA II, while it is changed by Ser in other CA isozymes.""”"
The unfavorable interaction between a methyl and Ala65 should be thus exploited for
the further design of more selective CA inhibitors.”?

7.6 PERSPECTIVES IN DRUG DESIGN OF CA INHIBITORS
AS ANTICONVULSANT

A large number of compounds that are presently marketed as AEDs exhibit a similar
pharmacological profile, being active in the MES test and inactive in the subcutaneous
pentylenetetrazol (PTZ) test, the other widely used seizure model.”” This is the case for
phenytoin, topiramate, zonisamide, and carbamazepine. Drugs, with the phenytoin-
like profile of activity, have several mechanisms of action and some of them are
characterized by a similar pharmacological action, which is the inhibition of the Na™
channels.”? Nevertheless, the knowledge of the mechanism of action of this kind of
ligand is not straightforward.”* To highlight the molecular requirements that are
needed to provide an anticonvulsant effect, several pharmacophoric models were
developed in the literature.”>~’® One of the proposed models is interesting for the
design of new CA inhibitors with anticonvulsant property since acetazolamide was
found (i) to exhibit a phenytoin-like profile and (ii) to superimpose the feature of this
pharmacophore.”® Tt is characterized by a hydrophobic chain coupled to a polar
moiety placed in a well-defined conformation.”

7.7 CONCLUSIONS

Epilepsy is one of the most frequent neurological diseases and is characterized by
recurrent seizures. Seizures are episodes of abnormal electrical activity in the brain
and can result from other conditions (i.e., toxin, fever, trauma, ...) than epilepsy
disease. The mechanisms by which seizures occurred are not clearly established and
the current available AEDs cannot solve entirely the problem of epilepsy treatment,
particularly for patients suffering from refractory epilepsy. In this respect, new
generation of AED should be thus designed.

Carbonic anhydrase inhibitors have beenused to treat epilepsy since 1953, and despite
their considerable side effects, they are still used clinically to treat refractory epilepsies.
The recent discovery of several CAs specifically expressed in the brain has led to the
emergence of new CA inhibitors as anticonvulsant agent. For this purpose, in addition to
the analogues of acetazolamide and topiramate, several aromatic or heterocyclic
sulfonamides incorporating valproyl or adamantyl moieties, indanesulfonamides
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were developed and evaluated through the MES test for their anticonvulsant effect.
Several compounds were found to be interesting. However, further in vivo experiments
(time course activity, other epileptic models, and therapeutic index by rotarod test) are
warranted to confirm their interest in the treatment of epilepsy.

Underscoring the link between CA and seizures is complicated due to the
widespread expression of CA isozymes in the brain and their multiple physiological
rolesinthe CNS. CAIL IV, V, VI, XII, and XIV were pointed out for their contribution
to generate neuronal excitation. The design and development of more selective CA
inhibitors shall improve our knowledge of the functional relevance of CA isozyme in
seizure. Nevertheless, as several molecular factors are involved in the etiology of
seizures, new antiepileptic drug should not only target CA but also act on different
pharmacological pathways.
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8.1 INTRODUCTION

Carbonic anhydrases (CAs) are widespread metalloenzymes that use a zinc-activated
hydroxide mechanism to catalyze the reversible conversion of carbon dioxide to
carbonic acid in a simple reaction CO, + H,O < HCO;3™ +H".! CAs can either
produce or consume bicarbonate and thereby participate in biosynthetic reactions, ion
transport across the membranes, and acid—base balance via this activity. They are
therefore essential for various physiological processes, and virtually every organ or
tissue contains at least one CA isoform. In fact, adequate performance of metabolically
active tissues, such as renal or gastric epithelium, depends on simultaneous action of
several CA isoenzymes. Mammalian CAs exist in 16 isoforms, which can be divided
according to subcellular localization into intracellular (CA I-111, VA, VB, VII, VIIL, X,
XI, XIII, XV) and extracellular (CA IV, VI, IX, XII, XIV), according to catalytic
performance into active (CAI-VII, IX, XII-XV) and inactive (CA VIII, X, XI), and
according to tissue distribution into widespread (CA II, IV, VB, XII, XIV) and
confined to few tissues (CA I, III, VA, VI, VH).Z’3 Twelve active isoenzymes contain
a conserved active site that involves three histidine residues participating in the
coordination of a zinc ion and the fourth histidine residue functioning as a proton
shuttle. Active CAs are mostly expressed in differentiated cells and are functionally
involved in respiration, bone resorption, production of gastric acid and other body
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fluids, renal and testicular acidification, and so on. Loss or deregulated activity of
certain isozymes has been associated with several diseases, including glaucoma,
osteopetrosis, edema from heart and renal failure, neurological and neuromuscular
disorders, and so on.*

Cancer represents a pathologic situation characterized by numerous aberrant
features at molecular, cellular, and tissue levels. These include not only mutations
and epigenetic changes that result in decreased cell death and increased proliferation
(and hence increased requirement for energy and higher consumption of oxygen and
nutrients), but also physiological abnormalities (such as lower delivery of oxygen and
nutrients via insufficient vasculature) that lead to shift to anaerobic metabolism that
generates acidic products and causes acid-base disbalance.” Such tumor metabolism
clearly requires carbonic anhydrases as a part of regulatory machinery that allows the
cancer cells to adapt to these abnormal conditions and survive. The mechanism of how
carbonic anhydrases protect the cells in growing tumor tissue from physiological
stresses has recently emerged from studies of two cell surface CA isoforms, namely,
CA IX (almost exclusively associated with tumors) and CA XII (overexpressed in
some tumor types). These two CA isoenzymes have attracted a lot of attention not only
as functional constituents of tumor physiology, but also as cancer biomarkers and
potential therapeutic targets.®

8.2 BIOCHEMICAL FEATURES OF CA IX AND CA XII

Carbonic anhydrase IX (CA IX), originally named MN protein, has been identified
using a monoclonal antibody M75 as a cell density-regulated plasma membrane
antigen in human HeLa cell line derived from carcinoma of the cervix.” Monomeric
form of MN antigen was visualized by immunoblotting as a twin band of 58/54 kDa,
which assembled into a 153 kDa trimer under nonreducing conditions. More impor-
tant, expression of the MN antigen was found to correlate with the tumorigenic
phenotype of somatic cell hybrids between HeLa and normal human fibroblasts
in vitro.® Furthermore, the MN antigen was detected in various tumor cell lines and
surgical tumor specimens, but not in the corresponding normal tissues.® These two
pioneering studies uncovered the link of MN protein to cancer and suggested its
possible usefulness as a tumor marker.

Sequence analysis of cDNA encoding MN antigen revealed its domain composi-
tion.” However, due to an error in the 5’ region of cDNA sequence, the N-terminal
portion of MN protein was wrongly assumed to contain helix—loop—helix motif. This
was corrected in the subsequent genomic analysis.'® According to the corrected
sequence, MN gene codes for 459-amino acid (aa) protein with 414-aa N-terminal
extracellular part linked through the 20 aa hydrophobic transmembrane region (TM)
with 25 aa C-terminal intracellular (IC) tail. Extracellular part is composed of 37 aa
signal peptide, 59 aa region with similarity to keratan sulfate binding domain of a
large proteoglycan aggrecan (PG) and a 257 aa carbonic anhydrase (CA) domain
(see Fig. 8.1). While the N-terminal PG domain is unique for CA IX (itis not present in
any other carbonic anhydrase isoenzyme), the CA domain is well conserved and shows
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FIGURE 8.1 Domain composition of CA IX and XII isoenzymes. The proteins consist of
signal peptides (SP, removed during the protein maturation), carbonic anhydrase domains,
transmembrane regions, and intracellular tails. CA IX also contains a proteoglycan-like
region (PG), which is absent in CA XII and other carbonic anhydrase isoforms. Conserved
zinc binding histidines are indicated by black circles. Cysteines involved in folding or
oligomerization are shown as white squares and their proposed contribution to disulfidic
bonds is illustrated by dotted lines (horizontal for intramolecular bonds and vertical for
intermolecular bonds).

a significant identity with CA VI, II, and other CA isoenzymes and contains all amino
acids required for the catalytic activity. On this basis, MN antigen was renamed to
carbonic anhydrase IX (as it was the ninth mammalian CA identified)."!

In an independent line of research, monoclonal antibody G250 detected a renal cell
carcinoma-associated antigen G250 that was subsequently recognized as a clinically
relevant marker/and target of kidney cancer. Later on, it was shown to be identical with
MN/CA IX, as reviewed elsewhere.'?

Biochemical characteristics of CA IX have been recently studied in more detail
using recombinant protein and its truncated variant produced in baculovirus system. ">
This study utilizing mass spectrometric approaches confirmed and extended earlier
observations that CA IX is a glycoprotein containing a high mannose sugar chain
linked to N**_ Tt also showed for the first time that the PG domain of CA IX is modified
by O-linked keratan sulfate chain and proposed T''” as the attachment site. Biological
importance of these modifications awaits further inspection. Furthermore, the study
has demonstrated the presence of intramolecular S—S bond between C'* and C**® and
intermolecular, trimer-stabilizing bond between C'”* and C**°.

Cytoplasmic tail of CA IX has remained the least explored part of the protein
although ongoing studies point to its high importance for proper functioning of CA IX
(Hulikova et al., unpublished data). It contains three putative phosphorylation sites
(T443, S448, Y449), of which Y**° has been shown to mediate EGF-induced signal
transduction to Akt kinase.'*
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CA IX belongs to the most active human CAs. Catalytic properties of the purified
recombinant CA domain expressed in bacteria are comparable to CA II, with the
proton transfer rate near 1 ps~' and k.o /Ky, near 55 uM "' s Nevertheless, activity
of the entire extracellular portion of CA IX (composed of PG and CA domains)
expressed in baculovirus system is even higher than that of CA I.'* Moreover, addition
of ZnCl, increases the catalytic activity of the insect cell-derived human enzyme by
approximately 10-fold, and it seems to possess the highest catalytic activity that has
ever been measured for a human CA enzyme.

Homology model of CA IX based on the strong similarity of backbone conforma-
tions among the human CA isozymes revealed several differences between the
residues in the active sites of CA IX and II, including Q% instead of N®” and V'?!
instead of F'*'.'> These differences might modify the topology of the active site pocket
and influence binding of inhibitors (and hence mediate selective action of some
inhibitors toward CA IX as described below).

Although no crystal structure of CA IX has been obtained so far, there is a
rapidly increasing amount of data that show the capacity of different classes of
sulfonamide derivatives to inhibit the enzyme activity of CA IX.! Some compounds
efficiently inhibit the activity of purified recombinant CA domain even at sub-
nanomolar concentrations and work much better with CA IX than with other CA
isozyme:s.16’17

Asindicated by the numerical designation, carbonic anhydrase XII was identified a
few years after CA IX in two independent studies. First, it was detected as an antigen
overexpressed in about 10% of human renal cell carcinoma and cloned by serological
expression screening with autologous antibodies.'® Almost simultaneously, CA XII
was cloned as anovel target of pVHL tumor suppressor protein using RNA differential
display."’

cDNA sequencing revealed that CA XII is expressed as a 354 aa protein composed
of 29 aa signal peptide, 261 aa CA domain, 9 aa juxtamembrane segment, 26 aa
transmembrane domain, and a 29 aa cytoplasmic tail (Fig. 8.1). The extracellular part
of CA XII contains all histidine residues required for the catalytic activity and two
potential N-glycosylation sites (N°?and N'*¢). Molecular weight of the human CA XII
expressed in transfected COS cells corresponded to 43—44 kDa and was reduced to
39 kDa by endoglycosidase treatment.'®

Consistent with the conserved catalytic site, human CA XII is an active isoenzyme
and its activity is similar to that of human CA IV.2° In contrast to CA IX, the crystal
structure of CA XII was reported and it was suggested that the active site cavity is very
similar to CA IT and IV. Single disulfidic bridge connects two cysteines (C** and C2°?).
Short intracellular segment is placed in an opposite orientation to the extracellular
enzyme domain. CA XII appears to form a dimer, in which the active site pockets face
the extracellular space. The transmembrane domain of CA XII contains two putative
amino acid motifs GXXXG and GXXXS that were proposed to contribute to
dimerization. The cytoplasmic tail of CA XII is highly homologous to CA IX and
also contains putative phosphorylation sites, although their positions and flanking
sequences are not identical.
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Despite many similarities, these two CA isoforms display many biochemical
differences suggesting that they evolved to perform differential physiological roles.

8.3 TISSUE DISTRIBUTION OF CA IX AND CA XIl

CA IX is naturally expressed in only few normal tissues, but its ectopic expression is
induced in a wide spectrum of human tumors. In normal tissues, the most abundant
expression of CA IX was found in the mucosa of the stomach and gallbladder.' Lower
levels are expressed in the intestinal epithelium, where it is confined to the cryptal
areas composed of proliferating cells.”> Weak expression of CA IX was also observed
in epithelia of pancreatic ducts, male reproductive organs, and lining cells of body
cavity, 232425

On the other hand, CA IXis ectopically expressed at relatively high levels and with
ahigh prevalence in different tumor tissues, whose normal counterparts do not contain
this protein. These involve carcinomas of the cervix uteri, oesophagus, kidney, lung,
breast, brain, and many other tumors.?®~>? For an unknown reason, CA IXis generally
absent from the normal prostate tissues as well as from the prostate carcinomas.
Tissues with high natural CA IX expression, such as stomach and gallbladder, usually
lose or reduce CA IX upon conversion to carcinomas.>*** In the colonic epithelium,
CA IX is present normally in the deep crypts and abnormally in the superficial
adenomas and carcinomas, with the most intense staining seen in tumors with
mucinous component.>

A high proportion of CA IX-positive specimens was found among the cervical,
renal, and lung cancers. In the cervical cancer, CA IXis present in virtually all cervical
carcinomas and the majority of cervical intraepithelial neoplasia.”® Diffuse CA IX-
positive staining signal in normal cervical tissues is found only in concurrent presence
of dysplasia or carcinoma and therefore can be useful as an early diagnostic indicator
of cervical neoplasia in Pap smears.*®*’ In the lung cancer, CA IX is not found in
preneoplastic lesions, but is readily present in malignant tumors.’® In the kidney
cancer, CA IX protein expression is selectively linked with the most frequent
carcinomas of renal clear cell (ccRCC) type. High levels of CA IX protein and/or
mRNA are seen in primary, cystic, and metastatic ccRCCs, but not in benign
lesions.”®?? On the basis of the clear-cut division between the tissues with normal
and ectopic expression of CA IX, as well as on the predominant association of CA IX
with different types of tumors, CA IX was proposed as a promising tumor biomarker
and further studies strongly supported this view.

CA X1l is overexpressed in some tumor types, such as renal cell carcinomas (RCC),
ovarian, breast, and cervical carcinomas, and in brain tumors,25’33’38_42 but its
relationship to cancer is generally not as tight as that of CA IX. In contrast to CA
IX, expression of CA XII has been detected in many normal tissues.” Its mRNA is
expressed in the normal adult kidney, pancreas, colon, prostate, ovary, testis, lung, and
brain.'® CA XII protein was also found in normal endometrium and other reproductive

organs,®** colon,” kidney,* eye,***’ and in developing embryo.*® These data



198 CARBONIC ANHYDRASE INHIBITORS TARGETING CANCER

CAXI = “ CAIX

FIGURE 8.2 Mechanism of hypoxia-induced transcriptional activation of target genes,
including the gene coding for CA IX. The upper part shows the situation in normoxia. In the
presence of oxygen, prolyl hydroxylases (PHD), and factor inhibiting HIF modify a-subunit of
hypoxia-inducible factor (HIF-o). Hydroxylation of conserved prolines in HIF-o molecule
leads to recognition of HIF-oo by VHL tumor suppressor protein, which mediates HIF-o
ubiquitylation and degradation in proteasome. Thus, normoxic cells principally do not contain
HIF-o and do not express CA IX, whereas CA XII expression can be activated by hypoxia-
independent pathways as discussed in the chapter. The lower part shows the situation in
hypoxia. The lack of oxygen maintains hydroxylases inactive so that they are unable to modify
HIF-o. This allows HIF-o to escape recognition by VHL and prevents degradation. As a result,
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suggest important physiological role for this enzyme in ion transport and fluid
concentration in different normal organs.

8.4 REGULATION OF CA IX AND CA XIl EXPRESSION

To understand regulation of CA IX expression, 5’ upstream region of the CA9 gene was
thoroughly investigated under conditions of high cell density known to increase the
level of CA IX protein. CA9 promoter was localized to genomic sequence spanning
173 nucleotides upstream of the transcription initiation site and was shown to possess
five regulatory regions containing several cis-acting elements.*” AP1 and SP1
transcription factors bind proximally to transcription initiation site and their synergy
is needed for the basic transcriptional activation of CA9 gene.’® The most important
regulatory element of CA9 promoter is localized between the SP1 binding site and the
transcription start at position —10/—3 and consists of the nucleotide sequence 5'-
TACGTGCA-3' corresponding to a hypoxia response element (HRE).”'

HRE element is recognized by a HIF transcription factor that assembles under
hypoxic conditions from a constitutive -subunit and an oxygen-regulated o-subunit.
In normoxia, HIF-a is modified by prolyl hydroxylases at two conserved proline
residues in the central oxygen-dependent degradation domain and subsequently bound
and degraded via pVHL tumor suppressor protein.”> Moreover, its transcriptional
activity is blocked by factor inhibiting HIF (FIH)-mediated hydroxylation of arginine
residue in the C-terminal transactivation domain.>® When oxygen level is reduced and
the cell is exposed to hypoxic or anoxic conditions, HIF-o avoids hydroxylation,
accumulates, and following dimerization with HIF-B and interaction with cofactors
becomes transcriptionally active™® (Fig. 8.2). Presence of the functional HRE element
juxtaposed to transcription start makes CA9 a strong transcriptional target of HIF
(namely, HIF-1) and places it among the genes regulated by hypoxia.”' HRE element is
also utilized in a density-induced transcription of CA9, but requires cooperation with
neighboring SP1 binding site under these conditions. Activation of CA9 transcription
by increased cell density, which is linked with pericellular hypoxia, involves PI3
kinase pathway and subhypoxic levels of HIF-1o>>. HRE-SP1 promoter motif is also
essential for transcription of CA9 gene induced by activation of the MAP kinase
pathway.56

Since the level of HIF-a is controlled by pVHL, it is not surprising that the
expression of the wild-type VHL transgene can suppress the transcription of CA9
mRNA in the normoxic cells and that VHL deletion or inactivating mutation leads to
the release of CA9 transcription.'® Loss of functional pVHL is linked with a majority of

<

HIF-o accumulates in cytoplasm, enters the nucleus, interacts with coactivator, dimerizes with
constitutive HIF-B-subunit, and forms an active transcription complex that induces transcrip-
tion of genes containing hypoxia response element. CA IX-encoding gene is a direct target of
HIF-1 and is strongly induced by hypoxia, whereas molecular mechanism of hypoxic induction
of CA XII remains unknown.
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clear cell renal cell carcinomas and provides explanation for the frequent presence of
CA IX in ccRCC. Onset of CA IX expression is an early event occurring in
morphologically normal cells within the renal tubules of patients with VHL disease
and therefore provides a robust system for identification of early foci of VHL
inactivation.”’ In addition, transcription of CA9 gene can be modulated by methylation
of CpG dinucleotides within the promoter region. In RCC cell lines and in tumors,
expression of CA IX is also associated with hypomethylation of CA9 promoter.”®>’
Methylation of —74 CpG site can also influence the expression of CA IX in the
carcinoma cell lines of a different origin than RCC, where it seems to represent adverse
factor modifying transcriptional response to cell density.®”

Transcription of the CA12 gene has not been systematically investigated.
Position and architecture of the promoter as well as identity of the critical regulatory
factors remain to be elucidated. However, on the basis of the expression pattern in
tissues, it could be recognized that expression of CA XII is also induced by
hypoxia,’-*>-** although it is still not known whether CA12 gene is a direct target
of HIF and if yes, where is the relevant HRE element. Since induction of CA XII by
hypoxiais weaker when compared to CA IX and the region proximal to transcription
start of CA12 gene does not contain HRE consensus, it appears that hypoxia
regulates CA12 expression via putative HRE elements localized in the distant 5’
upstream region. Similarly to CA IX, expression of CA XII is also inhibited by the
wild-type VHL in RCC cell lines. However, suppression of CA12 mRNA requires
the central pVHL domain involved in the HIF-1a binding as well as the C-terminal
elongin binding domain."®

Moreover, it has been recently shown that expression of CA XII is highly
correlated with estrogen receptor alpha (ER alpha) in human breast tumors and
that CA12 gene is regulated by estrogen via ER alpha binding to a distal estrogen-
responsive enhancer region in breast cancer cells. Upon addition of estradiol, ER
alpha binds directly to this distal enhancer in vivo, resulting in the recruitment of
RNA polymerase II and steroid receptor coactivators SRC-2 and SRC-3, and
changes in histone acetylation.®!

Interestingly, both CA9 and CA12 mRNA exist in two splicing forms. The splicing
variant of CA9 lacks exons 8 and 9 and generates C-terminally truncated protein thatis
localized in the cytoplasm or secreted to extracellular space and behaves as dominant
negative with respect to the wild-type form.%* Its expression level is principally
independent of hypoxia and tumor phenotype and can therefore mask or reduce the
prognostic value of the wild-type CA9 mRNA in transcriptional profiling studies based
on primers specific for the 5’ part of the cDNA.

The splicing variant of CA12 mRNA lacks only a short segment coding for 11 amino
acids and seems to be common in diffuse astrocytomas with poor prognosis.** The
reasons for the association of CA12 splicing variant with aggressive brain tumors and
its biological role are not clear and require further investigations.

CA IX has also been studied at the post-translational level. Although the protein is
very stable (with a half-life corresponding to approximately 38 h) and persists in
reoxygenated cells,®® its abundance on the cell surface is modulated by both
constitutive and inducible shedding to extracellular space, the latter being mediated
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by metalloproteinase TACE/ADAM17.%* More important, the extracellular “soluble”
form of CA IX has been proposed to indicate the presence of tumors and monitor the
treatment outcome.®® This proposal was further supported by a recent investigation of
the clinical usefulness of serum CA IX that was performed to examine its correlation
with tumor progression and track early recurrence after surgery for patients with
localized renal cell cancer.® The mean serum CA IX levels were significantly higher in
patients with metastatic disease compared to those with localized disease and in patients
with localized disease compared to healthy controls. Higher CA IX levels were also
significantly associated with postoperative recurrence.®®
No data on stability and/or shedding of CA XII are available to date.

8.5 CLINICAL VALUE OF CA IX AND CA Xli

Hypoxia often develops in solid tumors due to insufficient supply of oxygen by
aberrant vasculature. To adapt to such physiological stress, hypoxic tumor cells
acquire oncogenic alterations in metabolism, gain increased resistance to conven-
tional anticancer treatment, and are more prone to mutations. Thus, tumor hypoxiais a
clinically important phenomenon and detection of hypoxic areas within tumors is very
important for selection of suitable treatment regimens and for prognosis of the disease
development.®’” Current detection of hypoxia in tumors is based on different methods,
such as polarographic oxygen Eppendorf histography using microelectrodes, or
metabolic incorporation of chemical markers, for example, pimonidazole or nitroi-
midazole derivatives. However, these methods are either invasive or restrict measure-
ments to easily accessible tumor sites and can be used only prospectively. In contrast,
use of an intrinsic hypoxic marker is simple, reproducible, and can be performed on a
routine basis, without the need for special equipment, using both prospective and
retrospective samples.®®

CA IX belongs to the most strongly induced proteins in response to hypoxia and
was therefore suggested to serve as an intrinsic hypoxic marker with possible
diagnostic, prognostic, and therapeutic value. CA IX expression was studied in
different tumor types to examine its clinical relevance as a marker of hypoxia and
was compared with different histopathological parameters, disease progression,
treatment outcomes, and patient survival. Indeed, CA IX was found to correlate with
other markers of hypoxia including pimonidazole, HIF-1o, VEGF, and GLUT-1,
although their distributions do not fully overlap due to differential kinetics and
magnitude of induction, as well as severity and duration of hypoxia. CA IXis present
in a relatively wide perinecrotic area with median distance between a blood vessel
and a beginning of CA IX expression of 80 pm (range 40—140) in head, neck, and
bladder carcinomas®®’® and of about 90 pm in non-small-lung carcinoma.’" It has
also been shown that that the cells expressing CA IX are viable, clonogenic, and
resistant to killing by ionizing radiation.”* Moreover, due to a long half-life, CA IX
could be also present in tissues that have been hypoxic before.®® It was recently
shown that a comparison of the spatial distribution of CA IX and pimonidazole
allows for the discrimination between hypoxic and reoxygenated areas.”*
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Hypoxia-related expression pattern of CA IX determines its link to clinical
variables. CA IX significantly correlates with high tumor grade, necrosis, treatment
outcome, and/or poor prognosis in patients with the breast and lung carcinomas,”*™"
with necrosis, advanced stage, and treatment outcome in head and neck cancer,ﬁg’82
with necrosis, histological grade, and survival of patients with brain tumors,**** with
poor prognosis in oesophageal and gastric cancers,***> and with metastases in primary
cervical cancer.*” In the cDNA microarray study of hypoxia transcriptome in human
bladder cancer, CA IX was used as a surrogate marker of hypoxia to which array
mRNA changes were correlated to define in vivo hypoxia profile and identify new
hypoxia-regulated genes.*® CA IX was also utilized as one of the 10 hypoxia-regulated
genes to cluster a hypoxia metagene in head and neck squamous cell cancers, which
was a significant prognostic factor in the published head and neck as well as in breast
cancer data sets.®’

CA IX expression s very high in clear cell renal cell carcinomas due to inactivating
mutation in VHL gene.®® Resulting activation of HIF pathway leads to constitutive
upregulation of HIF targets (including CA IX) independently of physiological
hypoxia.* In contrast to other tumor types, CA IX expression in RCC decreases
with increasing tumor grade and stage most probably because it is a target of HIF-1a.
that is present very early in VHL disease but later disappears due to the onset of tumor
growth-promoting isoform HIF-20°"%°. Accordingly, reduced CA IX levels are
independently associated with poor prognosis in advanced RCC®'~>. Nevertheless,
levels of CA IX can be upregulated by interferons (IFN-o and IFN-7), which are known
to enhance the therapeutic responses in 5-25% of patients with metastatic RCC.”®
Furthermore, high CA IX expression was suggested as an important predictor of better
outcome in RCC patients receiving interleukin-2-based therapy.’”*® Noteworthy, it
has been proposed that CA IX is the most significant molecular marker described in
kidney cancer to date.”®'*

Interestingly, in breast and lung cancer, CA IX expression correlates also with some
other prognostic factors, including c-ErbB2,>' epidermal growth factor receptor,
c-ErbB2 and MUC-1,”® EGFR and matrix metalloproteinase MMP-9,'°" osteopontin
and CD44,'°% p53 and p300,'* estrogen receptor, progesterone receptor, bcl-2, p53,
c-ErbB2 and Ki-67,”” cyclin E, cyclin A2, Ki-67,”® lysyl oxidase, ephrin A1, galectin-
1,82 Slu g, 104 and manganese superoxide dismutase. 195 Moreover, IL-6 induces Notch-
3-dependent upregulation of carbonic anhydrase IX gene and thereby promotes a
hypoxia-resistant/invasive phenotype in breast cells.'*®

CA XII isoform is less tightly regulated by hypoxia/pVHL pathway and less
strongly linked to cancer as compared to CA IX.”*? In breast carcinoma in situ,
expression of CA X1l is associated with the absence of necrosis and low-grade lesions,
indicating that it is primarily regulated by the factors related to differentiation.”* In the
colon, CA XII is normally expressed by the differentiated surface epithelium, and
increased basal/deep mucosal expression is associated with increasing dysplasia and
invasive tumor stage.'®’ In the primary cervical cancer, CA12 mRNA expression was
linked to a lower risk of metastasis, whereas CA9 showed the opposite correlation.*’
However, in diffuse astrocytomas, expression of CA XII correlated with poorer patient
prognosis in both univariate and multivariate survival analyses.**
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8.6 ROLES OF CA IX AND CA XII IN TUMOR CELLS

Because CA IX and XII are active extracellular enzymes involved in metabolism of
CO,, they have been implicated in acidification of extracellular microenvironment and
atthe same time in protection of cancer cells from the acidosis. Experimental evidence
for this proposal comes from the studies of CA IX.'**~"!! No experimental data from
the studies of CA XII function in cancer have been published so far.

Hypoxia triggers the development of acidosis due to induction of metabolic shift
from oxidative phosphorylation to anaerobic glycolysis that helps to sustain energy
demands of tumor cells in low-oxygen conditions. HIF-1 upregulates expression of
glucose transporters (GLUT-1, GLUT-3) and glycolytic enzymes, including LDH-A
and LDH-5 (lactate dehydrogenases converting pyruvate to lactate) and PDK-1
(pyruvate dehydrogenase kinase preventing entry of pyruvate into the TCA cycle).
As a result, the cells produce excess of lactate, protons, and CO,.""*"''* To protect
themselves from intracellular acidification that is incompatible with survival, tumor
cells increase extrusion of these acidic catabolites that then accumulate in the
pericellular space due to insufficient waste removal by defective vasculature. These
extrusion mechanisms operating at the plasma membrane involve the H/monocar-
boxylate transporter (MCT), the Na*/H ™" exchanger (NHE), and the vacuolar H"/ATP
pump. On the other hand, intracellular pH is neutralized by bicarbonate ions
transported across the membrane to intracellular space via anion exchangers (AEs)
and Na "/bicarbonate cotransporters (NBCs).” Noteworthy, VHL/HIF pathways con-
trol expression of several components of the pH regulating machinery including AE2,
NHE1, and MCT4.''5'"7

However, the bicarbonate import mechanism was difficult to explain before the
identification of CA IX and XII, because the bicarbonate content in acidic pericellular
space of tumor cells is generally very low. According to a recent concept, the cell
surface carbonic anhydrases cooperate with bicarbonate transpoters and contribute to
this mechanism by locally concentrated conversion of CO, to bicarbonate ions and
protons.''® While protons remain outside of cells and further acidify their microenvi-
ronment, bicarbonate ions are directly taken up by bicarbonate transporters (coloca-
lizing and interacting with CAs) that bring them to intracellular space, where they
buffer intracellular protons and thereby neutralize the intracellular space. Such CA-
accelerated flux of bicarbonate across the membrane was initially described for
noncancer carbonic anhydrase isoforms CA II and IV cooperating with bicarbonate
transporters to form a “‘bicarbonate transport metabolon’ in red blood cells and renal
epithelial cells.''®

As previously described, hypoxic tumor cells need pH regulation and ion movement
to adapt to acidosis and thus induce expression of CA IX/XII to take part in these
processes. Interestingly, the enzymatic activity of CA IX is insensitive to high lactate
concentrations (in contrast to the other CA isoenzymes), thus allowing CA IX to work
efficiently in the hypoxic tumor microenvironment, whichisrich in lactate produced by
glycolysis.''” On the other hand, CA IX activity is inhibited by bicarbonate suggesting
that it can preferentially catalyze the CO, hydration producing bicarbonate ions in
pericellular tumor regions loaded with CO, and deprived of bicarbonate. Moreover,
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FIGURE 8.3 The proposed role of CA IX in the bicarbonate transport metabolon acting in
hypoxic tumor cells. CA IX catalyzes hydration of pericellular CO, to bicarbonate and proton.
Protons remain outside the cell and contribute to extracellular acidification. Bicarbonate
transporters (BTs) transport the bicarbonate ions to cytoplasm, where they are converted back to
CO, in a reaction that utilizes intracellular protons and leads to neutralization of intracellular
pH. Based on the experimental data, the metabolon is activated in hypoxia. Sulfonamide
inhibitors can inhibit production of bicarbonate and proton from pericellular carbon dioxide and
block the activity of transport metabolon, thus perturbing intracellular pH neutralization and
extracellular acidification.

CA IX was shown to interact with bicarbonate transporters via its extracellular
catalytic domain.'?° These facts are well compatible with the concept of bicarbonate
import for neutralization of intracellular pH of tumor cells (Fig. 8.3).

Functional involvement of CA IX in pH regulation is supported by three experi-
mental evidences. First, CA IX contributes to acidification of the extracellular
microenvironment of hypoxic cells,'”® second, CA IX minimizes the intracellular pH
gradient and increases the extracellular pH gradient in the core of three-dimensional
tumor spheroids,110 and third, CA IX (and also CA XII) contribute to extracellular
acidification and to more alkaline resting intracellular pH in response toa CO, load, and
thereby support cell survival in acidosis.''" Since these experiments were performed
with constitutively expressed CA IX, the pH modulating effects are apparently related
to CA IX catalytic activity, which is induced in hypoxia and/or acidosis.

This transcriptional and catalytic activation of CA IX by hypoxia/acidosis might
have a strong impact on cancer progression, because maintenance of neutral intracel-
lular pH is vital for cell proliferation and survival, whereas microenvironmental
acidosis contributes to aggressive tumor phenotype by promoting invasion and
metastasis.! 21122 1n accord, transient RNA interference of CA9 decreased the
clonogenic survival of hypoxic tumor cells in vitro.'*” Moreover, silencing of CA9
mRNA led to 40% reduction in tumor growth in vivo and invalidation of both CA IX
and CA XII proteins gave an impressive 85% reduction.'"!

In addition to the involvement in pH control, CA IX has another important function
related to cell adhesion and intercellular communication. CA IX mediates cell
adhesion to solid support, and the cell adhesion site on N-terminal PG domain overlaps
with the epitope for monoclonal antibody M75. Interestingly, acidic extracellular pH
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inhibits attachment of cells to CA IX, suggesting that CA IX adhesion capacity can be
modulated by tumor microenvironment.'**'?* CA IX can also modulate E-cadherin-
mediated cell-to-cell adhesion via the mechanism that involves direct binding of CA IX
to B-catenin. This function of CA IX is consistent with a proposal that hypoxia can
initiate tumor invasion via decreased E-cadherin-mediated cell-cell adhesion and
offers a possibility that CA IX participates in this process.'*

CA IX has been implicated also in signal transduction.'* In renal carcinoma cells,
tyrosine residue present in the intracellular tail of CA IX can be phosphorylated in
EGF-dependent manner. Phosphorylated CA IX can interact with the regulatory
subunit of PI3 kinase and contribute to Akt activation and thereby to cancer progres-
sion. Moreover, various mutations introduced into IC domain compromise acidifica-
tion and/or adhesion capacity of CA IX (Hulikova et al., unpublished).

The role of CA XII in tumor biology remains less explored. In addition to CA XII
contribution to pH control and tumor growth,''! inhibition of CA XII has been
associated with decreased in vitro invasion of renal carcinoma cells.'?®

8.7 MONOCLONAL ANTIBODIES AS TOOLS FOR IMAGING
AND TARGETING OF CA IX

On the basis of the cell surface localization and the strong association with tumors, but
rare expression in normal tissues, CA X is an excellent target for detection and therapy
of cancer using specific monoclonal antibodies. In contrast, clinical utilization of CA
XII'seems limited because this isoform is present in a broad range of normal tissues and
its overexpression has been observed in a relatively low percentage of tumor tissues,
particularly those with good prognosis (except brain tumors where CA XII expression
correlates with aggressive phenotype*?).

To date, there are several monoclonal antibodies useful for the CA IX detection
purposes. Immunohistochemical detection of CA IX in human tissues has been
predominantly performed with the M75 MAD that allowed for identification of CA
IX and cloning of its cDNA.”~” M75 binds to a repetitive epitope in the N-terminal PG
region, which is absent in the other carbonic anhydrase isoforms.'** Due to recognition
of alinear epitope, M75 can be used with different fixation and staining protocols, does
not need demasking, and also works on old archival samples. It is therefore suitable for
the routine survey of CA IX expression in tumor specimens for retrospective
correlation studies and also for prediction of treatment outcome and stratification
of patients. M75 is also a very valuable tool for the preclinical studies of the role of CA
IX in cancer.

A series of additional monoclonal antibodies specific for the human CA IX protein
has been generated using CA IX-deficient mice."?’ This approach has helped to avoid
immunodominance of the PG region and led to production of several CA domain-
specific MAbs. These new MAbs became useful for detection of the CA IX shed in
body fluids.®® The detection method is based on the combination of two noncompeting
monoclonal antibodies, the PG domain-specific M75 MAb and CA domain-specific
V/10 MADb. The same antibodies used in the same setting constitute a commercial
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MN/CA IX ELISA offered by Siemens Medical solutions Diagnostics for detection of
CA IX extracellular domain as a promising circulating cancer biomarker for patient
selection, monitoring, and management. 128 As mentioned previously, this kit revealed
asignificant correlation between high levels of serum CA IX and tumor progression, as
well as postoperative recurrence.®®

The other well-known CA IX-specific monoclonal antibody G250 has been
systematically investigated as a tool for clinical management of patients with renal
carcinomas.'?’ The G250 MAb and its humanized, chimeric, and bispecific variants
have become the most important imaging and therapeutic tools targeting CA IX
expressing tumors. Chimeric G250 (composed of variable regions of murine G250 and
constant regions derived from human IgG) is recently produced by Wilex Co. under
commercial name Rencarex®. Its effector therapeutic mechanism is ADCC (antibody-
dependent cell cytotoxicity). Rencarex is currently in a pivotal Phase III trial as an
adjuvant therapy of patients with nonmetastatic renal cell cancer. In Phase I and II
studies with more than 100 RCC patients completed, Rencarex has shown good safety
and tolerability and a promising efficacy profile.

In addition, the chimeric G250 MAD has recently entered a multicentric clinical
trial as an in vivo imaging tool for noninvasive PET identification of RCC and
potentially also for evaluation of early therapeutic response.'*°

Both G250 MADb and the recently generated VII/20 MAD bind to overlapping
epitopes in CA domain of CA IX and are capable of internalizing in complex with CA
IX."*! Since receptor-mediated internalization is typical for signal-transduction
molecules and is often associated with depletion of the cell surface receptor molecules,
it is possible that these CA domain-specific antibodies (that do not cross-react with
other CA isoforms) might function as direct modulators of CA IX function and might
potentially have inherent anticancer potential independent of immune responses. This
assumption is currently under investigation.

Monoclonal antibodies are not the only immunotherapeutic tools developed
against CA IX expressing tumors. Other approaches include different types of
vaccines (anti-idiotype, dendritic cell-based, oligopeptide, and chimeric protein
vaccines) and genetically engineered cytotoxic cells that showed promising results
when tested in preclinical settings as reviewed elsewhere.'?

8.8 CARBONIC ANHYDRASE INHIBITORS FOR IMAGING
AND TARGETING OF CA IX AND CA XII

Concept of carbonic anhydrase inhibitors as anticancer drugs has been first
formulated by Supuran and coworkers on the basis of antiproliferative effects of
some sulfonamide derivatives observed in cell lines derived from different types of
human tumors.'3>134 However, sulfonamides generally show nonselective inhibi-
tion of different CA isoenzymes, and therefore their target could not be determined.
According to our recent knowledge, at least in some cells lines, it could be CA IX
and/or XII, which can be inhibited by many different classes of sulfonamides-
derived or related compounds. In addition to classical sufonamides, such as
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acetazolamide, methazolamide, ethoxzolamide, and dichlorophenamide, good-
to-excellent CA IX and/or XII inhibitory properties were proven for aromatic and
heterocyclic sulfonamides,'>~'*7 halogenosulfanilamide and halogenophenylami-
nobenzolamide derivatives,138 lipophilic sulfonamides,139 sulfamates,”’140
fluorine-containing sulfonamides,16 sulfonamides incorporating 1,3,5-triazine and
1,2,4-triazine moieties,'*!*'*? sulfonamides derived from 4-isothiocyanato-benzo-
lamide,'** E7070 sulfonamide developed originally as anticancer agent blocking
cell cycle,"** sulfonamides incorporating thioureido-sulfanilyl scaffolds,'*’
novel sulfanilamide/acetazolamide derivatives obtained by the tail approach,'*®
sulfonamides incorporating hydrazine moieties,147 1,3,4-thiadiazole- and 1,2,4-
triazole-thiols,'**N-hydroxysulfamides,"*’ polyfluorinated aromatic/heterocyclic
sulfonamides,lso benzo[b]thiophene 1,1-dioxide sulfonarnides,151 substituted di-
fluoromethanesulfonamides,'>? indanesulfonamides,'>® and copper(Il) complexes
of polyamino-polycarboxylamido aromatic/heterocyclic sulfonamides.'>*

Interestingly, CA IX and XII can be also efficiently inhibited by nanomolar
concentrations of celecoxib and valdecoxib sulfonamide inhibitors of cyclooxygense
2 (COX-2), which is a key enzyme of arachidonic acid metabolism involved in
colorectal carcinoma.'>>'¢ In addition, CA IX can be inhibited by sulfamates,
inhibitors of steroid sulfatase that play a role in the production of active steroids,
and isimplicated in breast cancer.'” Also, sulthiame, a clinically used antiepileptic, is a
potent inhibitor of CA IX and XIL."’

Selectivity of inhibitors toward CA IX and/or XII can be achieved through
modulation of their physical and chemical properties by various side chains and
other modifications.'*®*'* Certain alterations can introduce or improve the mem-
brane impermeability so that the inhibitor binds only or predominantly to extracellular
CAs.'%%1%! The other modifications can affect the size or surface topology to fit better
into active site cavity of CA IX/XII than into other isoforms. Some types of
modifications improved inhibitors to work at subnanomolar concentrations'® when
analyzed against the recombinant catalytic domain of CA IX. These extensive studies
revealed several compounds with a reasonable selectivity ratio favoring inhibition
activities against CA IX/XII compared to other isoforms, in particular CA II. For
example, the selectivity ratios for the inhibition of the tumor-associated CA IX and XII
over the cytosolic isozymes CA I and II were in the range of 107-955 for glycosyl-
thioureido-sulfonamides.'®* Another sophisticated strategy was used to generate
hypoxia-activatable inhibitors. Different 2-mercapto-substituted-benzenesulfona-
mides and their disulfides/sulfones showed substaintially increased inhibition capac-
ity than the corresponding oxidized (S-S type) derivatives.'® The best representatives
out of these differentially acting derivatives can serve as lead compounds for further
development of CA IX/XII-specific inhibitors with anticancer potential.

The above inhibition data were obtained for the purified recombinant catalytic
domains of CA IX and XII, and therefore it is difficult to predict their biological effects
on cells in culture and in tumor tissue. Initial experimental data provide the proof of
concept that inhibition of CA IX activity may affect pH regulation in hypoxic cells.
Indeed, it has been demonstrated that the fluorescein-conjugated carbonic anhydrase
inhibitor thioureido-homosulfanilamide (FITC-CAI) could bind only to hypoxic cells
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expressing CA IX, but neither to CA IX-positive normoxic cells nor to CA IX-negative
controls.'%'* Under reoxygenation, FITC-CAl is released from binding to CA IX."®
Moreover, recent results show that this FITC-conjugated sulfonamide accumulates in
the central hypoxic areas of tumor spheroids and that the zone of sulfonamide
accumulation overlaps with the zone of CA IX expression (Hulikova et al., unpub-
lished). Furthermore, the inhibition of CA IX activity slows down extracellular
acidification by a greater extent at the spheroid core (which is usually affected by
hypoxia).111 This finding suggests that CA IX active site is accessible to sulfonamide
only under hypoxic conditions. It is possible that CA IX isozyme undergoes structural
changes triggered by hypoxia that opens the active site and allows inhibitor binding.

More important, exclusive binding of the FITC-CAI to hypoxic cells suggests that
labeled CA IX-selective sulfonamides can be potentially used as tools for in vivo
imaging of hypoxic tumors. In contrast to monoclonal antibodies that can visualize the
CA IX-positive cells independently of their oxygenation, appropriately labeled
sulfonamides should image only those CA IX-positive cells that are actually
hypoxic. 166167

CA inhibitors were also proposed to serve as anticancer drugs targeting hypoxic
tumor cells via inhibition of CA IX and XII enzyme function. Experimental data
obtained with the transient knockdown of CA IX or deletion of its catalytic domain
indicate that pH regulation facilitated by CA IX (and possibly also CA XII) is
important for the survival of tumor cells in hypoxia. Therefore, it is quite plausible
that inhibition of the CA catalytic activity could lead to perturbed pH regulation in
hypoxic cells and reduction of their capability to adapt to hypoxic stress. Of course,
even more striking effects could possibly be achieved by simultaneous treatment with
inhibitors of bicarbonate transporters and lactate/proton extrusion molecules. Indeed,
several sulfonamide derivatives were capable of reducing an extracellular acidifica-
tion mediated by CA IX, suggesting that these compounds interfere with the activity of
CA IX in cell culture exposed to hypoxia and deserve further investigation as
anticancer drugs.'%%16%111

Alternatively, CA inhibitors could be combined with conventional chemothera-
peutic drugs whose uptake depends on pH gradient across the plasma membrane. For
example, reduction of extracellular acidosis can increase the uptake and cytotoxic
effects of weakly basic drugs, including doxorubicin.'®®1%*122112 Interestingly,
chronic ingestion of sodium bicarbonate solution was shown to enhance the capacity
of doxorubicin to decrease the tumor size.' 2> Acetazolamide, a classical CA inhibitor,
also reduced in vivo growth of tumor when given alone and produced additive tumor
growth delays when administered in combination with various chemotherapeutic
compounds.'”” These data need to be confirmed with the new generation of sulfo-
namides that are selective for CA IX and XII.

Sulfonamides that preferentially bind to CA IX or XII could be also potentially used
for selective delivery of therapeutic moieties such as isotopes and cytotoxic agents to
tumor cells.'>%'%” To this end, boron-containing inhibitors with high affinity for CA IX
have been designed and synthesized.'”" These inhibitors are potentially applicable in
boron neutron capture therapy (BNTC) of tumors that are nonresponsive to classical
therapeutic modalities.
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8.9 CONCLUSION

Carbonic anhydrases CA IX and XII have become interesting molecules from the both
research and clinical points of view. Their molecular and functional studies led to better
understanding of pH control mechanisms operating in hypoxic cells and to elucidation
of adaptive responses to hypoxia and acidosis leading to tumor progression.”'’> Owing
to tumor-associated and hypoxia-related expression pattern, these enzymes (particu-
larly CA IX) can provide clinically useful diagnostic and/or prognostic information
and can also serve for antibody-mediated immunotherapy of certain tumor types.'?
Functional involvement in cancer biology might allow utilization of CA IX and XII as
molecular targets for function-perturbing or activity-inhibiting compounds, such as
antibodies and inhibitors.'”* Numerous experimental and clinical studies do support
diagnostic/prognostic value of CA IX and show that it is an excellent target for
immunotherapy.'” On the other hand, functional targeting of CA IX and XII as
enzymes is only in an early stage of preclinical research and requires further efforts.
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9.1 INTRODUCTION

In the past years, a lot of research regarding the carbonic anhydrases (CAs) was
focused on the involvement of these enzymes in many types of tumor. The first
evidence was found by Pastorekova’s group'who detected a new isoform (CA IX) in a
human carcinoma cell line HeLLa in 1992, followed 6 years later by two independent
groups (Tureci? and Ivanov®) that published the cDNA sequence of another tumor-
associated isozyme, CA XII. Until now, these are the only CAs that are associated and
overexpressed, especially in tumor tissue that are characterized by hypoxic conditions.

Solid human tumors present several regions that are deficient of oxygen, principally
due to an inadequate vasculature of the growing mass. This status is called *“‘hypoxia,”
and in such condition the delivery of oxygen to the tumor cannot usually meet the
demand of the tumor cells, so that large regions of the tumor exist in a chronic state of
supply—demand mismatch.*

It should be noted that this phenomenon in tumor progression is accompanied by a
dramatic change in the gene expression profile and several hypoxia-induced genes,
including oncogenes, tumor suppressor genes, stress proteins, and cytokines,” have
been described. Furthermore, hypoxic tumors are characterized by the strong shift
from oxidative respiration to anaerobic glycolysis, the high interstitial fluid pressure
(IFP), and acidic extracellular pH (pHe).6

The low value of pH, was traditionally attributed to the accumulation of lactic acid,
excessively produced by glycolysis;” recently, Svastova et al.® demonstrate that the
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tumor-associated carbonic anhydrase [X is also directly involved in pH, regulation and
that this enzyme is the main contributor to such external acidification. Furthermore, it
has been demonstrated that this acidity can be perturbed by deletion of the enzyme
active site or using CA inhibitors (CAls).® This finding is the starting point to study the
inhibition of human hCA IX catalytic domain with selective CAls to reduce the pH.,
and to use such compounds as potential antitumor agents.* '

The hCA IX isoform was observed in many tumor tissues but only in a few normal
ones, usually belonging to the alimentary tract.'> Thus, hCA IX is overexpressed in
tumors affecting kidney, liver, pancreas, esophagus, lung, colon, ovary, brain, skin, and
breast.'*!5 In some tissues (such as pancreas, skin, and others), there is an increasing
hCA IX expression from normal to tumor cells, whereas other tissues express hCA IX
only in the malignant ones (such as kidney, breast, lung, and others). These features,
with the fact that hCA IX is a HIF target, render the enzyme a significant biological
element: hypoxia, in fact, is a clinically important tumor parameter'® and this enzyme
can play an important role as a potential marker of hypoxic tumor.'” At the moment,
hCA IX distribution is usually examined in relation to microvasculature density as a
measure of angiogenesis, to the extent of necrosis as an indicator of severe hypoxia, to
tumor stage and disease progression.''

In this chapter, the development of fluorescent sulfonamides, already used to
demonstrate the involvement of CA IX in tumor acidification processes and its
usefulness as diagnostic tools and/or therapeutic agents, will be reviewed.®'* The
design, the inhibitory properties, and the X-ray diffraction data of such compounds, as
well as their biological evaluation as possible markers of hypoxic tumor cell lines will
also be analyzed. Furthermore, the mechanism of action and the possible use of such
derivatives as potential antitumor agents will be explained. Finally, a new set of spin-
labeled compounds will be reported'® to explore their ability to target hypoxic tumors
overexpressing hCA IX by EPR techniques, as well as for diagnostic/therapeutic
applications.

9.2 FLUORESCENT SULFONAMIDE AS CA IX INHIBITORS

9.2.1 Design of Fluorescent Sulfonamides

The binding study of several fluorescent sulfonamides complexed with the tumor-
associated isozyme hCA IX has been reported both in normoxic and hypoxic
conditions.'? The rational drug design of these compounds includes the fluorescein
moiety as a tail because it presents a high quantum yield and an appropriate
exciting and emission wavelength when present in various biologically active
derivatives (i.e., 495nm and 519 nm, 1respectively).19 The ‘“head” of these in-
hibitors, on the other hand, must guarantee good interaction with the enzyme active
site. For this reason, benzenesulfonamides variously substituted in the phenyl ring,
as well as the benzolamide system, were used, which are able to make many
interactions that stabilize the enzyme—inhibitor complex.? Finally, a thioureido
moiety was chosen as central linking part of the inhibitors to ensure better inhibition
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FIGURE 9.1 Chemical structures of fluorescent inhibitors 9.1-9.10.

properties than the related ureido/carbonyl/carboxyl moieties.”' The compounds
9.1-9.10 (Fig. 9.1) have been deeply investigated with inhibition and biological
test'? discussed in the following sections.

9.2.2 Inhibition Test and X-Ray Diffraction Studies

The inhibition properties of the sulfonamides 9.1-9.10 against the cytosolic isozymes
hCA Iand IT and the transmembrane, tumor-associated isozyme hCA IX, together with
those of standard, clinically used inhibitors (acetazolamide AZA, methazolamide
MZA, ethoxzolamide EZA, dichlorophenamide DCP, and indisulam IND), are
reported in Table 9.1."%

The data show the following structure—activity relationships:

(1) The fluorescent sulfonamides 9.1-9.10 act as moderate—weak inhibitors
against the slow cytosolic isozyme hCA I, with inhibition constants in the
range of 480-1500 nM.

(2) Compounds 9.1-9.10 behave as efficient inhibitors against the major cytosolic
isozyme hCA II, with Kj values in a narrow range of 27-52 nM. Thus, the best
hCA IT inhibitors in this series were the aminobenzolamide derivative 9.10 and
the sulfanilylhomosulfanilamide 9.9, but the other compounds were only
slightly less inhibitory than 9.9 and 9.10. Despite this, all these compounds
were less efficient hCA Il inhibitors than the clinically used derivatives, which
typically showed K; values in the range of 8—15nM.

(3) All these compounds were good inhibitors of hCA IX, with K} values between
16 and 35 nM. The inhibition properties are similar to that of hCA II because
the activity of these different derivatives does not change much. However, it is
important to note how these compounds act as more efficient hCA IX than
hCA II inhibitors. This is a remarkable finding, since possible drugs based on
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TABLE 9.1 Inhibition Constant (K;, nM) of Compounds 9.1-9.20

Compound hCA 1 hCA II hCA IX Kinca W/ Kinca 1x
AZA 900 12 25 0.48
MZA 780 14 27 0.52
EZA 25 8 34 0.23
DCP 1200 38 50 0.76
IND 31 15 24 0.62
9.1 1500 41 29 1.41
9.2 1450 44 26 1.69
9.3 1300 45 24 1.87
9.4 980 47 30 1.56
9.5 950 52 32 1.62
9.6 1100 43 35 1.23
9.7 1070 40 31 1.29
9.8 1400 52 34 1.53
9.9 630 34 20 1.70
9.10 480 27 16 1.68
9.11 179 41 41 1.00
9.12 204 42 35 1.20
9.13 182 28 39 0.72
9.14 2070 165 132 1.25
9.15 233 37 22 1.68
9.16 128 12 14 0.86
9.17 784 152 220 1.55
9.18 365 47 30 1.57
9.19 89 20 7 2.86
9.20 170 33 41 0.80

hCA IX inhibitors should bind as much as possible to the target cancer-
associated isozymes (i.e., hCA IX and XII) but not to the other ubiquitous CA
isozymes such as hCA II, IV, and V. It should also be noted that the hCA IX
inhibitory properties of these fluorescent derivatives are in the same range as
those of the clinically used sulfonamides, including indisulam, an antitumor
sulfonamide in clinical trials.'®!!

The inhibition mechanism of these fluorescent molecules was explained in detail
by solving the X-ray structure of the complex between hCA II and compound 9.3.%
The inhibitor interaction does not generate relevant changes on the overall structure of
the isoform II (Fig. 9.2). The zinc coordination and all the relevant amino acid residues
lining the active site maintain the same conformation as in the native enzyme.?* The
inhibitor organic scaffold made a lot of hydrophobic contacts within the enzyme
cavity, in contrast to the polar interactions observed for other hCA II-sulfonamide/
sulfamate complexes.”* It was noted that such compound oriented its phenethyl—
thioureido moiety toward the hydrophobic part of the active site cleft, establishing
many van der Waals interactions with residues GIn92, Vall21, Phel31, Vall35,
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FIGURE 9.2 Stereoview of the Zn(Il) coordination sphere and neighboring amino acid
residues involved in the binding of compound 9.3 to the hCA Il active site. (See the color version
of this figure in Color Plates section.)

Leul98, Thr199, Thr200, and Pro202. Instead, the tricyclic fluorescein moiety was
accommodated on the protein surface and stabilized strongly by interactions with the
a-helix, formed by residues Aspl30-Vall35 and symmetry-related enzyme
molecules.

For the complex hCA IX—compound 9.3, a modeling study was performed.*?
The models of hCA IX catalytic domain were found using both hCA II and mCA XIV
X-ray structures as templates either individually or in combination (sequence identity
34 and 44%, respectively). As expected, the hCA IX three-dimensional model was
very similar to that of hCA II and on the basis of the high sequence/structural similarity
between hCA IX and hCA 1I, it was not surprising that compound 9.3 showed rather
small differences in the affinity toward both enzymes.

The model of the complex hCA IX-compound 9.3 and all kinds of interactions
observed are given in Fig. 9.3. The analysis of this adduct reveals that all the active
site residues were conserved with all the H-bonds ensuring a proper catalytic
efficiency. Several polar and hydrophobic interactions stabilize the inhibitor within
the hCA IX active site; in particular, it was noted that the sulfonamide group bound
to the hCA IX active site in a way similar to that of hCA I1-9.3 complex. However,
the mutation of Asp130-Arg and the different orientation of amino acid residues on
hCA IX surface caused little changes in the bulky tricyclic fluorescence position;
in fact, a new polar interaction was added to that the hCA I1-9.3 counterpart as
shown in Fig. 9.3. Furthermore, independent of the Argl30 side chain starting
orientation, all the 1ns MD simulations carried out converged into a complex,
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FIGURE 9.3 Stereoview of the active site region in the hCA 1X-9.3 complex.

which presented the stable hydrogen bond between Arg130 and the carbonyl group
of compound 9.3.

This polar interaction that is absent in hCA II may be considered as the unique
structural feature accounting for the observed differences in binding affinity of ligand
9.3 toward hCA Il and IX, but it is presumably quite important, since compound 9.3 is
roughly two times more effective inhibitor of the tumor-associated isozyme (hCA IX)
than the cytosolic one (hCA II).

9.2.3 Biological Evaluation

Several biological tests have been reported to prove the ability of these fluorescent
derivatives to be employed as hCA IX inhibitors and as hypoxic tumor cell line
markers. First, the permeability of such molecules through red blood cell membranes
was measured;12 in fact, since hCA IX is a transmembrane protein with the active site
exposed out of the cell, derivatives that possess decreased permeability may lead to the
selective inhibition of hCA IX and not of the cytosolic CA isozymes CA I or II. This is
considered a very desirable property of a future drug belonging to this class of
compounds. The derivatives 9.2 and 9.3 showed decreased membrane permeability at
exposure times of 30-60 min but were more permeant after 48 h of exposure; this
behavior is due to the carboxylic acid moiety present in the fluorescein tail that is
deprotonated at physiological pH and leads to a decreased penetration through
membranes.

Fluorescent sulfonamides 9.1-9.10 were then used by Svastova et al. to investigate
the involvement of hCA IX in acidification of the external matrix in tumor cells.®
Hypoxia induce the expression of hCA IX in tumor cells together with various
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FIGURE 9.4 Immunofluorescence analysis of MDCK—-CA IX cells treated with compounds
9.2 (left) and 9.3 (right).

components of anaerobic metabolism and acid extrusion pathways; this could
complicate the determination of the contribution of hCA IX to the overall change
in pH.. Therefore, immortalized canine kidney epithelial cells (MDCK) were used that
do not endogenously express CA IX, but were stably transfected to express the human
CA IX protein in a constitutive manner. Immunofluorescence analysis of the trans-
fected MDCK cells with compounds 9.12 and 9.13 show that these derivatives were
perfect probes for such enzyme, as given in Fig. 9.4; in addition, it was noted that hCA
IX was predominantly localized at the cell surface, although the membrane staining in
hypoxic cells was less pronounced due to a hypoxia-induced perturbation of intercel-
lular contacts. Moreover, the fluorescent derivatives were detected only in hypoxic
MDCK-CA IX cells, and they were absent from their normoxic counterparts and from
the mock transfected controls. In particular, the lack of fluorescence signal in the hCA
IX-negative MDCK cells confirmed the selectivity of the inhibitors, which did not
bind with other potentially present CA isoforms and indicated that only the hypoxic
MDCK-CA IX cells contain the catalytically active hCA IX with the enzyme active
site accessible to an inhibitor.

Finally, it was verified if these inhibitors were also able to reduce the acidic pH by
inhibition of hCA IX. Four different hCA IX-selective inhibitors were tested,
including compounds 9.2 and 9.3 that possess bigger selectivity ratio (Kynca m/
Kimca 1x)) than the other fluorescent derivatives 9.1-9.10."% All the sulfonamides
tested were able to reduce the extracellular acidification of MDCK-CA IX cells in
hypoxia and their effect on the normoxic pH, was negligible, as showed in Fig. 9.5.

The extracellular pH of cervical carcinoma cells HeLa and SiHa was checked in
presence of compound 9.2 to see whether the phenomenon of hCA IX-mediated
acidification is applicable to tumor cells with endogenous hCA IX. Tumor cells, under
hypoxic condition, coordinately express elevated levels of multiple HIF-1 targets,*
including hCA IX; in addition, the activity of many components of the hypoxic
pathway and related pH control mechanisms, such as ion transport across the plasma
membrane, are abnormally increased to maintain the neutral intracellular pH. This
explains the considerably decreased pH, of the hypoxic versus normoxic HeLa and
SiHa cells (Fig. 9.6). The acidosis was partially reduced by compound 9.2, in support
of the idea that activation of hCA IX is just one of the many consequences of hypoxia.
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FIGURE 9.5 Values of pH, in MDCK-CA IX cells treated with sulfonamides Al (4-(2-
aminoethyl)-benzenesulfonamide), A2 (4-(2,4,6-trimethyl-pyridinium-N-methylcarboxamido)-
benzenesulfonamide), and compounds 9.2 and 9.3.
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FIGURE 9.6 Immunofluorescence analysis and pH, of SiHa and HeLa cells treated with
compound 9.2.
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Moreover, it was noticed that compound 9.2 accumulated in the hypoxic HeLa and
SiHa cells that contained elevated levels of hCA IX, but not in the normoxic cells with a
diminished hCA IX expression.

To conclude, exclusive binding of the fluorescent sulfonamides 9.1-9.10 to the
hypoxic cells that express activated hCA IX offers an attractive possibility for the
use of similar sulfonamide-based compounds for the imaging purposes in vivo;
moreover, hCA IX-selective sulfonamide derivatives may potentially serve as
components of the therapeutic strategies designed to increase pH, in the tumor
microenvironment and thereby reduce the tumor aggressiveness and increase the
drug uptake.

9.3 SPIN-LABELED SULFONAMIDE AS PROBES FOR CA IX

Electron paramagnetic resonance (EPR) technique has been largely used to study
enzyme structures and their changes directly in solution. In fact, both continuous wave
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and pulsed EPR methods permit to unravel secondary structure elements, complex
formation or domain arrangements.”® The inhibitors possess different mobility,
depending whether they are free in solution medium or they are bound to the enzyme
active site; thus, CAls with a radical moiety active in EPR measurements can produce
diverse output signals, from which is possible to reveal the inhibitor rotational
correlation time 7, (defined as the time required for the label to rotate through one
radian) or the maximal hyperfine splitting (2T)).

Several spin-labeled sulfonamides with CAs have been studied to understand the
mobility of the molecules in the enzyme—inhibitor complex and to clarify the
topographic conformation of the enzyme active site.>’ This type of CAls were in
fact reported starting from 1970s, when not much was known of the binding of
sulfonamides within the CA active site, because no X-ray crystallographic structures
of any native isoform or in complex with inhibitors were available.

Chignell et al.”® reported a series of spin-labeled sulfonamides (Fig. 9.7, structures
9.1-9.IIT) in which the distance between the head of the inhibitors and the pyrrolidine/
piperidine ring, which beams the radical nitroxide function, was gradually increased.
In this way, it was possible to estimate the active site depth of hCA 1I that is in good
agreement with crystallographic data, suggesting that the crystal and solution con-
formations of this enzyme are similar.?’ Furthermore, some of these inhibitors were
more immobilized when bound to hCA I than to hCA II, showing that the first enzyme
possess a narrower active site than the second one.”%

Bovine CA B (bCA B) have been studied by Chesnut et al. with another spin-
labeled CAI that possess an ester linkage between the radical piperidine N-oxide
moiety and the benzenesulfonamide head (Fig. 9.7, structure 9.IV).30 In addition,
Coleman et al. reported several studies of a radical p-hydrazido-benzenesulfona-
mide derivative (Fig. 9.7, structure 9.V) against human and bovine CAs.*'~*?
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FIGURE 9.7 General structures of spin-labeled compounds 9.1-9.V.
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Recently, new series of spin-labeled thioureido-sulfonamides that behaved as
strong hCA IX inhibitors with K; in nanomolar range was described.'® These
compounds may be used as additional markers of tumor cell line, which overexpress
hCA IX and could also give further information regarding the enzyme—inhibition
complex in solution (i.e., inhibitor mobility, etc.), or developed as diagnostic tools.

9.3.1 Design of Spin-Labeled Sulfonamides Incorporating TEMPO
Moieties

A novel and original set of radical TEMPO sulfonamides have been designed'® using
the classical tail strategy.'""'#® Thus, a thiourea linker, which was absent in any of the
previous derivatives, was incorporated between a benzenesulfonamide head, present
in the spin-labeled compounds 9.1-9.V reported earlier, and a free radical TEMPO tail
(Fig. 9.8).

The benzenesulfonamide moiety was chosen as “head” due to its ability to bind
with the metal ion inside the enzyme active site, as shown by several X-ray crystallo-
graphic data.""* The phenyl ring belonging to the benzenesulfonamide moiety was
also substituted in positions 3 and 4 (with respect to the sulfamoyl group) with halogen
atoms, as some of these derivatives were shown earlier to lead to potent CAIs.?® As a
central linker, a thiourea moiety was selected; in fact, several compounds incorporating
this motif behave as potent hCA I, I, and IX inhibitors, as reported in literature.®*” A
2,2,6,6-tetramethyl-piperidine-1-oxyl moiety substituted in position 4 was chosen as
tail; this type of tail is one of the most studied tails and it is considered a very suitable
radical scaffold due to its properties (chemically stable, partially water soluble,
nontoxic, simple EPR spectrum at ambient temperature).>® Furthermore, the possibility
to regulate the line width and intensity by tissue oxygen status or redox status renders
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FIGURE 9.8 Structures of spin-labeled inhibitors 9.11-9.20.
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such molecules containing this radical scaffold to be incorporated in spin probes that

interact with biomolecules such as enzymes.

9.3.2

39

Inhibition Test and EPR Measurements

The CA inhibition studies of the radical compounds 9.11-9.20 against the cytosolic
isozymes hCA I, II, and the tumor-associated isozyme hCA IX showed the following
structure—activity relationships (Table 9.1):'®

ey

2

3)

“4)

The sulfonamides 9.11-9.20 inhibit the slow cytosolic isoform hCA I with
inhibition constants in the range of 89-2070nM. They exhibit medium
inhibition properties (K; 89-233nM) for such enzymes, except for the
derivatives 9.14, 9.17, and 9.18, which are less efficient. The reduced affinity
for the molecules 9.14 and 9.17 is probably due to the fact that they possess a
bulky moiety meta to the sulfamoyl zinc binding group, as proved in literature
for other classes of derivatives bearing this substitution pattern.*® Derivatives
9.11-9.13 show similar inhibition constants (179-204 nM) because the pres-
ence of a methyl or ethyl moiety between the aromatic scaffold and the
thioureidic group does not lead to important differences in the inhibitory
properties of such compounds.

Against the ubiquitous, physiologically relevant isozyme hCA II, compounds
9.11-9.20 exhibit good K; values, between 12 and 165 nM. Similar to hCA I
values, the two compounds that have a meta substitution on the phenyl ring
show bad inhibition results (165 and 152 nM for the molecules 9.14 and 9.17,
respectively). The derivatives 9.11-9.13 possess a compact behavior against
this isoform, with K ranging from 28 to 42 nM. Furthermore, the substitution
of the fluorine atom present in compound 9.15 with a chlorine (compound
9.16) increases the affinity against the biological target from 37 to 12 nM.
Sulfanilyl sulfonamides 9.18-9.20 were less efficient hCA II inhibitors than
9.16, but they still possess good inhibition constants between 20 and 47 nM.
Thus, we evidenced several types of substitution patterns of the TEMPO-
containing CAls that lead to efficient and low nanomolar inhibitors of the
physiologically relevant isozyme hCA II.

The spin-labeled compounds 9.11-9.20 inhibit the tumor-associated isozyme
hCA IX (the main target for imaging or treatment purposes) with Ki’s in the
range of 7-220 nM. The derivatives 9.14 and 9.17 present the worst Ky against
this isoform, similar to the hCA II inhibition already discussed, due to their
meta aromatic substitution (132 and 220 nM, respectively). On the contrary,
the other inhibitors possess good inhibition constant in the range of 7-41 nM.
In addition, derivatives 9.16 and 9.19 have shown better Ky value for such
enzyme than the clinically used drugs reported in Table 9.1.

Inhibitors 9.12, 9.15, 9.18, and 9.19 have also shown selectivity against the
tumoral isoform hCA IX over the cytosolic hCA II, with a maximum for
compound 9.19 (selectivity ratio=2,9). These are interesting results,
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FIGURE 9.9 EPR signals of compounds 9.11 and 9.16 in solution.

considering that only few compounds reported in the literature selectively
inhibit the tumor-associated isoform over the cytosolic CAs. This means that
these derivatives will preferentially bind hCA IX (already overexpressed in
hypoxic tumors)' and much less CA II, which is a housekeeping enzyme
necessary for many physiological processes of the cell.!'

To investigate the mobility of TEMPO-CALISs in solution and upon binding to the
enzyme, the ESR spectra of the nitroxide were recorded both in the absence and in
the presence of hCA II. The ESR spectra of compounds 9.11 and 9.16, both free in
solution and complexed to the enzyme, are shown in Figs 9.9 and 9.10. The signals
of the spin-labeled CAIs dissolved in buffer were superposable as expected,
considering that the only difference between compounds 9.11 and 9.16 is the
chlorine atom that is placed quite far from the radical piperidine-N-oxide ring
and it does not influence the output signal (Fig. 9.9). The molecules possess
rapid movements in solution with hyperfine coupling typical of a polar medium
(<An>=17.1). The ESR spectrum of compounds 9.11 and 9.16 significantly
changes in the presence of hCA II to a slow motion signal, indicating that binding
within the enzyme active site has efficiently occurred (Fig. 9.10). It should be
noted that a very small fraction of labeled compounds did not interact with the
enzyme; this fraction was found to be of the order of 0.1-3%, as measured from
double integration of the different ESR peaks. However, in all cases, the ESR line
shape of TEMPO-CAIs in the presence of hCA II was completely dominated by
the spectrum of the bound molecules, which showed the anisotropic features
characteristic to restricted motional conditions.?®*

These results prove that these free radical sulfonamides were able to strongly
interact with the amino acid residues lining the cavity of the hCA II enzyme, making
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FIGURE 9.10 EPR signals of compounds 9.11 free in solution and complexed with hCA II.

them promising leads for the investigation of various CA isozymes by means of ESR
techniques.

9.4 CONCLUSIONS

Fluorescent and spin-labeled sulfonamides were investigated as probes for the tumoral
hCA IX. Fluorescein sulfonamides 9.1-9.10, which act as potent CAls, showed
excellent properties as fluorescent markers for hypoxic tumor, due to their property to
bind selectively with the membrane-associated hCA IX, without any interaction with
the cytosolic hCA II. Thus, compounds 9.1-9.10 may be useful in the diagnosis of a
large spectrum of tumors; particularly, compound 9.3 is in clinical studies as an
imaging tool for acute hypoxic tumors.

Compounds 9.1-9.10 were also used to demonstrate the involvement of hCA IX in
the acidification of external tumor matrix, together with the lactic acid accumulation
during glycolysis. This is a very important discovery, considering that the low pH, in
the tumor environment is associated with bad tumor progression and it represents a
barrier to drug delivery for many chemotherapeutic agents. These results also
demonstrate that sulfonamides are able to enhance the pH, by inhibition of hCA IX
in tumor cells like HeLLa and SiHa; they also represent the basis for a new approach in
the treatment of cancer consisting in the inhibition of tumor-associated hCA IX.

Finally, the spin-labeled sulfonamides 9.11-9.20 have been reviewed. The data
reported showed that EPR could be considered as an additional technique to reveal the
complex enzyme—inhibitor formation in solution and to estimate the power of the
binding between the sulfonamide and the carbonic anhydrases. Furthermore, with this
type of analysis, it is possible to acquire information about the chemical environment
and the mobility of the inhibitors bound to the enzyme active site.
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10.1 INTRODUCTION

Obesity is the most frequent metabolic disease in industrialized countries.'™ Nor
are developing countries immune to this epidemic: according to the reports from
China, for example, during 1989-1997, obesity doubled in women and almost
tripled in men.'~ Obesity is also a risk factor for a variety of diseases such as type 2
diabetes, cardiovascular diseases, and various types of cancer,5 and the prevalence
of obesity-related diseases continues to increase. Obesity-associated morbidity and
mortality have had an enormous impact on global health care and welfare systems
and this economic burden is only destined to increase. Therefore, the development
of strategies to reduce the worldwide obesity epidemic has recently become an
important research goal.>® Although diet and lifestyle changes should theoretically
help control this condition, weight losses achieved with such approaches are quite
modest and limited by high rates of recidivism and a compensatory slowing of
the metabolism.”® Thus, pharmacological interventions in the treatment of obesity
are essential. Paradoxically, there are at present very few drugs available for the
treatment of this disease, their mechanism of action is poorly understood, and their
side effects are generally quite serious.’

Obesity is caused by an excessively positive energy balance, with the energy intake
being greater than energy expenditure, even if the precise etiology of the disease is
unknown.” Accordingly, depending on the mechanism of action on the energy balance,
antiobesity drugs can be grouped into two large classes: those that reduce energy intake
and those that stimulate energy expenditure. Drugs belonging to the first class can act
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TABLE 10.1 Examples of Marketed Antiobesity Drugs

Compound Company Structure Mechanism of Action
Phentermine Medeva Increases levels of
Pharmaceuticals HoC O catecholamines,
HN producing
feeling of fullness
Gate
Pharmaceuticals

Sibutramine Abbot Monoamine-reuptake
inhibitor (primarily
norepinephrine

and serotonin)

Orlistat Roche Inhibitor of gastric and
pancreatic lipases
GlaxoSmithKline
Rimonabant Sanofi-Aventis o Endocannabinoid
(CB1) receptor
o blocker

either by affecting appetite mechanisms to diminish food intake or by reducing fat
absorption in the gastrointestinal tract, while drugs belonging to the second class
operate on metabolic processes to facilitate energy expenditure.”™'' The drug therapy
for obesity belonging to the first class is dominated by four compounds (Table 10.1):
Phentermine, which is indicated only for short-term treatment of obesity (a few
weeks), and Sibutramine, Orlistat, and Rimonabant, which, in contrast, received
approval for long-term use in treating the disease.”'*!?

Phentermine is a catecholaminergic drug with amphetamine-like properties,
which acts as an appetite suppressant. It generally causes only modest body
weight reduction and only for a few weeks. This drug is not recommended in
patients with cardiovascular conditions such as advanced arteriosclerosis, symp-
tomatic cardiovascular disease, and hypertension.'* Until recently, two other
drugs of this class were available, fenfluramine and dexfenfluramine, but they
were both withdrawn from the market in 1997 due to their potential risk of
valvular heart disease.’
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Sibutramine is a tertiary amine that was originally developed as an antidepressant
but subsequently approved by the Food and Drug Administration (FDA) for the long-
term treatment of obesity. This drug is a monoamine-reuptake inhibitor, which mainly
acts to increase satiety.>'> Sibutramine was also recently reported to stimulate
thermogenesis; however, this secondary action plays a minor role in weight reduc-
tion.'® Clinical studies demonstrated that sibutramine-associated weight loss is dose
dependent,'” takes place within the first 6 months of treatment, and may be maintained
for at least 2 years.'® The major side effects of this drug are dry mouth, nausea,
paradoxically increased appetite, constipation, and trouble sleeping. Moreover, in
some patients, it can generate small increases in blood pressure and pulse rate, thus
suggesting potential cardiovascular toxic effects.

Orlistat is a semisynthetic derivative of an endogenous lipstatin produced by
Streptomyces toxytricini.>*'*~>* It acts as a gastric and pancreatic lipase inhibitor, thus
impairing the absorption of dietary fat.>*** Orlistat was shown to be effective in
losing about 10% of body weight after 1 year of treatment, and this was associated with
significant reductions in total cholesterol levels, LDL, but not triglyceride levels.***
Commonly encountered side effects associated with the use of this drug are gastroin-
testinal and include oily spotting, fatty and oily stools, increased defecation, fecal
urgency, flatulence, and abdominal cramping. However, these side effects are reduced
when the patient follows a low-fat, low-calorie diet in concomitance with orlistat
treatment.>?*~>* Moreover, to avoid development of vitamin deficiency syndromes
with the long-term use of the drug, supplementation of fat-soluble vitamins is
recommended.'*'*

Rimonabant is a selective endocannabinoid CB1 receptor antagonist, which mainly
acts as an appetite suppressant, recently approved for the treatment of obesity.'?
Rimonabant clinical trials have provided very promising results:'*'>**2® Treatment
with 20 mg/day of rimonabant plus a 2-year diet promoted modest but sustained reductions
in weight and waist circumference and favorable changes in cardiometabolic risk
factors.'>'*2*26 The most important side effect of this drug is an increased occurrence
of psychiatric disorders such as aggression, depression, anxiety, and irritability.*°

It is clear from this brief overview that even if the medications currently approved
for the treatment of obesity are reported to be successful in weight loss, all have
undesirable side effects that require consideration. Thus, the development of antiobe-
sity agents possessing different mechanisms of action is strongly needed. Fortunately,
in recent years, pharmacological therapy for obesity has been in transition; expanding
knowledge of the physiological mechanisms of body weight regulation has revealed
new molecular targets, and hundreds of novel agents are under active development.
Among these we should recall agents that affect the leptin/insulin/central nervous
system pathways and the insulin metabolism/activity.?’ Potential leads for developing
antiobesity drugs are also agents that increase glucagon-like peptide-1 activity
(extendin 4, liraglutide, dipeptidyl peptidase IV inhibitors), increase protein YY3-36
activity, or decrease ghrelin activity, as well as amylin analogues (pramlintide).?” In this
chapter, we shall review another potential approach to treating obesity based on the
inhibitionof carbonic anhydrases (CAs, EC4.2.1.1),*®enzymesinvolved in several steps
of de novo lipogenesis.***°
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10.2 CARBONIC ANHYDRASES AS NEW TARGETS
IN THE TREATMENT OF OBESITY

CAs are ubiquitous metalloenzymes, which catalyze the reversible hydration of
carbon dioxide according to the following reaction: CO, + H,O« H"+
HCO37.28_3 ! At least 16 isozymes have been discovered until now in mammals, all
belonging to the a-CA gene family. Thirteen of these isoforms are catalytically active
(CAT-VA, VB, VI, VII, IX, and XII-XV), whereas the CA-related proteins (CARPs
VIII, X, and XI) are devoid of catalytic activity.”*>* The CA isozymes show various
tissue expression patterns and different subcellular localizations: CA I, II, III, VII, and
XIII reside in the cytosol, CA 1V, IX, XII, XIV, and XV are associated with the cell
membrane, CA VA and VB localize to mitochondria, and CA VI is secreted. 834

CAs are also able to catalyze several other hydrolytic processes such as the
hydration of cyanate to carbamic acid or of cyanamide to urea, aldehyde hydration
to gem-diols, the hydrolysis of carboxylic or sulfonic acid esters, as well as other less
investigated hydrolytic processes such as hydrolysis of halogeno derivatives and
arylsulfonyl halides.”®>* However, it is not yet known whether these other CA-
catalyzed reactions have physiological importance in systems where these enzymes
are present.zg*34

Structural studies on isozymes [-V, XII, XIII, and XIV33*?isolated from different
vertebrates have revealed that all these enzyme isoforms present a considerable degree
of three-dimensional similarity. Moreover, all these enzymes contain an essential
Zn’t ion, localized at the bottom of a deep active site cleft, coordinated by three
conserved His residues and a water molecule. The Zn*>*-bound water is also engaged in
H-bond interactions with the hydroxyl moiety of a conserved Thr residue, which in
turn is bridged to the carboxylate moiety of a conserved Glu residue. These inter-
actions enhance the nucleophilicity of the Zn>"-bound water molecule and orient CO,
toward a favorable location for nucleophilic attack.*>~*?

CAs are present in all organisms throughout the phylogenetic tree, where their
main function is to maintain an appropriate acid—base balance in organisms. Thus,
they participate in several physiological processes such as CO, and HCO;™
transport, bone resorption, production of body fluids, gluconeogenesis, ureagen-
esis, and lipogenesis.”® Accordingly, in the past few years, CA isozymes have
become an interesting target for the design of inhibitors or activators with biomedi-
cal applications.?®*

As mentioned above, CA VA and VB are the only CA isoforms found in
mitochondria. These isozymes are involved in several biosynthetic processes,
such as ureagenesis,* gluconeogenesis,** and lipogenesis, both in vertebrates and
in invertebrates.*>*® Indeed, the reaction catalyzed by these isozymes (probably
assisted by the cytosolic isozyme CA II) ensures the presence of enough
bicarbonate in several biosynthetic processes involving pyruvate carboxylase
(PC), acetyl-CoA carboxylase (ACC), and carbamoyl phosphate synthetases I
and IL**™* Figure 10.1 illustrates the transfer of acetyl groups from the mito-
chondrion to the cytosol for providing enough substrate for de novo lipogenesis.*®
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FIGURE 10.1 The role of carbonic anhydrase isozymes in fatty acid biosynthesis.

In practice, pyruvate is carboxylated to oxaloacetate in the presence of bicarbonate
and PC. The bicarbonate needed for this process is generated under the catalytic
influence of the mitochondrial isozymes CA VA and/or VB. The mitochondrial
membrane is impermeant to acetyl-CoA that reacts with oxaloacetate, leading to
citrate, which is then transported to the cytosol by means of the tricarboxylic acid
transporter. Here, the citrate can be converted back to acetyl-CoA and oxaloacetate by
ATP-citrate lyase. As oxaloacetate is unable to cross the mitochondrial membrane, its
decarboxylation regenerates pyruvate, which can be then transported into the mito-
chondria by means of the pyruvate transporter.>” The acetyl-CoA thus generated in the
cytosol is used for the de novo lipogenesis, by carboxylation in the presence of ACC
and bicarbonate, with formation of malonyl-CoA. The bicarbonate needed in this
process is supplied by the CA IlI-catalyzed conversion of CO, to bicarbonate.
Subsequent steps involving the sequential transfer of acetyl groups lead to longer
chain fatty acids.*® In conclusion, several CA isozymes are important for the entire
process of fatty acid biosynthesis: CA VA or/and VB within the mitochondria (to
provide enough substrate to PC), and CA II within the cytosol (for providing sufficient
substrate to ACC). These observations suggest that CAs can represent a potential new
target for the development of antiobesity drugs. Accordingly, several studies have
provided evidence that inhibition of CAs by sulfonamides can reduce lipogenesis in
adypocytes in cell culture.***°
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10.3 DRUG DESIGN OF ANTIOBESITY CARBONIC
ANHYDRASE INHIBITORS

The main class of CA inhibitors (CAls) is constituted by the unsubstituted sulfona-
mides and their bioisosteres (sulfamates, sulfamides, etc.), which bind to the Zn*" ion
of the enzyme, by substituting the nonprotein zinc ligand to generate a tetrahedral
adduct.?®>* Several such agents are clinically used drugs in the therapy of different
pathologies such as glaucoma, acid-base disequilibria, epilepsy, and other minor
neuromuscular disorders or as diuretics.**

Topiramate (TPM) (Fig. 10.2) is a sugar sulfamate derivative used as an
antiepileptic. It possesses potent anticonvulsant effects due to a complex mecha-
nism of action that involves blockage of sodium channels and kainate/AMPA
receptors, enhancement of GABA (y-aminobutyric acid)-ergic transmission and
CO, retention secondary to inhibition of the red cell and brain CA isozymes.”
It was recently demonstrated that this drug is also able to induce weight loss in
epilepsy patients after pharmacological treatment.®’ Since the use of other CAls
was associated with weight loss,*? it was presumed that this effect could be due to
the inhibition of the CA isozymes involved in the biosynthesis of lipids. In
support of this hypothesis, it was recently demonstrated that TPM is also a very
potent inhibitor of several CA isozymes, including hCA II (K; 13.8nM) and VA
(Ky25.4 nM).62 The atomic interactions that account for the high affinity of TPM
for these two CA isoforms have been identified by means of a comparative
structural study on the adducts that TPM forms with these two enzymes.** In
particular, the X-ray crystal structure of the adduct hCA II/TPM was solved®* and
was used as template for a homology modeling and molecular dynamics (MD)
simulation study on the adduct that TPM forms with hCA VA.®> The main
protein—inhibitor interactions observed in the hCA II/TPM structure are sche-
matically depicted in Fig. 10.3a. In particular, as observed for other sulfamate/CA
complexes,”® the TPM sulfamate moiety is tetrahedrally coordinated to the zinc
ion of the enzyme via its deprotonated nitrogen atom and hydrogen bonded to the
Thr199 residue. An extended network of polar interactions between the sugar
scaffold of the inhibitor and protein residues Asn62, GIn92, and Thr200 is also
observed (see Fig. 10.3a). This network of hydrogen bonds stabilizes the
complex, and explains the strong hCA II inhibitory properties of the drug.%*¢
Analysis of the hCA VA/TPM complex, as evidenced by the MD simulation study
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FIGURE 10.2 TPM and ZNS chemical structures.
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(Fig. 10.3b), reveals that while the sulfamate group of the inhibitor binds to the
enzyme active site in a manner similar to that observed in the complex with
isoform II, a different network of polar interactions of the sugar scaffold
distinguishes the hCA VA/TPM adduct from the hCA II/TPM one (Fig. 10.3).
These differences can justify the diverse binding affinity of TPM toward the two
CA isozymes.®

Zonisamide (ZNS) (Fig. 10.2) is another antiepileptic drug used as adjunctive
therapy for refractory partial seizures.®* Due to the multiple mechanisms of
action, ZNS shows a broad spectrum of anticonvulsant activities and has been
effective in several types of seizures, including partial and generalized seizures,
tonic—clonic seizures, and absence seizures in patients unresponsive to other
anticonvulsants.®* Recent studies demonstrated that ZNS, similar to TPM, is
effective in reducing weight in obese patients and treating eating disorders, such
as binge eating disorder, bulimia nervosa, or anorexia nervosa.®>°® To investigate
the molecular basis of ZNS antiobesity effects, the interaction of this sulfonamide
drug with hCA II and hCA VA, the two CA isozymes involved in lipogenesis, was
investigated by means of kinetic and structural studies.’>®” In these studies, ZNS
was demonstrated to strongly inhibit hCA II (K; 47.6nM) and hCA VA (K;
20.6nM).%*%7 The X-ray crystal structure of the adduct of hCA II/ZNS was
solved,®” providing a molecular explanation of the high affinity of this drug
toward hCA II. In particular, these structural studies showed that ZNS was
strongly bound within the hCA II active site, with the sulfonamide moiety
participating in the classical interactions with the Zn>" ion and the benzisoxazole
ring establishing a large number of van der Waals interactions with residues
located in the hydrophobic half of the active site cavity (Fig. 10.4a).%” Starting
from the hCA II/ZNS complex structure, homology modeling and MD simulation
studies on the adduct hCA VA/ZNS were also performed,®® revealing that the
tetrahedral geometry of the Zn>" binding site and the key hydrogen bonds
between the sulfonamide moiety of the inhibitor and the enzyme active site were
all maintained with respect to the adduct with isoform II. Moreover also in this
case, the benzisoxazole ring of ZNS was also oriented toward the hydrophobic
part of the active site cleft (Fig. 10.4b), establishing a large number of strong van
der Waals interactions with enzyme residues. However, an additional polar
interaction was observed in the hCA VA/ZNS adduct. In this case, the GIn92NE2
atom forms a bifurcated hydrogen bond with ZNSN2 and ZNSO3 atoms (see Fig.
10.4b). These structural data give a reasonable explanation for the experimentally
observed affinities of ZNS toward hCA VA and hCA II.

In summary, similar to what was observed for TPM, these findings strongly suggest
that the described clinical side effects of this drug, which caused weight loss in humans
and animals,®>*®%% may be due to the inhibition of the CA isozymes involved in
lipogenesis. On the basis of these considerations, we believe that the inhibition of
mitochondrial isoforms CA VA and VB, probably in conjunction with that of the
ubiquitous cytosolic isoform CA II, may represent a potential target for novel
antiobesity drugs.
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11.1 INTRODUCTION

The sulfonamide moiety constitutes an important template for a series of classes of
drugs, with several types of pharmacological agents among which are the antibacte-
rial, anticarbonic anhydrase, diuretic, hypoglycemic, and anticancer agents. Rofe-
coxib, celecoxib, and valdecoxib are three nonsteroidal anti-inflammatory agents that
were recently developed as COX-2 selective inhibitors. A key structural feature that
characterizes celecoxib and valdecoxib is the presence of a primary sulfonamide
moiety; rofecoxib possesses instead the isosteric and isoelectronic methylsulfone
group in its molecule. It was recently shown that the sulfonamide COX-2 selective
inhibitors (but not the methylsulfone ones) also act as nanomolar inhibitors of several
isozymes of the metalloenzyme carbonic anhydrase (CA, EC 4.2.1.1), some of which
(CATL, IX, and XII) are strongly involved in tumorigenesis. This was demonstrated in
pharmacological studies and by the determination of the X-ray crystal structures for
the adducts of celecoxib and valdecoxib with isozyme CA II. In this chapter, we will
discuss how this dual activity may help to explain differences in clinical observation
between sulfonamide and methylsulfone COX-2 inhibitors and to constitute an
important mechanism of antitumor action.
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256  DUAL CARBONIC ANHYDRASE AND CYCLOOXYGENASE-2 INHIBITION
11.2 NSAIDs AND CYCLOOXYGENASE INHIBITION

Nonsteroidal anti-inflammatory drugs (NSAIDs) act by interfering with the cyclo-
oxygenase pathway. The cyclooxygenase enzyme (prostaglandin (PG) endoperoxide
synthase or COX) catalyzes the transformation of arachidonic acid released from
cellular membrane phospholipids by phospholipase A, into prostaglandin H, (PGH,)
and subsequently into prostaglandin G, (PGG,). This reaction constitutes the first step
in the biosynthesis of a series of derivatives collectively referred to as prostanoids and
comprise the prostaglandins and thromboxane A, (TXA,) (Fig. 11.1). Three primary
COX isoenzymes are distinguished: COX-1 (constitutive), COX-2 (inducible), and
COX-3, which is mainly detected in the central nervous system. A number of partial
forms of COX-1 and COX-2 are also known, but their biological functions have not
been well evaluated.' Different mechanisms stimulate the different types of cyclo-
oxygenase. COX-1 is stimulated continuously in most tissues/cells and converts
arachidonic acid to prostaglandins. These prostaglandins in turn stimulate body
functions, such as stomach mucous production and kidney water excretion, as well
as platelet formation (via thromboxane A;). The location of the COX-1 enzyme
dictates the functions of the prostaglandins it releases. Thus, COX-1 in the stomach
wall produces prostaglandins that stimulate mucous production. This isozyme is also
only expressed in platelets. Before 1991, COX-1 was the only isoform thought to be
responsible for both physiological production of prostaglandins and their increased
levels observed during inflammation processes. However, an inducible COX enzyme
was identified as an isoform different from the constitutive enzyme and called COX-2
in opposition to the constitutive form COX-1. In contrast, the COX-2 enzyme is
induced. It is not normally present in cells but its expression can be increased

Arachidonic

acid
Prostaglandin G, (PGGy) ~ Cyelooxygenase—1 and-2
T

Prostaglandin H, (PGH,)

o

3 Thromboxane
& @ synthase
& & 2 Prostacyclin
éz'? g synthase
=
Prostaglandin D, &, 3
(PGD,) @ Thromboxane A, (TXA)
Prostaglandin E; Prostacyclin (PGly)

(PGEy) Prostaglandin Fp,

(PGF2q)
FIGURE 11.1 Cyclooxygenase pathway and chemical structures of arachidonic acid,
prostaglandin endoperoxides (PGG, and PGH,), prostaglandins (PGE,, PGD,, PGF,,),
prostacyclin (PGI,), and thromboxane A, (TXA).
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dramatically by the action of macrophages.”® COX-2 plays a key role in many
inflammatory and proliferative reactions.” Experimental data have shown that pros-
taglandins have a central action in therapeutic targeting not only in the treatment of
many inflammatory diseases but also in several types of human cancers.® Of impor-
tance, COX-2 expression is also observed in some tissues such as vascular endoth-
elium, kidney, or brain under normal conditions, suggesting the involvement of COX-2
in the regulation of physiological processes.* Besides, the discovery of the COX
isoforms led to establishing their importance in many nonarthritic or nonpain states
where there is an inflammatory component of pathogenesis, including cancer,®
Alzheimer’s disease, and other neurodegenerative diseases.’

A splice variant of COX-1 mRNA, retaining intron 1, and given the names COX-3,
COX-1b, or COX-1v, has also been identified in canine tissues as an acetaminophen-
sensitive isoform but its functions are still unknown. COX-3 was suggested as the key to
unlocking the mystery of the mechanism of action of acetaminophen. However, little
is known regarding its physiological/pathological function or its inhibition in
humans.'®'! Moreover, attempts to explain the action of acetaminophen and deriva-
tives by inhibition of a central COX-3 have been rejected by some authors. Thus,
recently, Hinz et al. suggested that acetaminophen inhibited COX-2 by more than 80%,
that is, to a degree comparable to NSAIDs and selective COX-2 inhibitors.'>"?

Classical NSAIDs still represent the most commonly used medications for the
treatment of pain and inflammation, but numerous well-described gastrointestinal and
renal ADRs limit their use in daily practice. According to one meta-analysis,'*
approximately one-third of patients taking NSAIDs had gastric or duodenal ulcers,
as diagnosed by endoscopy. Thus, for the identification and characterization of the role
of COX-2 ininflammatory processes, selective inhibitors of COX-2 were developed to
improve the safety of anti-inflammatory therapy in patients at elevated risk for
gastrointestinal complications that are thought to be caused by depression of
COX-1-derived mucosal prostanoids. They were not expected to be more efficacious
analgesics than classical NSAIDs. Indeed, the rationale of this development was based
on the hypothesis that this isoform mediates inflammation in several organs via the
biosynthesis of prostaglandins E, and I, (or prostacyclin) and that COX-1 was the
source of the same prostaglandins in the gastric epithelium, where they would act as
cytoprotective mediators.>%13

The structural concept of COX-2 selective inhibition is based on the differences
in amino acid sequences e