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to Rex Lovrien



I dedicate this book to the memory of my Ph.D. advisor Prof. Rex Eugene Lovrien
(1928-2003), who has a special place in my life, and his teaching has shaped
my path as a scientist in so many ways. He has introduced and taught me to
apply biophysical and especially biothermodynamic techniques in protein studies
resulting in this book, where we, a group of scientists, present the field of carbonic
anhydrase interactions largely using biophysical methods.

Right after Lithuania became de facto independent from the USSR on September
6, 1991, he attended a conference in Germany and decided to travel to Poland and
the Baltics in search of students to study in the Ph.D. program at the Biochemistry
Department of the University of Minnesota. He gave a lecture at Vilnius University
about the studies and how to take the necessary GRE and TOEFL exams and
invited Lithuanian students to apply for the studies in the USA. He generously paid
for my exams and the flight ticket, and in 1993, I ended up at the University of
Minnesota as an Adult Specialist and entered the Ph.D. program at the Biochemistry
Department in 1994. As a first-year student, I did three rotations: first under the
supervision of Prof. Rex E. Lovrien in protein-ligand interactions; second under
Prof. Douglas Ohlendorf in protein crystallography; and the third under Prof. Kevin
Mayo in protein NMR. I decided to continue research with Prof. Rex E. Lovrien
who has developed numerous ligands for protein stabilization and purification via
coprecipitation.

Rex was born on a farm at Eagle Grove, Iowa, on January 25, 1928, where he
attended a one-room country school. In 1939, he moved with his family to Sac City,
Iowa, where he graduated from high school. He was a graduate of the University of
Minnesota, received a Ph.D. from the University of Iowa in 1958, and then was a
postdoctoral fellow at Yale University, the University of Indiana, and the University
of Minnesota. In 1965, he became a professor in the Biochemistry Department at
the University of Minnesota-St. Paul campus, where he worked so hard until his
death on March 24, 2003, in St. Paul, Minnesota. During his academic career, he
mentored many students and published over 60 papers.

Rex taught me the basics of thermodynamics, especially the mixing calorimetry,
a technique to study protein—small-molecule interactions. It was my first practical
grasp of the concept of enthalpy and its usefulness to gain fundamental insight into
the mechanism of interaction. His contributions to our understanding of ion pairs
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and their significance in the energetic dissection of protein-ligand binding were
highly original and changed, for example, our understanding of the way how 1,8-
anilinonaphthalene sulfonate binds to proteins. It was thought since the discovery of
this probe in the 1960s that the sulfonate group simply keeps the probe in solution,
but instead we showed that the group makes an ionic hydrogen bond primarily
with the arginine guanidine group. Knowledge of the enthalpy was crucial in this
demonstration because of its additivity principle, also known as Hess’s Law, most
often used in the studies of gas combustion, but here applied to the protein—ligand
binding.

i\

Rex influenced us beyond scientific discussions. When he was 17 in 1945, he
enlisted in the US Army and was sent to the front against Japan. He was on a ship
getting ready for the battle when the news of the atomic bomb on August 6 changed
the course of history and instead he spent two years as a part of an occupying force
and luckily did not have to experience the war. Unfortunately, as he told me, during
that year on a ship he contracted the flu virus that damaged his heart valve. This
may have been later the cause of his untimely death in 2003. We had spent many
evenings discussing life, politics, and history or sometimes watched together the
Monday-night football. During these times that I dearly miss, I have learned how
much such an altruistic person as Rex contributes to the development of the world
toward the better. I admire the whole USA not only for the highest-level science, but
also for such wholehearted people as Rex, and I had a chance to meet many such
persons while living in the USA.

Rex told me about scientists who started entire new scholar schools and devel-
oped new science trends. Among them were Charles Tanford, Julian Sturtevant,
Rufus Lumry, and many more biological thermodynamicists, some of whom I met
at the Gibbs Conference on Biothermodynamics, the Biophysical Society, and other
meetings that Rex first took me and introduced to the community.

Rex had limited affection for computers and preferred direct exposure to
chemistry via experimentation. He would urge me to leave the desk and go to the
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bench, as he said. He did interesting experiments until his last days. He thought that
my studies and experience gained in the USA should eventually be brought back to
benefit our country, but he expressed his thoughts without ever pushing and instead
helping me to make decisions on my own. Unfortunately, he did not see us go back.
I did it only in 2005 after obtaining a Marie-Curie International Reintegration grant
to establish a research laboratory at the Institute of Biotechnology in Vilnius.

Despite living in the city his entire adult life, he always retained the values and
interests of his farmer beginnings, including a passion for polka music and farm
machinery. I would like us to remember Rex E. Lovrien as a humble person, who
did not try to become the first by pushing others, but has worked especially hard and
made many significant contributions to the science of protein molecular biophysics.
I will remember Rex for being a mentor and a close friend.

Vilnius, Lithuania Daumantas Matulis
November 2018



Carbonic anhydrase is a remarkable enzyme. Scientists at the end of the 1920s came
to the conclusion that the release of carbon dioxide from carbonic acid (or rather
bicarbonate) was too slow for the physiological needs. There had to be an enzyme to
catalyze the reversible hydration of CO, to HCO3 and H*. Meldrum and Roughton
were soon able to isolate and purify the proposed enzyme from ox blood and gave
the enzyme its name. Little did they know how the magnitude of work to be devoted
to this enzyme would expand. By further purification, variants of the enzyme were
identified and understood to be isoenzymes. By now twelve isoforms of the enzyme
are known in humans, all with their unique amino acid sequence, tissue distribution,
and catalytic properties. In addition, there are three proteins in humans that are
strongly related to carbonic anhydrases but lacking its catalytic activity but still
expressed.

By analysis of a range of species, one has so far identified seven very different
forms of the enzyme. Their amino acid sequence varies widely, as do their
oligomeric states, but with regard to the basic three-dimensional structure they seem
to belong to three different classes. The wheel has been invented three times, and we
are confronted with three different proteins that have converged during evolution to
perform the same catalytic reaction.

The enzyme was discovered early on to bind a zinc ion. Carbonic anhydrase is the
first identified zinc enzyme. The zinc ion is the center of the active site. Its positive
charge is essential to perturb the pK, of the catalytic water molecule, thereby
greatly influencing the rate of catalysis. Interestingly, the convergent evolution is
also evident in the active site. Not in an absolute way, but the groups participating
see to that the reactants bind in a conserved manner, which may suggest that nature
has three times identified in the same optimal way to perform the reaction. In these
studies, several alternative metals have been found in different forms of the enzyme.

A range of small anions inhibit the enzyme by binding to the metal ion.
However, a much more important class of inhibitors, identified in 1940, were the
sulfonamides. A tremendous amount of work has since been done to optimize
sulfonamides for treatment of different diseases related to the enzyme, early on
primarily glaucoma and edema. With the discovery of cancer-related carbonic
anhydrases, a strong activity focuses on cancer therapy and diagnostics using
specific inhibitors of these isoenzymes.

xi
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A number of books have been produced on various aspects of carbonic anhydrase
since its discovery. The current one gives a highly up-to-date and well-illustrated
description of the enzyme itself and a wide coverage of currently used inhibitors and
further design of novel drugs. Chapters also describe immunotherapy using specific
carbonic anhydrases as targets to locate and treat cancer cells.

The editor of the book, Matulis, has collected a broad spectrum of specialists in a
range of fields partly from the international scene but remarkable enough achieved
collaboration by a local group of people doing an excellent job in composing the
current overview.

Leksand, Sweden Anders Liljas
November 2018



The carbonic anhydrase (CA) enzyme has captured the attention of researchers
since its discovery in 1932. Probably the first book focused solely on the CA, The
Carbonic Anhydrases. Cellular Physiology and Molecular Genetics, was published
in 1991, edited by Susanna J. Dodgson. By that time the field has already expanded
to seven CA isoforms that were discovered and described (CA [—CA VII), and
it was hypothesized that not all of them are known yet. Today we know from
genomic studies that humans contain 15 isoforms and 12 of them perform the
catalytic function of CA, i.e., catalyze the reversible hydration of carbon dioxide.
No additional isoforms of CA are expected to be discovered in humans in the future.

Further developments in the CA field were well presented in the books The
Carbonic Anhydrase. New Horizons edited by W.Richard Chegwidden, Nicholas
D. Carter, and Yvonne H. Edwards in 2000 and Carbonic Anhydrase. Its Inhibitors
and Activators edited by Claudiu T.Supuran, Andrea Scozzafava, and Janet Conway
in 2004. There have been many advances in the understanding of the CA role in
the gastrointestinal tract and in the musculoskeletal, neurosensory, and reproductive
systems. The CA became increasingly important in the clinic. Numerous inhibitors
of CAs have been described in detail.

More recently, in 2014, Susan C. Frost and Robert McKenna edited a book
Carbonic Anhydrase: Mechanism, Regulation, Links to Disease, and Industrial
Applications where the field expanded from clinical to industrial applications, such
as carbon sequestration and biofuel production. The importance of CA IX as an
anticancer target has been further elaborated.

However, the design of high-affinity and high-selectivity ligands (small molec-
ular weight compounds) still remains a challenging task. The fact that primary
unsubstituted sulfonamides are strong inhibitors of CA has been known since the
1940s. The presence of such a pharmacophoric group is very helpful in the design
of new compounds. However, building a ligand that would be highly selective and
still possess picomolar affinity is challenging.

The CA enzyme is a well-described protein. It is relatively easy to recombinantly
produce in large (milligram) amounts and quantitatively measure interactions with
ligands using numerous biophysical and biochemical techniques, and some CA
isoforms are quite easy to crystallize. Therefore, for example, the atomic resolution
structure of CA II has been solved by X-ray crystallography and several hundreds of
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them have been deposited to the Protein Databank, but there are human CA isoforms
whose structure has never been solved. Most of the isoforms are relatively easy to
produce in bacterial cultures, but some require mammalian cells for the production
and some are very hard to obtain. Therefore, the CA enzyme family is still quite
challenging to structural characterization.

Numerous drugs used in the clinic are CA inhibitors. Sometimes, it seems that
the field is so popular and not much may be discovered here. However, there are no
anticancer drugs among them that would target CA despite significant promise for
the anticancer effect by inhibiting CA IX.

This book consists of four parts. The first part describes the human CA family
of enzymes, their recombinant production, catalytic activity, inhibition, and the
temperature stability of all twelve catalytically active human CA isoforms at various
pHs. Despite numerous and well-prepared reviews of CA research, some additional
information that we have gathered over the years working on the enzyme will
be useful for researchers who make the proteins, especially for the application of
various biophysical techniques.

The second part of the book focuses on the thermodynamics and kinetics of
inhibitor binding to CAs. In addition to commonly used inhibition of enzymatic
activity, we have studied the interaction by several techniques such as fluorescent
thermal shift assay, isothermal titration calorimetry, and surface plasmon resonance
and also by much less known techniques such as the pressure shift assay. Significant
emphasis is put on the importance of the intrinsic thermodynamics and kinetics of
inhibitor binding and dissection of the binding-linked protonation reactions.

The third part of the book describes the structural diversity of the chemical
compounds that are synthesized by organic chemistry and are inhibitors of CAs
and also of the proteins described by X-ray crystallography. The atomic-resolution
structural characterization of the enzyme family together with the in silico modeling
of the protein interaction and recognition of the compounds often provides insight
and leads the way to the design of isoform-selective compounds.

Finally, the fourth part of the book attempts to describe the development of
selected chemical compounds that exhibit exceptional affinity and selectivity toward
several desired CA isoforms as drug candidates. The application of monoclonal
antibodies for CA detection together with compound conjugates bearing reporter
probes shows the possibilities to use them for diagnostics and therapy.

The book is primarily intended for the researchers in the field of protein
molecular biophysical chemistry. However, I hope that it may be useful for master
or doctoral students interested in drug design starting from the organic synthesis
of small-molecule compounds, recombinant production of disease target proteins,
determination of the interactions between compounds and proteins, biological
testing of compound efficacy in cellular models, and finally, some aspects of
compound development toward pharmaceuticals.

Vilnius, Lithuania Daumantas Matulis
November 2018



This book would not have been possible without the help, teaching, and collab-
oration of so many individuals whom I would like to thank, but it would be
impossible to mention them all. My first affection with chemistry began thanks to
teacher Veronika PaberZzyté. The first mentor at the research laboratory, Prof. Jonas
Rubikas, taught me the basics of scientific thinking, and a young mentor Rolandas
Meskys helped with practical experimentation. My uncle Romas Sarmaitis, head of
laboratory at the Institute of Chemistry, influenced me to take the chemistry path. I
thank Prof. Jurgis Kadziauskas for teaching biochemistry.

In addition to my Ph.D. advisor Rex E. Lovrien, who introduced me to
biothermodynamics, I thank postdoctoral advisor Victor A. Bloomfield, who taught
me the biophysics of DNA, and Matthew J. Todd, supervisor at the 3-Dimensional
Pharmaceutics, later acquired by Johnson & Johnson, where I learned the principles
of target-based drug discovery and used carbonic anhydrase for the first time—the
CA II was routinely used there as a standard of protein melting temperature. I thank
Matthew for the idea to make all 12 human CA isoforms and design compounds that
would bind only one isoform.

I thank Algimantas Pauliukonis, the director of the Institute of Biotechnology,
who accepted our proposed research program and helped to establish the Laboratory
of Biothermodynamics and Drug Design, financed by two Marie-Sklodowska-Curie
International Reintegration grants, given to me and independently to my wife
Jurgita Matuliené, who established the Molecular and Cell Biology part of our
joint laboratory. All departments of the institute were helpful to us, and there are
so many people who I should thank, Prof. Saulius KlimaSauskas for the use of the
stopped-flow instrument to measure inhibition of CAs and the mass spectrometry
measurements, Prof. Ceslovas Venclovas for the computer modeling and advice,
Prof. Virgis Siksnys for the crystallography efforts, Arvydas Kanopka for the use of
hypoxic camera, and Vytautas Smirnovas for helping to build our joint laboratory.

I am lucky to have such a wonderful group of dedicated researchers in our
laboratory who have worked long hours to make our projects successful. The
teams of recombinant protein production, organic synthesis, biothermodynamics,
molecular modeling, and cell biology have all contributed to this book. Most of
them are the coauthors, but others have also significantly contributed in many ways,
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AGpr,SA

AH
AHip
AHpps
AHpr,buf
AHpr,CA
AHpr,SA

ICs¢
kq
ka,int
Ky
Kb,int
Kb,obs
Kq
Kp

Acronyms

Standard Gibbs energy change on protonation of deprotonated sulfon-
amide amino group

Standard enthalpy change on binding (equivalent to AH°)

Intrinsic standard enthalpy change on binding

Observed standard enthalpy change on binding

Standard enthalpy change on buffer protonation

Standard enthalpy change on CA-Zn"'-bound hydroxide protonation
Standard enthalpy change on protonation of deprotonated sulfonamide
amino group

Inhibitor concentration that inhibits 50% of enzymatic activity
Association rate constant

Intrinsic association rate constant

Equilibrium binding constant

Intrinsic equilibrium binding constant

Observed equilibrium binding constant

Equilibrium dissociation constant

Equilibrium dissociation constant (used in kinetics (SPR), equivalent to
Kaq)

Intrinsic equilibrium dissociation constant

Observed equilibrium dissociation constant

Dissociation rate constant

Intrinsic dissociation rate constant

Inhibition of enzymatic activity constant

Michaelis constant of an enzyme

Negative logarithm of the dissociation constant of acid protons
Negative logarithm of the dissociation constant of acid protons from
CA-Zn"-bound water molecule

Negative logarithm of the dissociation constant of acid protons from
the protonated sulfonamide amino group

Total protein concentration

Standard entropy change on binding (equivalent to AS°)

Standard entropy change on protonation of CA-Zn"-bound hydroxide
Standard entropy change on protonation of deprotonated sulfonamide
amino group

Melting (unfolding, denaturation) temperature of a protein

The standard change on binding of the volume of the protein—solvent—
ligand system
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Abstract

In human body there are 15 proteins that possess highly homologous B-sheet-
based structure called carbonic anhydrases (CAs) because 12 of them catalyze
the reversible hydration of carbon dioxide to bicarbonate and acid protons using
the Zn'" that is located in the active site of catalytically active CA. The remaining
3 CA isoforms do not possess this catalytic activity because they do not contain
the Zn' and thus are called carbonic anhydrase-related proteins (CARPs). The
12 catalytically active proteins are the proteins analyzed in this book from
the perspective of drug targeting. The CA isoforms possess variable levels
of catalytic activity, different cellular localization, patterns of multimerization,
domain organization, and attachment to membranes. In this chapter we briefly
review the CA research, beginning from the discovery of carbonic anhydrase
enzyme through the development of specific CA inhibitors into human clinical
drugs.

1.1 Introduction

Carbonic anhydrase (CA) is an enzyme (EC 4.2.1.1) which catalyzes the reversible
hydration of carbon dioxide to bicarbonate and acid protons:

CO, +H,0 — H* + HCOj (1.1)
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This reaction occurs spontaneously in water but the rate is too slow to supply the
needs of living cells. Therefore, all forms of life have developed various CAs that
accelerate the reaction by up to approximately 1 million fold. There are many classes
of CAs that are structurally very different in kingdoms from bacteria to animals, but
their function is essential for every organism.

1.2  Discovery and Classification of Carbonic Anhydrases

Two research groups, N. U. Meldrum with F. J. W. Roughton in UK and W. C.
Stadie with H. O’Brien in the USA, in 1932-1933 independently discovered an
enzyme that catalyzed the hydration/dehydration of CO, to HCO; [1-3]. Soon D.
Keilin and T. Mann determined that this protein contains zinc and uses it to perform
the enzymatic reaction, which can be inhibited by metal-complexing anions [4].
In 1940, the inhibition of CA by chemical compounds, containing unsubstituted
primary sulfonamide group, was reported [5]. This discovery laid foundation for
the later treatment of CA-linked diseases by applying sulfonamide drugs such as
acetazolamide, brinzolamide, and dorzolamide.

Together with an increasing interest in animal CAs, the presence of these
enzymes has been confirmed in numerous other organisms, such as in plants
[6, 7], bacteria [8], archaea [9], and fungi [10]. The CAs have been found in
all living organisms, where they were searched for [11]. The importance of CA
function in accelerating the conversion between CO, and HCOj is emphasized
by the fact that the enzyme has been “re-invented” many times throughout the
evolution. Currently, up to seven distinct classes of CAs are distinguished, namely
the alpha (@), beta (8), gamma (y), delta (§), zeta (¢), eta (1), and theta (6) CA
[1,9, 12-16]. The enzymes belonging to these classes catalyze the same reaction
but share no structural similarity. The «-CAs have been identified in animals, plant
cytoplasm, algae, protozoa, and Gram-negative bacteria, the f-CAs—in bacteria,
plant chloroplasts, fungi, and archaea, the y-CAs—in bacteria, cyanobacteria, and
archaea, the §-CAs, {-CAs, and 9-CAs were detected in marine diatoms, while the
n-CAs—in protozoa.

All known CAs are metalloproteins—most of them contain zinc ion in their
active site, while in {-CAs it can be substituted with cadmium, in S-CAs—with
iron, and in some o-CAs—with cobalt. In most CAs, the metal ion is coordinated
by three amino acid ligands and a water molecule or hydroxide ion. However, the
CAs from different classes have varying coordination pattern. The «, y, and § CAs
use three His residues, the { and S-CAs have two Cys and one His ligand, but the
B-CAs can also have two Cys, one His and one Asp (in closed active site form),
while the 7-CAs use two His and one Gln to coordinate the zinc ion [11, 17].

Due to complex evolutionary relationships, it is common that organisms would
have multiple CA enzymes, sometimes even from different structural classes. An
example could be the gastric pathogen, Helicobacter pylori, which has CAs both
from the o and B classes [18, 19]. Humans have fifteen proteins that belong to the
a-CA class and are called CA isoforms [20] as will be discussed throughout the
book.
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1.3  Structure and Catalytic Mechanism of Human «-CAs

In 1972, Anders Liljas and coworkers determined the first crystal structure of
human CATI [21]. Currently, the number of different CA structures deposited to
the Protein Data Bank (www.rcsb.org), both unliganded and with various ligands, is
approximately 1000 [17,22] and some of the structures are of ultrahigh resolution
(< 1A).

All human «-CA isoforms have high structural similarity [23]. They have
approximately 15 A-deep cone-shaped active site cleft, where the zinc ion is
coordinated by three histidine residues His94, His96, and His119 (amino acids
numerated according to CA II) at the bottom of the CA active site. The protein has a
characteristic fold of ten-stranded anti-parallel S-sheet complemented with several
a-helices and additional g-strands (Fig. 1.1).

Fig. 1.1 The structure of human CA L. The B-strands are colored green, while the a-helices—in
red. The zinc ion is shown as a blue sphere coordinated by the 3 histidine residues, His94, His96,
and His119. The fourth nearby histidine, His64, does not bind the Zn I but is known as a proton-
shuttle residue, depicted here in the “out” position
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A characteristic feature of human CA active site is that one side of the cleft is
hydrophobic, while the other is hydrophilic. This feature serves while performing
the enzyme’s catalytic function: CO, is highly hydrophobic molecule, exhibiting
low aqueous solubility, and thus its entrapment and orientation benefits from the
hydrophobic part of the active site, while the HCO; and H* are hydrophilic entities
and are transported via hydrophilic pathway [24].

The enzymatic catalysis is performed by the CA using the two-step ping-pong
mechanism (where E denotes enzyme, and B—buffer or bulk solvent):

EZnOH™ + CO, = EZn(OH ~)CO, = EZnHCO; = EZnH,0 + HCO;
(12)

EZnH,0 — H*EZnOH™ + B — EZnOH~ + BH™ (1.3)

where ZnOH™ performs the nucleophilic attack on CO,, leading to the formation of
HCOj, while the water molecule remains bound to the zinc ion, and its conversion
to OH™ is required to regenerate the active site for the next catalysis cycle. The
proton transfer from the zinc ion-bound molecule to the bulk solvent is the limiting
step of the overall catalysis rate [25]. In the fastest isoforms (such as CAII and
CAIX), this step is assisted by the proton-shuttle residue His64.

14 Domain Organization, Cellular Localization,
and Multimerization of Human CAs

There are fifteen CA isoforms in humans and they all belong to the «-CA class [20].
These proteins are highly homologous and have essentially the same 3D structure,
but significantly different in the level of catalytic activity, oligomeric organization,
tissue distribution, and the main function in the organism. Out of the 15 human CA
isoforms, 12 are catalytically active, while the remaining three are acatalytic, also
called carbonic anhydrase-related proteins (CARPs), namely CARP VIII, CARP X,
and CARP XI. These three proteins lost their catalytic function due to mutations
in the active site metal ion-coordinating residues (His was replaced by other amino
acids) and thus they have no Zn'! in the active site and do not perform the carbon
dioxide hydration reaction. The CARPs together with isoforms CA 1, CAII, CA I,
CA VII, and CAXIII are cytosolic proteins [26]. Two of CA isoforms, CA VA
and CA VB, are mitochondrial, while CA VI is the only secreted isoform. Four
isoforms are linked to the cell membrane with their active sites located outside of
the cell, CA1V is held to the cellular membrane by the glycosylphosphatidylinositol
anchor, while three isoforms—CA IX, CA XII, and CA XIV—are transmembrane
proteins with their active sites oriented to the intercellular space, they all have single
transmembrane helixes and short intracellular fragments [11] (Fig. 1.2).

Most human CA isoforms are monomeric proteins and only three of them form
dimers: CA VI and CA XII form noncovalent dimers, while the CAIX dimer is
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Fig. 1.2 Localization of human CA isoforms in the cell. Proteins are marked as horseshoe shaped
figures with their color being proportional to the enzymatic activity. The acatalytic isoforms are
shown in white. The zinc ions in the active sites of CAs are shown as small purple spheres

supported by the disulfide bond. The exact effect of dimerization on the function
and catalytic activity of these isoforms is not fully clear.

The CAs are among the fastest known enzymes—their catalytic efficiency
approaches the diffusion limit. However, this is true only for some human isoforms,
the fastest ones are CA Il and CA IX. For instance, the activity of CA 1, the most
abundant isoform in human blood is equivalent to approximately 10% of CAII, and
the slowest is CAIII reaching only 0.3% of CAII specific catalytic activity. The
main features of human CA isoforms are summarized in Table 1.1.

Five cytosolic CA isoforms possess the CO, hydration catalytic activity, CA,
CAII, CATIIL, CA VII, and CA XIII. The primary function of cytosolic CAs is to
maintain the intracellular pH and participate in maintaining of the blood pH. They
can also interact with ion transporters forming transport metabolons.

The CAIII is the least active isoform, expressed in skeletal muscle, adipose
tissue, breast, and bones. The low CO, hydration activity is determined by the
residue Phe 198 which restricts the free movement of substrate within the active site.
It has other demonstrated or hypothesized biological functions, such as protection
from oxidative stress, gene regulation, and participation in adipogenesis [27-29].

The CA VII together with CATII also functions in protection from oxidative
stress [29]. This isoform participates in the transmission of neuro signal and is linked
to seizures, neuropathic pain, and other disorders of neural system. It is expressed
in brains, liver, colon, skeletal muscle, and some other organs/tissues [30,31].
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Table 1.1 Enzymatic activity, localization, and relation to diseases of human CA isoforms

Isoform CO, hydration activity Localization in cell Relation to diseases
CAI Low Cytosolic Hemolytic anemia
CAIl High Cytosolic Glaucoma, edema, altitude
sickness
CAIIL Very low Cytosolic -
CAIV High Membrane-linked via GPI ~ Glaucoma
anchor
CAVA Moderate-high Mitochondrial Obesity
CAVB Moderate Mitochondrial -
CAVI Moderate Secreted Dental caries
CAVIL High Cytosolic Epilepsy, neuropathic pain
CARP VIII None Cytosolic -
CAIX High Transmembrane Cancer
CARP X None Cytosolic -
CARP XI  None Cytosolic -
CAXII Medium-low Transmembrane Glaucoma, cancer
CAXIII Low Cytosolic Sterility
CAXIV Moderate Transmembrane -

The CAXIII is expressed in kidney, liver, GI tract, brain, adipose tissue,
reproductive system, and other organs/tissues. Its enzymatic activity is low and
comparable to CA1, but its sensitivity to standard sulfonamide inhibitors is high
and comparable to CAII [20].

There are two mitochondrial CAs: CA VA is expressed in liver, while CA VB
has broad tissue distribution. They both are mainly responsible for the supply of
bicarbonate ions for biosynthetic reactions in mitochondria. CA VA participates in
glucose and lipid metabolism and is linked to obesity [32,33].

CA VI is the only secreted isoform in this enzyme family. It is mainly detected
in saliva and milk. This protein exists as a dimer. It has relatively low affinity to
inhibitors compared to CAII. CA VI participates in perception of bitter taste [34].
Increased activity of this isoform is linked to the development of dental caries [35].

The CAIX and CAXII are the two dimeric cancer-linked membrane proteins
with their active sites exposed to the extracellular space [36]. The CAIX has a
unique structural feature in the human CA family, the proteoglycan-like domain,
which has recently been classified as an intrinsically disordered protein element,
increasing the stability of CAIX at acidic pH [37].

The CARP proteins (CARP VIII, CARP X, and CARP XI) lack the CO,
hydration catalytic activity due to the mutation of one or more Zn''-coordinating
histidines. However, CARPs have other biological functions. They participate in
the transmission of neuro signal, tumorigenesis, and other processes. For example,
the CARP VIII inhibits IP3 (inositol 1, 4, 5-trisphosphate) binding to its receptor
(IPR1), while CARP X and CARP IX bind to neurexins [26,38,39].
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1.5 Clinical Drugs as Inhibitors of CA Catalytic Activity

CAs are clinically important enzymes, thus inhibition and activation of their
catalytic activity by small molecule compounds is being extensively researched.
Several different mechanisms of CA inhibition have been described [40]. The first
synthetic inhibitors were identified soon after the discovery of CAs. They were
aromatic compounds bearing the primary unsubstituted sulfonamide group [5].
Later, other classes of inhibitors were described. The CA inhibiting compounds
could be broadly classified into two main groups, the zinc ion-binding compounds,
and the compounds that do not form direct bond with the catalytic Zn'.

The first group includes compounds, containing different zinc-binding groups,
such as primary sulfonamides, sulfamates, sulfamides, carboxylates, hydroxamates,
dithiocarbamates, xantanes, and phosphonates. The other group includes com-
pounds that either anchor to the Zn"-bound water molecule/hydroxide ion, such as
phenols, polyamines, some carboxylates, sulfocoumarins, and 2-thioxocoumarins,
or occlude the entrance of the substrate into enzyme’s active site, for example,
coumarins and fullerenes (predicted binding mode). Reported CA inhibition by
antibodies is likely to occur via the occlusion of the active site. In addition to these
groups, some compounds are supposed to bind outside of the active site of CA, while
the binding mechanism of others has not been identified yet. Different inhibition
types and mechanisms have been extensively described in [40].

The primary sulfonamides make direct coordination bond between the Zn!!
and the sulfonamide nitrogen atom (Fig. 1.3). Several hydrogen bonds form too.
However, the affinity and selectivity of various sulfonamides is largely determined
by the functional groups attached to the sulfonamide moiety.

Fig. 1.3 Main interactions 66
between sulfonamide 6\
inhibitors and the CA. The & 0,
direct coordination bond 60

between the sulfonamide Q\\ 6‘////
nitrogen and the Zn'! plays a 6&0 C& .
role of the main anchor ‘(\A /O’@
orienting the inhibitor in the NH.

active site of the CA. Several o~
hydrogen bonds also help

orienting the inhibitor Thrl99 o-
molecule. The affinity and H
selectivity of the compound is /

primarily determined by the a ' H
remaining part of the o A /4

inhibitor (shown as gray oval) ASY
that makes contacts with the _ NH His94
hydrophilic and hydrophobic Glul06
sides of the active site
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Fig. 1.4 Examples of some most popular drugs with the CA-inhibiting activity. Acetazolamide,
methazolamide, and dichlorophenamide are used as systemic CA inhibitors for glaucoma, edema,
and other CA-related diseases. Dorzolamide and brinzolamide are topical drugs for glaucoma
management. Zonisamide, topiramate, and sulthiame are used to treat neurological disorders.
Furosemide, hydrochlorothiazide, and indapamide are popular diuretics, while the celecoxib is
an inhibitor of cyclooxygenase

Despite extensive research of different inhibition modes of CA, all currently
clinically used drugs targeting CA activity are primary sulfonamides or their
bioisosteres sulfamates. They are used to control diseases/disorders, such as glau-
coma, edema, altitude sickness, metabolic alkalosis, and obesity, and there are
currently ongoing clinical trials for cancer treatment [41, 42], summarized in
Chapter 21.

There are more than 20 small molecule compounds (structures of some of them
are presented in Fig.1.4) that are being used as drugs for CA-related disease
treatment. However, CAs are not necessarily the primary targets for some of them.
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None of the currently marketed CA activity-perturbing drugs can be classified as
highly selective—according to in vitro data, they inhibit several CA isoforms. Some
of them are applied as topical drugs, such as brinzolamide and dorzolamide that
act as CA inhibitors in the eye for glaucoma management. Systemic application
of other drugs affects CAs in the entire organism, while the CA inhibiting effect,
usually required for the treatment of selected disease/condition, is more local and
specific organ/tissue-oriented [43,44].

1.6  Carbonic Anhydrases as Model Proteins

In addition to the above-discussed clinically relevant features of human CAs,
this group of enzymes, or at least some members (especially CAT and CATI),
together with bovine CAI are regarded as model proteins, extensively reviewed
by V. M. Krishnamurthy et al. [45]. The CAs are used as models in protein—ligand
interaction, protein stability, protein fibrillation, and other protein-study areas. This
is determined by the stable and relatively simple protein structure, inexpensive pro-
duction and its commercial availability, well-defined catalytic and inhibition/ligand
binding mechanisms, and the abundance of structural, ligand affinity, and other
information. The CA has a rigid structure—no large structural rearrangements occur
upon ligand binding. These and other properties make CA a good model, often used
for technique validation and comparability of the results. For instance, repeatabil-
ity/accuracy of isothermal titration calorimetry (ITC), analytical ultracentrifugation
(AU), and surface plasmon resonance (SPR) was performed simultaneously in
many laboratories using CA II binding to 4-carboxybenzenesulfonamide as a model
reaction [46]. The bCA II binding to acetazolamide was used as a model interaction
for large SPR comparability study to evaluate variation in establishing the binding
affinity and binding kinetics between different laboratories [47]. Recently, bCA II
binding to 4-carboxybenzenesulfonamide was employed for the validation of
method to extract kinetic data from ITC experiment [48]. The CAT binding to
sulfonamide group-bearing compounds of different affinity was used to compare the
affinity constants obtained by mass spectrometry, ITC, and SPR methods. The CAs
have been used for protein stability studies and determination of protein unfolding
parameters [49-52].

1.7 Conclusions

Carbonic anhydrases have been studied for over 80 years and served as model
proteins in numerous fields of protein research, including protein stability and
ligand binding studies. Out of 15 highly homologous proteins in humans, the 12
isoforms possess the carbon dioxide hydration catalytic activity which varies among
isoforms. The CAs have variable cellular localization, multimerization pattern,
domain organization, and attachment to cell membrane. The primary function
of CAs is pH regulation and they are involved in numerous physiological and
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pathological processes and are thus drug targets in diseases such as glaucoma,
obesity, altitude sickness, and even cancer.
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Abstract

Target-based drug design is based on the search of chemical compounds that
would strongly and specifically bind to the target protein. The target protein
is chosen based on biochemical and cellular investigation of a disease and a
demonstration that chemical inhibitor/activator could be of help for the patient.
Biochemical and biophysical interaction experiments require relatively large
amount of the target protein. In this chapter, we overview recombinant production
of the 12 catalytically active human carbonic anhydrase (CA) isoforms, begin-
ning with the cloning of the CA gene sequences, construction of the catalytic
domain encoding sequences, search for the best expression conditions in bacterial
and mammalian cell cultures, and finally—the purification of the enzymes
through Ni%>*-chelation chromatography or ligand-affinity chromatography using
an immobilized benzenesulfonamide headgroup. The purity of every CA isoform
has been confirmed by SDS-PAGE, HR-MS, and the specific activity determined
by the stopped-flow inhibition of CO, hydration assay. Tens to hundreds of
milligrams of highly purified CAs have been produced and subsequently used to
crystallize the proteins and determine their interaction with synthetic compounds,
and the inhibition of enzymatic activity as described in the following chapters.
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2.1 Introduction

Biophysical studies of proteins require quite a significant amount, usually milligram
quantities of purified protein. Carbonic anhydrases are considered to be relatively
easy to produce and especially the isoform CA II has been used as a model protein
for many years. The protein served as a model of a globular well-behaving protein
in the hands of many researchers using numerous techniques [1]. In our experience,
the isoforms CA I, CA II, CA VII, CA XII, and CA XIII have proven to be
quite easy to produce in bacterial cells and purify in large amounts. However,
some other isoforms were hard to produce, especially CA VA, CA VB, and CA
XIV. Furthermore, our group has not succeeded in repeating the procedure of CA
IX production in bacterial cells as described in the literature [2] and instead we
produced the catalytic domain of CA IX in mammalian cell cultures. Some other
isoforms, such as CA III, CA 1V, and CA VI, were also quite hard to make in large
quantities in bacteria.

However, recombinant forms of CAs not always are identical to the native
proteins as they are found in human body. Several isoforms were truncated by
removing the signaling sequences or the trans-membrane regions. It was important
to truncate them at a position that would ensure the catalytic domain to be in
an enzymatically active form. Still, the truncated proteins seem to be functional
and suitable for inhibitor design. First, all 12 isoforms caught the Zn’>* from the
medium, as verified by the quantitative analysis of Zn. Second, the exact molecular
weight of 11 isoforms has been confirmed by the HRMS analysis. The MW of CA
IX could not be confirmed due to variable post-translational modifications, primarily
glycosylation. Third, the specific catalytic activity and inhibition by conventional
CA inhibitors such as acetazolamide and ethoxzolamide has been shown for each
isoform.

The CA VI isoform occupies a special place because we have produced it in
a fully native form from human saliva by affinity-ligand purification. We call it
“native CA VI.” In addition, CA VI has been prepared recombinantly in bacteria
and also in mammalian cell cultures. All three different preparations interacted
with all tested inhibitors exhibiting essentially the same affinities thus showing
that the recombinantly produced CA VI is a good model of the native CA VI
isoform produced in human saliva. This example, in our opinion, confirms a general
notion that the recombinantly made proteins are good models of their ligand binding
profiles that resemble the properties in native body conditions.

However, it should be kept in mind that numerous differences between the
recombinant proteins and the native ones may cause significant differences in
compound binding. Such differences include but are not limited to: attachment to
membrane via a trans-membrane domain or a lipid anchor (CA IV), posttranslational
modifications such as phosphorylation or glycosylation, dimerization (possibly
CA VI, CA IX, CA XII, and CA XIV), and the presence of additional domains
such as the peptidoglycan (PG) domain in CA IX. Furthermore, some isoforms
were purified using an artificially attached Hise-tag that may affect the protein
characteristics.
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The level of quality of protein preparations is finally indicated by the crystal-
lizability of the proteins. We have attempted to crystallize all CA isoforms, but
succeeded in crystallizing only half of them, namely, CA I, CA II, CA IV, CA VI,
CA XII, and CA XIII. Compounds could be soaked into the CA crystals or had to
be co-crystallized to solve the structures of compound-CA complexes. However, we
never observed compounds bound to CA VI. The CA IX has been successfully co-
crystalized with our compounds in the laboratory of Prof. Kaspars Tars as described
in Chapter 14 on the crystallography of CA IX.

2.2 The Sequences of the Catalytically Active Human CAs

The multiple sequence alignment of all human «-CAs, made by MultAlin tool
(http://multalin.toulouse.inra.fr/multalin/) is shown in Fig.2.1. Protein sequences
are from Uniprot database (http://www.uniprot.org/), their entry numbers are listed
next to isoform name. High consensus (90% or more) areas are marked in red, while
the low consensus (50% or more) are marked in blue, and the neutral ones are shown
in black. The three His residues, that coordinate the Zn?" in the active center, are
marked in green. The catalytically inactive isoforms (CARPs), the CA VIII, CA X,
and CA XI are marked in purple. They all miss at least one of the Zn>*-coordinating
His residue, and therefore do not perform the catalytic function.

The sequences of the recombinant proteins, prepared in our laboratory, were
aligned with the proteins from Uniprot database (Fig.2.2). Some recombinant
proteins were made with Hisg-tag (CA I, CA VA, CA VB, CA VI, CA VII, and
CA XIV) to make them easier to purify via Ni**-chelation chromatography. The
pET15b vector, which was used to make all Hisg-tagged CAs except CA VA, has a
thrombin cleavage site between the Hisg-tag and the protein for His¢-tag removing.
In Fig. 2.2, Hise-tags are marked in blue and the thrombin cleavage site in green.
All tagged proteins, except CA VA, have the N-terminal Hisg-tag. For CA VA and
CA VB, different plasmids, containing either N-terminal or C-terminal Hise-tag
were made. For CA VA, more protein was produced using the C-terminal Hisg-
tag, while for CA VB - with the N-terminal tag. Other CAs such as CA II, CA 1V,
CA XII, and CA XIII do not contain a tag. The CA II and CA XIII have enough
His residues to bind Ni** without any additional sequences. For CA IV and CA
XII, the proteins with Hisg-tags were also made, but they didn’t bind to the sorbent.
Additional sequence potentially disturbs the protein structure. The CA I, CA 11, CA
III, and CA VII are full or almost full-length proteins. The CA I and CA III contain
full domains, beginning at the 4th amino acid (Pro) and the 3rd amino acid (Lys),
respectively. CA II and CA VII are also full-length proteins. The CA IV lacks the
signal peptide and the C-terminal part, which is present in pro-peptide and removed
during protein’s maturation (marked in grey in Fig. 2.2). Since Escherichia coli does
not make posttranslational modifications, the mentioned parts of the protein were
removed during cloning. This idea came from [3] article. For CA VA, the idea was
to remove the transit peptide (marked in grey in Fig. 2.2). However, that left the Cys
residue at the very beginning of the protein. We made this protein, but it aggregated
due to disulfide bond formation between proteins. To avoid this, several amino acids
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CA_2_P00918
CA_3_P07451
CA_7_P43166
CA_5A_P35218
CA_5B_Q9Y2D0

CA_4_P22748

consensus>50

CA_1 PO0OLS . ...ttt e e e e e e e e e
CA_I3_08NIOL . . . it ittt ettt e e e e e e e e e e e
CA_2 PO09L18 . . . . i ittt e e e e e e e e e
CA_3_POT45L . . . i e e e e e e e e e
CA_7_P43166

CA_5A_P35218
CA_5B_Q9Y2D0

MLGRNTWKTSAFSFLVEQMWAPL
MVVMNSLRVILQASPGKLLWRKF
ettt e ee et et sess.. MADLSFIEDTV

CA_. MRMLLALLALSA
CA_6 P23280 MRALVLLLSLFL
CA_9_016790 GEEDLPSEEDSPREEDPPGEEDLPGEEDLPGEEDLPEVKPKSEEEGSLKLEDLPTVEAPG
CA_12_043570 MPRRSLHAAAVLLLVILKEQPS
CA_14_Q9ULX7 . ... ...t iiiienennnn C et e+ttt MLFSALLLEVIW
MEIVWEVLFLLQANFIVCISAQ

- MGAAARLSAPRALVLWAALGAAAH
consensus>.
CA_1 P00915 .......... MASPDWGYDDKNGPEQ . . .WSKLYPIANGNNQSPVDIKTSETKHDTSL
CA_13_Q8N1Q1 .......... MSRLSWGYREHNGPIH. . .WKEFFPIADGDQQSPIEIKTKEVKYDSSL
CA_2_P00918 “e+eeeee.. . MSHHWGYGKHNGPEH.....WHKDFPIAKGERQSPVDIDTHTAKYDPSL
CA_3_P07451 ........... MAKEWGYASHNGPDH. . .WHELFPNAKGENQSPVELHTKDIRHDPSL
CA_7_P43166  ......... MTGHHGWGYGQDDGPSH. . .WHKLYPIAQGDRQSPINIISSQAVYSPSL
CA_5A_P35218 WSRSMRPGRWCSQRSCAWQTSNNTLHPL...WTVPVSVPGGTRQSPINIQWRDSVYDPQL
CA_5B_Q9Y2D0 QIPRFMPARPCSLYTCTYKTRNRALHPL...WESVDLVPGGDRQSPINIRWRDSVYDPGL
AFPEKEEDEEEEEEGVEWGYEEGVE. . . .WGLVFPDANGEYQSPINLNSREARYDPSL

CA_4_P22748 ARPSASAESHWCYEVQAESS. NYPC. .LVPVKWGGNCQKDRQSPINIVTTKAKVDKKL
CA_6_P23280 LGGQAQHVSDWTYSEGAL...... .AHWPQHYPACGGQRQSPINLQRTKVRYNPSL
CA_9_016790 DPQEPQNNAHRDKEGDDQSHWRYGGD PPWPRVSPACAGRFQSPVDIRPQLAAFCPAL
CA_12_043570 SPA.PVNGSKWTYFGPD....... ...NSWSKKYPSCGGLLQSPIDLHSDILQYDASL
CA_14_Q9ULX7 ILA.ADGGQHWTYEGPH....... GQ ..DHWPASYPECGNNAQSPIDIQTDSVTFDPDL
QNSPKIHEGWWAYKEVVQGSFVPVPSFWGLVNSAWNLCSVGKRQSPVNIETSHMIFDPFL
IGPAPDPEDWWSYKDNLQGNFVPGPPFWGLVNAAWSLCAVGKRQSPVDVELKRVLYDPFL

consensus>. .n. ..W...yp...gdrQSP!#i...... ydpsL

CA_1_P00915 KPISVS..YNPA.TAKEIINVGHSFHVNFEDNDNRSVLKGGPFS..DSYRLFQFEFHWGS
CA_13_Q8N1Ql RPLSIK..YDPS.SAKIISNSGHSFNVDFDDTENKSVLRGGPLT..GSYRLRQ LEWGS
CA_2_P00918 KPLSVS..YDQA.TSLRILNNGHAFNVEFDDSQDKAVLKGGPLD..GTYRLIQFHFHWGS
CA_3_P07451 QPWSVS..YDGG.SAKTILNNGKTCRVVFDDTYDRSMLRGGPLP..GPYRLRQFHLHEWGS
CA_7_P43166 QPLELS..YEAC.MSLSITNNGHSVQVDFNDSDDRTVVTGGPLE..GPYRLKQFHFHWGK
CA_5A_P35218 KPLRVS..YEAA.SCLYIWNTGYLFQVEFDDATEASGISGGPLE..NHYRLKQFHFHWGA
CA_5B_Q9Y2D0 KPLTIS..YDPA.TCLHVWNNGYSFLVEFEDSTDKSVIKGGPLE..HNYRLKQFHFHWGA
LDVRLSPNYVVC.RDCEVTNDGHTIQVILK...SKSVLSGGPLPQGHEFELYE FHWGR

CA_4_pP22748 GRFFFSGYDKK..QTWTVQNNGHSVMMLLE ... .NKASISGGGLP..APYQAKQLHLHEWSD
CA_6_P23280 KGLNMTGYETQA.GEFPMVNNGHTVQISLP...STMRMTVA.DG..TVYIAQQ FHWGG
9. RPLELLGFQLPPLPELRLRNNGHSVQLTLP...PGLEMALG.PG..REYRALQLHLHWGA
TPLEFQGYNLSANKQFLLTNNGHSVKLNLP...SDMHIQ.G.LQ..SRYSATQLHLHEWGN
PALQPHGYDQPGTEPLDLHNNGHTVQLSLP...STLYLG.G.LP..RKYVAAQLHLHWGQ
TPLRINTGGRKVSGTMYNTGRHVSLRLDKE...HLVNISGGPMT..YSHRLEEIRLHFGS
PPLRLSTGGEKLRGTLYNTGRHVSFLPAPR...PVVNVSGGPLL..YSHRLSELRLEFGA
.pl..s..yd..... l.i.nnghs.qvd.e...d...l.ggpl..... yrl.#.hlhwg.

CA_1_P00915 TNEH..GSEHTVDGVKYSAELHIVAHWNSA .KYSSLAEAASKADGLAVIGVLMKVGEA. .N
CA_13_Q8N1Ql ADDH..GSEHIVDGVSYAAELHVVHWNSD.KYPSFVEAAHEPDGLAVLGVFLQIGEP..N
CA_2_pP00918 LDGQ..GSEHTVDKKKYAAELHLVHWNT . .KYGDFGKAVQQPDGLAVLGIFLKVGSA. .K
CA_3_P07451 SDDH..GSEHTVDGVKYAAELHLVHWNP . .KYNTFKEALKQRDGIAVIGIFLKIGHE..N
CA_7_P43166 KHDV..GSEHTVDGKSFPSELHLVHWNAK.KYSTFGEAASAPDGLAVVGVFLETGDE. .H
CA_5A_P35218 VNEG..GSEHTVDGHAYPAELHLVHWNSV.KYQNYKEAVVGENGLAVIGVFLKLGAH. .H
CA_5B_0Q9Y2D0 IDAW..GSEHTVDSKCFPAELHLVHWNAV.RFENFEDAALEENGLAVIGVFLKLGKH..H

ENQR..GSEHTVNFKAFPMELHLIHWNST . LFGSIDEAVGKPHGIAITALFVQIGKE. .H
CA_4_P22748 L..PYKGSEHSLDGEHFAME IVHEKEKGTSRNVKEAQDPEDEIAVLAFLVEAGTQ.VN
CA_6_P23280 ASSEISGSEHTVDGIRHVIEIHIVHYNSK..YKSYDIAQDAPDGLAVLAAFVEVKNYPEN
CA_9_016790 AGRP..GSEHTVEGHRFPAEIHVVHL.ST.AFARVDEALGRPGGLAVLAAFLEEGPE.EN
CA_12_ 043570 PNDP.HGSEHTVSGQHFAARELHIVHYNSD.LYPDASTASNKSEGLAVLAVLIEMGSF..N
ca_ 1 9ULX7 KGSP.GGSEHQINSEATFAELHIVHYDSD.SYDSLSEAAERPQGLAVLGILIEVGET.KN

EDSQ..GSEHLLNGQAFSGEVQLIHYNHE . LYTNVTEAAKSPNGLVVVSIFIKVSDS.SN
RDGA..GSEHQINHQGFSAEVQLIHFNQE.LYGNFSAASRGPNGLAILSLFVNVAST.SN
consensus>50 .d....GSEHtvdg..f.aElhlvHwns...y..f.eA...pdgla!lgvflevg....n

Fig. 2.1 Multiple sequence alignment of human CA isoforms from Uniprot
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from the transit peptide were kept. For the same reason some amino acids were
removed from CA VB domain together with the transit peptide (marked in gray in
Fig.2.2). The length of CA VI construct was chosen according to article [4].

Many studies of recombinant protein expression demonstrate that it may not be
necessary to express the full-length protein to produce biochemically active enzyme,
because, frequently the desired enzyme activity is supported by a discrete domain
that can be used for the production of catalytically active recombinant enzyme
[5]. Therefore, CA IX and CA XII were truncated and only catalytic domain was
produced. The CA XII was cloned according to article [6]. The CA XIV preparation
contains a truncated catalytic domain (lacks 10 last amino acids). The full domain
was also produced, but truncated protein was easier to work with [7].

1 10 20 30
CA_1 P00915 ... .. ................ MASPDWGYDDKNGPEQWSKLYPIANGNNQSPVDIKTSET
CA_1_recombinant MG S S/HIEEEEES SCEVBPRGESHMLESPDWGYDDKNGPEQWSKLYPIANGNNQSPVDIKTSET

40 50 60 70 80 20
CA_1_P00915 KHDTSLKPISVSYNPATAKEIINVGHSFHVNFEDNDNRSVLKGGPFSDSYRLFQFHFHWG
CA_1 recombinant KHDTSLKPISVSYNPATAKEIINVGHSFHVNFEDNDNRSVLKGGPFSDSYRLFQFHFHWG

100 110 120 130 140 150

CA_1_P00915 STNEHGSEHTVDGVKYSAELHVAHWNSAKYSSLAEAASKADGLAVIGVLMKVGEANPKLQ
CA_1_recombinant STNEHGSEHTVDGVKYSAELHVAHWNSAKYSSLAEAASKADGLAVIGVLMKVGEANPKLQ

160 170 180 190 200 210

CA_1_P00915 KVLDALQAIKTKGKRAPFTNFDPSTLLPSSLDFWTYPGSLTHPPLYESVTWIICKESISV
CA_1l_recombinant KVLDALQAIKTKGKRAPFTNFDPSTLLPSSLDFWTYPGSLTHPPLYESVTWIICKESISV

220 230 240 250 260
CcA_1_P00915 SSEQLAQFRSLLSNVEGDNAVPMQHNNRPTQPLKGRTVRASF
CA_1 recombinant SSEQLAQFRSLLSNVEGDNAVPMQHNNRPTQPLKGRTVRASF

1 10 29 30 a0 50 60
CA_2 P00918 MSHHWGYGKHNGPEHWHKDFPIAKGERQSPVDIDTHTAKYDPSLKPLSVSYDQATSLRIL
CA_2_recombinant MSHHWGYGKHNGPEHWHKDFPIAKGERQSPVDIDTHTAKYDPSLKPLSVSYDQATSLRIL

70 80 90 100 110 120

CA_2_pP00918 NNGHAFNVEFDDSQDKAVLKGGPLDGTYRLIQFHFHWGSLDGQGSEHTVDKKKYAAELHL
CA_2_recombinant NNGHAFNVEFDDSQDKAVLKGGPLDGTYRLIQFHFHWGSLDGQGSEHTVDKKKYAAELHL

130 140 150 160 170 180

CA_2_P00918 VHWNTKYGDFGKAVQQOPDGLAVLGIFLKVGSAKPGLQKVVDVLDSIKTKGKSADFTNFDP
CA_2_recombinant VHWNTKYGDFGKAVQQOPDGLAVLGIFLKVGSAKPGLQKVVDVLDSIKTKGKSADFTNFDP

190 200 210 220 230 240

CA_2_P00918 RGLLPESLDYWTYPGSLTTPPLLECVTWIVLKEPISVSSEQVLKFRKLNFNGEGEPEELM
CA_2_recombinant RGLLPESLDYWTYPGSLTTPPLLECVTWIVLKEPISVSSEQVLKFRKLNFNGEGEPEELM

250 260

CA_2_P00918 VDNWRPAQPLKNRQIKASFK
CA_2_recombinant VDNWRPAQPLKNRQIKASFK

Fig. 2.2 The sequence alignment between the native human CA genomic sequences and our
recombinantly produced CAs
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CA_3_P07451
CA_3_recombinant

CA_3_P07451
CA_3_recombinant

CA_3_P07451
CA_3_recombinant

CA_3_P07451
CA_3_recombinant

CA_3_P07451
CA_3_recombinant

CA_4_P22748
CA_4_recombinant

CA_4_P22748
CA_4_recombinant

CA_4_P22748
CA_4_recombinant

CA_4_P22748
CA_4_recombinant

CA_4_P22748
CA_4_recombinant

CA_4_P22748
CA_4_recombinant
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1 10 20 30 40

MAKEWGYASHNGPDHWHELFPNAKGENQSPVELHTKDIRHD
HMLEWGYASHNGPDHWHELFPNAKGENQSPIELHTKDIRHD

50

60 70 80 90 100

PSLQPWSVSYDGGSAKTILNNGKTCRVVFDDTYDRSMLRGGPLPGPYRLRQFHLHWGSSD
PSLQPWSVSYDGGSAKTILNNGKTCRVVFDDTYDRSMLRGGPLPGPYRLRQFHLHWGSSD

110 120 130 140 150 160

DHGSEHTVDGVKYAAELHLVHWNPKYNTFKEALKQRDGIAVIGIFLKIGHENGEFQIFLD
DHGSEHTVDGVKYAAELHLVHWNPKYNTFKEALKQRDGIAVIGIFLKIGHENGEFQIFLD

170 180 190 200 210 220

ALDKIKTKGKEAPFTKFDPSCLFPACRDYWTYQGSFTTPPCEECIVWLLLKEPMTVSSDQ
ALDKIKTKGKEAPFTKFDPSCLFPACRDYWTYQGSFTTPPCEECIVWLLLKEPMTVSSDQ

230 240 250 260

MAKLRSLLSSAENEPPVPLVSNWRPPQPINNRVVRASFK
MAKLRSLLSSAENEPPVPLVSNWRPPQPINNRVVRASFK

Signal peptide

1 10 2 0 30 40 50 60

MRMLLALLALSAARPSAS|JAESHWCYEVQAESSNYPCLVPVKWGGNCQKDRQSPINIVTTK
e .MAESHWCYEVQAESSNYPCLVPVKWGGNCQKDRQSPINIVTTK
70 80 90 100 110 120
AKVDKKLGRFFFSGYDKKQTWTVQNNGHSVMMLLENKASISGGGLPAPYQAKQLHLHWSD
AKVDKKLGRFFFSGYDKKQTWTVQNNGHSVMMLLENKASISGGGLPAPYQAKQLHLHWSD

130 140 150 160 170 180

LPYKGSEHSLDGEHFAMEMHIVHEKEKGTSRNVKEAQDPEDEIAVLAFLVEAGTQVNEGF
LPYKGSEHSLDGEHFAMEMHIVHEKEKGTSRNVKEAQDPEDEIAVLAFLVEAGTQVNEGF

190 200 210 220 230 240

QPLVEALSNIPKPEMSTTMAESSLLDLLPKEEKLRHYFRYLGSLTTPTCDEKVVWTVFRE
QPLVEALSNIPKPEMSTTMAESSLLDLLPKEEKLRHYFRYLGSLTTPTCDEKVVWTVFRE

250 260 270 280 290 30
PIQLHREQILAFSQKLYYDKEQTVSMKDNVRPLOQLGQRTVIKSGAPGRPLPWALPALLG

PIQLHREQILAFSQKLYYDKEQTVSMKDNVRPLQQOLGQRTVIKS

Peptide$ sequence that is removed
during proteins maturation

atéeetal.



CA_5A_P35218
CA_5A_recombinant

CA_5A P35218
CA_5A recombinant

CA_5A_P35218
CA_5A_recombinant

CA_5A_P35218
CA_5A_recombinant

CA_5A_P35218
CA_5A recombinant

CA_5A P35218
CA_5A recombinant

CA_5B_Q9Y2D0
CA_5B_recombinant

CA_5B_Q9Y2D0
CA_5B_recombinant

CA_5B_Q9Y2D0
CA_5B_recombinant

CA_5B_Q9Y2D0
CA_5B_recombinant

CA_5B_Q9Y2D0
CA_5B_recombinant

CA_5B_Q9Y2D0
CA_5B_recombinant
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Transit peptide

1 10 20 30 a0 59 60
MLGRNTWKTSAFSFLVEQMWAPLWSRSMRPGRWCSQRS|ICAWQTSNNTLHPLWTVPVSVPG
C ettt e e e e as... MSOQRSCAWQTSNNTLHPLWTVPVSVPG

70 80 90 100 110 120
GTRQSPINIQWRDSVYDPQLKPLRVSYEAASCLYIWNTGYLFQVEFDDATEASGISGGPL
GTRQSPINIQWRDSVYDPQLKPLRVSYEAASCLYIWNTGYLFQVEFDDATEASGISGGPL

130 140 150 160 170 180

ENHYRLKQFHFHWGAVNEGGSEHTVDGHAYPAELHLVHWNSVKYQNYKEAVVGENGLAVI
ENHYRLKQFHFHWGAVNEGGSEHTVDGHAYPAELHLVHWNSVKYQNYKEAVVGENGLAVI

190 200 210 220 230 240

GVFLKLGAHHQTLQRLVDILPEIKHKDARAAMRPFDPSTLLPTCWDYWTYAGSLTTPPLT
GVFLKLGAHHQTLQRLVDILPEIKHKDARAAMRPFDPSTLLPTCWDYWTYAGSLTTPPLT

250 260 270 280 290 300

ESVITWIIQKEPVEVAPSQLSAFRTLLFSALGEEEKMMVNNYRPLQPLMNRKVWASFQATN
ESVTWIIQKEPVEVAPSQLSAFRTLLFSALGEEEKMMVNNYRPLQPLMNRKVWASFQATN

EGTRS........

EGTRS L E [l

Transit peptide

4 (? 51? 69
SLYTCTYKTRNRALHPLWESVDLVPG
.................. MGS SHEHHHEES S CEVPRES HMTYKTRNRALHP LWESVDLVPG

70 80 90 100 110 120

GDRQSPINIRWRDSVYDPGLKPLTISYDPATCLHVWNNGYSFLVEFEDSTDKSVIKGGPL
GDRQSPINIRWRDSVYDPGLKPLTISYDPATCLHVWNNGYSFLVEFEDSTDKSVIKGGPL

130 140 150 160 170 180

EHNYRLKQFHFHWGAIDAWGSEHTVDSKCFPAELHLVHWNAVRFENFEDAALEENGLAVI
EHNYRLKQFHFHWGAIDAWGSEHTVDSKCFPAELHLVHWNAVRFENFEDAALEENGLAVI

190 200 210 220 230 240

GVFLKLGKHHKELQKLVDTLPSIKHKDALVEFGSFDPSCLMPTCPDYWTYSGSLTTPPLS
GVFLKLGKHHKELQKLVDTLPSIKHKDALVEFGSFDPSCLMPTCPDYWTYSGSLTTPPLS

250 260 270 280 290 300

ESVTWIIKKQPVEVDHDQLEQFRTLLFTSEGEKEKRMVDNFRPLQPLMNRTVRSSFRHDY
ESVTWIIKKQPVEVDHDQLEQFRTLLFTSEGEKEKRMVDNFRPLQPLMNRTVRSSFRHDY

310

VLNVQAKPKPATSQATP
VLNVQAKPKPATSQATP

21
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Signal peptide

1 10 20 30 40 50

CA_6_P23280 MRALVLLLSLFLLGGQAIQHVSDWTYSEGALDEAHWPQHYPACGGQRQSPINLQRTKVRY
CA_6_recombinant MGSSHHHHHHESSGEVPRGEGSHMSDWTYSEGALDEAHWPQHYPACGGQRQSPINLQRTKVRY

60 70 80 920 100 110
CA_6_P23280 NPSLKGLNMTGYETQAGEFPMVNNGHTVQISLPSTMRMTVADGTVYIAQQMHFHWGGASS
CA_6_recombinant NPSLKGLNMTGYETQAGEFPMVNNGHTVQISLPSTMRMTVADGTVYIAQQMHFHWGGASS

120 130 140 150 160 170

CA_6_P23280 EISGSEHTVDGIRHVIEIHIVHYNSKYKSYDIAQDAPDGLAVLAAFVEVKNYPENTYYSN
CA_6_recombinant EISGSEHTVDGIRHVIEIHIVHYNSKYKSYDIAQDAPDGLAVLAAFVEVKNYPENTYYSN

180 190 200 210 220 230

CA_6_P23280 FISHLANIKYPGQRTTLTGLDVQDMLPRNLQHYYTYHGSLTTPPCTENVHWFVLADFVKL
CA_6_recombinant FISHLANIKYPGQRTTLTGLDVQDMLPRNLQHYYTYHGSLTTPPCTENVHWFVLADFVKL

240 250 260 270 280 290

CA_6_P23280 SRTQVWKLENSLLDHRNKTIHNDYRRTQPLNHRVVESNFPNQEYTLGSEFQFYLHKIEETI
CA_6_recombinant SRTQVWKLENSLLDHRNKTIHNDYRRTQPLNHRVVESNFPNQEYTLGSEFQ.........

300

CA_6_P23280 LDYLRRALN
CA_6_recombinant .........

1 10 20 30 40

CA_7_P43166 . .............. .MTGHHGWGYGQDDGPSHWHKLYPIAQGDRQSPINIISSQA
CA_7_recombinant MG S SHEEEEHS s EVBPRESEMTGHHGWGYGQDDGP SHWHKLYPTAQGDRQSPINIISSQA

50 60 70 80 20 100
CA_7_P43166 VYSPSLQPLELSYEACMSLSITNNGHSVQVDFNDSDDRTVVTGGPLEGPYRLKQFHFHWG
CA_7_recombinant VYSPSLQPLELSYEACMSLSITNNGHSVQVDFNDSDDRTVVTGGPLEGPYRLKQFHFHWG

110 120 130 140 150 160

CA_7_P43166 KKHDVGSEHTVDGKSFPSELHLVHWNAKKYSTFGEAASAPDGLAVVGVFLETGDEHP SMN
CA_7_recombinant KKHDVGSEHTVDGKSFPSELHLVHWNAKKYSTFGEAASAPDGLAVVGVFLETGDEHPSMN

170 180 190 200 210 220

CA_7_P43166 RLTDALYMVRFKGTKAQFSCFNPKCLLPASRHYWTYPGSLTTPPLSESVTWIVLREPICI
CA_7_recombinant RLTDALYMVRFKGTKAQFSCFNPKCLLPASRHYWTYPGSLTTPPLSESVTWIVLREPICI

230 240 250 260

CA_7_P43166 SERQMGKFRSLLFTSEDDERIHMVNNFRPPQPLKGRVVKASFRA
CA_7_recombinant SERQMGKFRSLLFTSEDDERIHMVNNFRPPQPLKGRVVKASFRA

Fig. 2.2 (continued)



CA_9 Q16790
CA_9_recombinant

CA_9 Q16790
CA_9_recombinant

CA_9 Q16790
CA_9_recombinant

CA_9 016790
CA_9_recombinant

CA_9 Q16790
CA_9_recombinant

CA_9 Q16790
CA_9_ recombinant

CA_9 Q16790
CA_9_recombinant

2 Recombinant Production of CA

Signal peptide

3 0 29 30 19 50 S0
MAPLCPSPWLPLLIPAPAPGLTVQLLLSLLLLVPVHPPDRLPRMQEDSPLGGGSSGEDDPL

70 80 90 100 110 120

GEEDLPSEEDSPREEDPPGEEDLPGEEDLPGEEDLPEVKPKSEEEGSLKLEDLPTVEAPG

130 140 150 160 170 180

DPQEPQONNAHRDKEGDDQSHWRYGGDPPWPRVSPACAGRFQSPVDIRPQLAAFCPALRPL
............ DAAHMQSHWRYGGDPPWPRVSPACAGRFQSPVDIRPQLAAFCPALRPL

190 200 210 220 230 240

ELLGFQLPPLPELRLRNNGHSVQLTLPPGLEMALGPGREYRALQLHLHWGAAGRPGSEHT
ELLGFQLPPLPELRLRNNGHSVQLTLPPGLEMALGPGREYRALQLHLHWGAAGRPGSEHT

250 260 270 280 290 300

VEGHRFPAEIHVVHLSTAFARVDEALGRPGGLAVLAAFLEEGPEENSAYEQLLSRLEEIA
VEGHRFPAEIHVVHLSTAFARVDEALGRPGGLAVLAAFLEEGPEENSAYEQLLSRLEEIA

310 320 330 340 350 360

EEGSETQVPGLDISALLPSDFSRYFQYEGSLTTPPCAQGVIWTVFNQTVMLSAKQLHTLS
EEGSETQVPGLDISALLPSDFSRYFQYEGSLTTPPCAQGVIWTVFNQTVMLSAKQLHTLS

370 380 390 400 410

420
DTLWGPGDSRLQLNFRATQPLNGRVIEASFPAGVDSSPRAAEPVQLNSCLAAGD|ILALVF
DTLWGPGDSRLQLNFRATQPLNGRVIEASF . .. .. ..ttt ivteennnnnn.

-Transmembrane domain

430
GLLFAVTSVAFLVQ

440 450
RROHRRGTKGGVSYRPAEVAETGA

CA_12_ 043570
CA_12_ recombinant

CA_12_043570
CA_12 recombinant

CA_12_043570
CA_12_ recombinant

CA_12_ 043570
CA_12_ recombinant

CA_12 043570
CA_12_ recombinant

Transmembrane domain

CA_12 043570
CA_12_recombinant

Fig. 2.2 (continued)

Cytoplasmic domain

Signal peptide

1 10 20 30 40 50 60

MPRRSLHAAAVLLLVILKEQPSSPAPVNGSKWTYFGPDGENSWSKKYPSCGGLLQSPIDL
............................ MSKWTYFGPDGENSWSKKYPSCGGLLQSPIDL

70 80 90 100 110 120

HSDILQYDASLTPLEFQGYNLSANKQFLLTNNGHSVKLNLPSDMHIQGLQSRYSATQLHL
HSDILQYDASLTPLEFQGYNLSANKQFLLTNNGHSVKLNLPSDMHIQGLQSRYSATQLHL

130 140 150 160 170 180

HWGNPNDPHGSEHTVSGQHFAAELHIVHYNSDLYPDASTASNKSEGLAVLAVLIEMGSFN
HWGNPNDPHGSEHTVSGQHFAAELHIVHYNSDLYPDASTASNKSEGLAVLAVLIEMGSFN

190 200 210 220 230 240

PSYDKIFSHLQHVKYKGQEAFVPGFNIEELLPERTAEYYRYRGSLTTPPCNPTVLWTVFR
PSYDKIFSHLQHVKYKGQEAFVPGFNIEELLPERTAEYYRYRGSLTTPPCNPTVLWTVFR

250 260 270 280 290 300

NPVQISQEQLLALETALYCTHMDDPSPREMINNFRQVQKFDERLVYTSFSQVQVCTAAGL
NPVQISQEQLLALETALYCTHMDDPSPREMINNFRQVQKFDERLVYTSFSQ

Cytoplasmic domain

310 320 330 340 350
SLGIILSLALAGILGICIVVVV[SIWLFRRKSIKKGDNKGVIYKPATKMETEAHA

23
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1 10 20 30 40 50

CA_13_0Q8N1Q1 .MSRLSWGYREHNGPIHWKEFFPIADGDQQSPIEIKTKEVKYDSSLRPLSIKYDPSSAKI
CA_13_recombinant MMSRLSWGYREHNGPIHWKEFFP IADGDQQSPIEIKTKEVKYDSSLRPLSIKYDPSSAKI

60 70 80 20 100 110
CA_13_Q8N1Q1 ISNSGHSFNVDFDDTENKSVLRGGPLTGSYRLRQVHLHWGSADDHGSEHIVDGVSYAAEL
CA_13_recombinant ISNSGHSFNVDFDDTENKSVLRGGPLTGSYRLRQVHLHWGSADDHGSEHIVDGVSYAAEL

120 130 140 150 160 170

CA_13_0Q8N1Q1 HVVHWNSDKYPSFVEAAHEPDGLAVLGVFLQIGEPNSQLQKITDTLDSIKEKGKQTRFTN
CA_13_recombinant HVVHWNSDKYPSFVEAAHEPDGLAVLGVFLQIGEPNSQLQKITDTLDSIKEKGKQTRFTN

180 190 200 210 220 230

CA_13_0Q8N1Q1 FDLLSLLPPSWDYWTYPGSLTVPPLLESVTWIVLKQPINISSQQLAKFRSLLCTAEGEAA
CA_13_recombinant FDLLSLLPPSWDYWTYPGSLTVPPLLESVTWIVLKQPINISSQQLAKFRSLLCTAEGEAA

240 250 260

CA_13_Q8N1Q1 AFLVSNHRPPQPLKGRKVRASFH
CA_13_recombinant AFLVSNHRPPQPLKGRKVRASFH

Signal peptide

1 10
CA_14_Q9ULX7 ..... MLFSALLLEVIWILA
CA_14_recombinant MGSS

20 30 40 50

DGGQHWTYEGPHGQDHWPASYPECGNNAQSPIDIQTDS
HMADGGQHWTYEGPHGQDHWPASYPECGNNAQSPIDIQTDS

60 70 80 90 100 110
CA_14_Q9ULX7 VTFDPDLPALQPHGYDQPGTEPLDLHNNGHTVQLSLPSTLYLGGLPRKYVAAQLHLHWGQ
CA_14_recombinant VTFDPDLPALQPHGYDQPGTEPLDLHNNGHTVQLSLPSTLYLGGLPRKYVAAQLHLHWGQ

120 130 140 150 160 170

CA_14_Q9ULX7 KGSPGGSEHQINSEATFAELHIVHYDSDSYDSLSEAAERPQGLAVLGILIEVGETKNIAY
CA_14_recombinant KGSPGGSEHQINSEATFAELHIVHYDSDSYDSLSEAAERPQGLAVLGILIEVGETKNIAY

180 190 200 210 220 230

CA_14_Q9ULX7 EHILSHLHEVRHKDQKTSVPPFNLRELLPKQLGQYFRYNGSLTTPPCYQSVLWTVFYRRS
CA_14_recombinant EHILSHLHEVRHKDQKTSVPPFNLRELLPKQLGQYFRYNGSLTTPPCYQSVLWTVFYRRS

240 250 260 270 280 290

CA_14_Q9ULX7 QISMEQLEKLQGTLFSTEEEPSKLLVQNYRALQPLNQRMVFASFIQAGS SYTTGEM
CA_14_recombinant QISMEQLEKLQGTLFSTEEEPSKLLVQNYRALQPLNQRMVFASFIQ........

Transmembrane domain

300 310 320 330
CA_14_Q9ULX7 VGILVGCLCLLLAVYFIARKIRKKRLENRKSVVFTSAQATTEA
CA_14_recombinant ~ T T T T T T T T T T s s i T

Cytoplasmic domain

Fig. 2.2 (continued)
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2.3  The Cloning of CA-Encoding Genes

The cloning of all CAs was done by using regular laboratory techniques, such
as amplification of the desirable cDNA sequence by PCR, use of restriction
endonucleases to create sticky ends on both the CA insert and a vector of choice,
dephosphorylation, ligation, and transformation. A typical cloning procedure used
for the cloning of CA IV is shown in Fig. 2.3. In our experiments we use a truncated
form of protein (19-284 amino acids) without the N-terminal signal peptide and
C-terminal peptide which is removed during the protein maturation. The PCR
primers, which were used for cDNA amplification, had recognition sites of Ndel
and Xhol restriction nucleases. The pET21a vector, which was used to create
genetic construct, also had Ndel and Xhol restriction nuclease recognition sites in
its multi-cloning site. This vector also encodes the C-terminal Hise-tag. Since a
non- Hisg-tagged protein was needed, the STOP codon was inserted to the reverse
primer.

The cDNA, encoding full length CA IV, was purchased from RZPD Deutsches
Ressourcenzentrum fiir Genomforschung (Berlin, Germany). After PCR, the restric-
tion using Ndel and Xhol restriction nucleases was performed on both CA IV insert
and vector. Then the linear vector was dephosphorylated. The vector and insert
were ligated through sticky 5’and 3 ends and E. coli XLI-blue strain (Novagen)
was transformed with the built genetic construct. The colonies from Petri dish
were grown in small amounts of liquid media and the DNA was purified and
sequenced.

2.4  Expression of Recombinant CAs

Various approaches for the production of sufficient amount of active recombinant
CAs were used: (1) variation of the host, the E. coli strain, (2) variation of the
vector and gene sequences, and (3) variation of the protein expression conditions
(Table 2.1).

2.4.1 Variation of the Host

Numerous hosts are used for the production of recombinant proteins: bacterial,
yeast, insect, and mammalian cells. Most recombinant CAs cloned in our laboratory
were produced in E. coli, because it is easy and inexpensive to culture, it has short
life cycle [8], and due to well-known genetics of E. coli it is possible to make some
genetic modifications to improve the yield and solubility of recombinant proteins.
Nevertheless, the need of post translational modifications, target protein toxicity for
the host cell, tRNA bias between bacterial and mammalian cells can influence the
expression of CAs, as well as other mammalian genes in E. coli.
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FP - CA IV forward primer 5'-CATCGEATATGGCAGAGTCACACTGG-3'

RP - CA IV reverse primer 5'-GACC(EIGGIG I TAGGACTTTATCACCGTTGC-3'
Ndel - Ndel restriction endonuclease recognition site
Xhol - Xhol restriction endonuclease recognition site

PCR
FP
=) codon of 284th a.a.
Ndel
\ codon of 19th a.a. <=
Xhol RP
pET21a Xhol CAIVcDNA  Stopcodon

vector

o
Ndel Xhol

| Dephosphorylation | <4

Start codon Stop codon

N 1%

Ligation ]

pET21a-CA IV
(encoding 19-284
amino acids)

|
=
N,

XLI-blue cells . DNA
purification sequencing

culture

Fig. 2.3 A typical cloning procedure, the cloning of CA IV, beginning from the restriction of the
vector plasmid, the PCR and restriction of the gene fragment, ligation of the two, transformation
to bacteria, and finally the purification of the encoding DNA

Usually the CA expression experiments were started with the BL21(DE3) E. coli
strain. This strain has advantage of being deficient in the lon and ompT proteases,
lysogenic for A prophage that contains an IPTG-inducible T7 RNA polymerase
and is suitable for protein expression from pET vectors. The BL21(DE3) was
used for full length CA II [9] and CA XIII [10], and parts of CA T (3-261 a.a.)
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[11,12] and CA III (4-260 a.a.) [13] recombinant protein expression. If the protein
was not expressed or was expressed as inclusion bodies in E. coli cells, we used
different E. coli strains with some genetic modifications: Rosetta (DE3), Rosetta
gami TM 2(DE3), Arctic Express (DE3), C41 (DE3), BL21 CodonPlus-RIL (DE3),
and others. The highest amount of soluble and active CA IV (19-284 a.a.) [14]
and CA XIV (16-280) [7] were expressed in E. coli Origami B(DE3) strain that
has mutations in thioredoxinreductase (trxB) and glutathione reductase (gor), which
help the disulfide bond formation in recombinant CA in the cytoplasm. The CA VB
(40-317 a.a.) [13], CA VI (21-290 a.a.) [15], and CA XII (30-291 a.a.) [16] were
expressed in Rosetta 2(DE3) strain supplied with tRNA genes for seven codons,
rarely used in E. coli gene expression: AUA, AGG, AGA, CUA, CCC, GGA, and
CGG. The highest yield of CA VA (35-305 a.a.) was obtained from target protein
expression in BL21 trxB(DE3) strain. This strain has the trxB mutation, which
enables cytoplasmic disulfide bond formation. Recombinant full length CA VII
was expressed in BL21 Codon Plus (DE3)-RIL strain containing copies of the Arg
(AGA, AGG), Ile (AUA), Leu (CUA) tRNA genes.

2.4.2 Varying the Vector and Gene Sequences

Varying the vector involves changing the promoter, which controls expression of
target gene or the fusion tag which influences the solubility and purification of
target protein. In our laboratory, most CA genes were cloned in pET vector with
the C- or N-terminal Hise-tag. Recombinant CAs with the N-terminal Hisg-tag
were CA I (3-261 a.a.), CA III (4-260 a.a.), CA VB (40-317 a.a.), CA VI (21-290
a.a), full length CA VII, CA XIV (16-280 a.a.), and the C-terminal Hise-tag- CA
VA (35-305 a.a). Hise-tag is a relatively small part of the protein that can also be
removed by a site-specific protease to ensure that it does not cause undesired effects.
The histidine-tagged proteins can be purified using a relatively simple method of
protein purification - immobilized metal affinity chromatography (IMAC). Some
recombinant CAs have a large number of histidines (10-13) in the target protein
sequence and can be purified using IMAC without an additional Hisg-tag: full length
CA II and full length CA XIII.

In order to increase the solubility of some recombinant CAs, the genes of interest
were also cloned in vectors, providing tags of large-size protein—glutathione S-
transferase (GST) (for the expression of catalytic domains of CA VB, CA VI, CA
IX, CA XII, and CA XIV), small ubiquitin modifier (SUMO) (for the expression
of catalytic domain of CA XIV), and N-utilization substance (NusA) (for the
expression of the catalytic domain of CA IX). The drawback of protein tags is
their large size (GST—211a.a. (26 kDa), SUMO—100a.a. (11kDa), and NusA—
495 a.a. (54.8kDa)), and therefore the fusion tags can interfere with the activity
of recombinant proteins and must be cleaved properly. Our experience shows that
the tags (GST, SUMO, and NusA) fused with CAs did not change the solubility
of recombinant CAs substantially or tag-fused CAs precipitated after the tag was
cleaved.
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Another important criterion for the selection of the vector is the strength of its
promoter, which controls target protein expression in E. coli cells. The strength
of the different promoters is determined by the relative frequency of transcription
initiation [17]. This is influenced by the affinity of RNA polymerase to promoter
sequence—the sequence of strong promoter match to RNA polymerase, resulting
in efficient transcription initiation and elongation. Sequence of a weak promoter
does not match exactly the RNA polymerase and therefore the transcription is
less effective. This is particularly important if the protein of interest is toxic or
harmful for the host cell. In these cases, weaker promoters may be preferred over
stronger ones [17, 18]. Usually for recombinant human CA expression we used
strong bacteriophage promoter T7, because we need high amount of target protein,
but for CA XIV both bacterial weaker fac and bacteriophage stronger T7 promoters
were used. However, CA XIV expression under both promoters revealed no obvious
difference in the amount of the purified protein. This can be explained by relatively
low differences between the strength of T7 and tac promoters [7]. While choosing
the most optimal vector it is also very important to choose a proper length of protein
itself - not too long so that E. coli would be able to produce it in stable and soluble
way, but not too short so that it would not lose its catalytic activity. For every CA
isoform, the optimal length of protein varies.

For the detection of optimal size of recombinant protein, several DNA constructs
encoding proteins that vary in length by 2—10 amino acids at each end can be created
[19]. For most of the isoforms, we did different constructs and tried to produce
proteins of variable length. The best options were described earlier in section “The
Sequences of the Catalytically Active Human CAs.”

2.4.3 Varying the Protein Expression Conditions

Culture conditions of E. coli may also increase the expression, solubility, and
stability of a recombinant protein. Whereas the rate of polypeptide chain elongation
is 4 to 10 times faster in prokaryotes than in eukaryotes, high translation rate in E.
coli promotes aggregation of recombinant proteins by forming insoluble inclusion
bodies. Thus cultivation of bacteria at lower temperatures slows down protein
expression and increases their proper folding [20]. In our experience, the optimal
temperatures for recombinant CA expression in E. coli were 16°C (overnight
expression), 20 °C (overnight expression), and 30 °C (four hours after expression
induction).

Using vectors with T7 systems, the target protein expression can be induced
either with isopropyl-g-D-thiogalactoside (IPTG) or by auto-induction medium.
The optimal IPTG concentration for the expression of CAs should be optimized.
In our laboratory, the E. coli cells were grown to optical density ODggpp ~ 0.6-0.8
in Luria/Miller (LB) medium or Brain-Heart-Infusion Broth (BHI) and then the
expression of CAs was induced with IPTG. The optimal IPTG concentration varied
from 0.1 to 1 mM.
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For catalytic activity of CAs, Zn>* is important, because Zn’>* is located in
the active site of CAs. ZnSOy4 and ZnCl, were added to the culture medium as a
Zn** source. Both compounds are toxic for cells, therefore should be added at low
concentrations. There was no significant difference which compound is used, but
ZnS0O4 was preferred over ZnCl,. The optimal concentration of ZnSO4 varies from
0.1 to 0.5 mM, while the concentration of ZnCl,—0.5 mM.

2.4.4 Generation of Recombinant CA Proteins Using Mammalian
Expression Systems

E. coli system is widely used for the expression of mammalian genes and generation
of stable recombinant proteins. However, this system cannot be applied when these
proteins require certain modifications, which occur only in eukaryotic cells. Good
example of such protein is human CA IX. We could not produce stable recombinant
CA IX in E. coli despite extensive efforts and experience, gained while generating
other human CAs in prokaryotic systems. Therefore, we turned to mammalian cells
for the production of this protein, as described in [13]. The expression systems used
in mammalian cells are summarized in Table 2.2.

A FreeStyle MAX 293 Expression System from Invitrogen (ThermoFisher)
was used, which contained suspension FreeStyle 293-F cells (derived from human
HEK-923 cell line), complete chemically defined culture medium, and a cationic-
lipid FreeStyle MAX transfection reagent. For the delivery of CA IX gene into
mammalian cells an episomal expression vector pCEP4 (Invitrogen, ThermoFisher)
was chosen, which combines the advantages of strong CMV promoter and extra-
chromosomal replication for the high level of recombinant protein expression.
Since the efficiency of protein production is highly dependent on the efficiency of
transfection, and the latter is reduced by the size increase of DNA construct, we
decided to reduce the size of the original pCEP4 vector by deleting ~2 kb region
containing the Hygromycin B resistance gene. The modified vector was called
pCEP4d (d stands for the deletion). Another modification, which took place, was an
insertion of chemically synthesized DNA sequence, containing the secretion signal
from the V-J2-C region of murine Ig kappa chain (modified vector called pCEP4dS,
where S stands for the secretion). Secretion signal was placed at the beginning of a
multicloning region to enable the secretion of the in-frame fused proteins into the
growth medium of transfected cells. Taking into account that the FreeStyle culture
medium does not contain a fetal bovine serum and is virtually protein-free, getting
the recombinant protein secreted into the medium is very convenient because of a
simple and efficient protein purification step. A one-step affinity chromatography
using p-aminomethylbenzene sulfonamide-agarose was enough to get pure protein
from the growth medium of transfected cells.
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First batches of recombinant mammalian protein were obtained using pCEP4dS-
CA IX construct containing DNA sequence corresponding to the catalytic domain
of CA IX (amino acids 138 to 390) and a FreeStyle MAX 293 Expression System
following the manufacturer’s recommendations for the suspension cell culturing and
transfection conditions [13]. This method generated pure and very stable CA IX
protein with an average gain of 10—15 mg of protein per 1 liter of culture. The same
method was also used to express other CA IX constructs as well as other CAs, such
us CA IV [14], CA VI [15], and CA XII [21]. However, this methodology had a
serious limitation—a relatively high cost of protein production.

Original protocol of the FreeStyle MAX 293 Expression System is based on tran-
sient transfection, which is not time consuming and works very well when the small
amounts of protein are needed. However, a large scale transient transfection may not
be the method of choice considering the cost of the transfection reagent. Since stably
transfected lines of suspension cells cannot be made without going through adhesive
stage, we decided to increase the efficiency of transient transfection by making
use of the Hygromycin resistance gene, present in the original pCEP4 vector. The
secretion signal was inserted into pCEP4 vector and a small scale transfection with
pCEP4S-CA IX construct was performed, adding Hygromycin B for selection of
transfected cells 2 days after transfection [22]. The bulk selection with Hygromycin
B turned out to be very useful not only because it increased the percentage of CA
IX-expressing cells in the culture after transfection, but also because it supported
the selective proliferation of these cells and allowed a possibility to dilute the
culture several times until it reached ~10 times larger volume compared to the
starting volume of transfection. This resulted in tenfolds lower consumption of
the transfection reagent and much lower cost of protein production. Moreover, this
method assured a healthy cell culture condition and low percentage of dead cells
even at the end of cultivation (10-12 days after transfection), resulting in the absence
of contaminating cell debris proteins in the growth medium. Therefore, secreted CA
IX protein was always the major protein seen in SDS samples of the cell growth
medium (Fig. 2.4). It made purification of CA IX simple and effective.

Although FreeStyle Max 293 expression system worked really well for several
years, its efficiency unexpectedly dropped during the fifth year from the time of
purchase. This drop was caused by decreased cell ability to recover from freezing
in liquid nitrogen—after thawing cell culture remained very clumpy and could not
reach single cell stage. This caused poor cell growth and low transfection efficiency.
Therefore, we decided to adopt a new Expi293 Expression System developed by
ThermoFisher.

Expi293 Expression System not only brings together a high-expressing 293
suspension cell line and a high-efficiency transfection reagent, but also includes
specialized expression enhancers, that are added to the cell medium after trans-
fection. This system proved to be very efficient and allowed us to get 5-10
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Fig. 2.4 Expression of CA
IX in the medium of
pCEP4S-CA IX transfected —
cells. Left lane shows the
protein marker. Right lane

shows the CA IX protein seen -

in 20 1 of the SDS sample of

cell culture medium -
—
-
-

times more of the CA IX protein from the same volume of culture medium
(50-100mg/1), compared to FreeStyle 293 Max system. Although selection with
Hygromycin B did not give any advantage in this case, even without it, the
new system provided the highest yields of protein production that we could
achieve.

While discussing the expression of secreted recombinant proteins in human
293 cell culture systems, it is worth mentioning that the expression efficiency can
be highly dependent on the length and the dimerization status of proteins that
are produced. This can be illustrated by the example of three different CA IX
constructs: pPCEP4S—CA IX, pCEP4S—PG-CA IX, and pCEP4S—CA IX (C41S)
[22]. While the average yield of CA IX protein, corresponding strictly to catalytic
domain, in Expi293 system is about 50-100mg/l, the presence of proteoglycan
(PG) domain at the N terminus of catalytic domain (PG-CA IX) diminishes
the protein yield about 4-5 folds, making it around 12-20mg/l. However, if
the cysteine in the catalytic domain of CA IX is changed to serine to prevent
dimerization of these domains (CA IX (C41S)), the protein yield can increase
up to 300mg/l, showing that the monomeric proteins can be produced more
efficiently.

Besides the differences in the expression level between various constructs of
the same gene, we found that constructs of some genes, for example CA XIV
and CA VA, could not be expressed at all in the above-mentioned systems. A
likely reason for this is a presence of very strict protein quality control systems
in mammalian cells, which cause the degradation of certain truncated or mutated
proteins. However, the same systems guarantee a very high quality of recombinant
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proteins that are produced. These proteins have all required modifications, are very
stable and suitable for many kinds of different applications. In our laboratory, these
proteins were successfully used for molecular biology, different biophysical assays
(ITC, TSA, SPR, stopped flow inhibition, etc.), and antibody production, serving as
a standard of the human recombinant proteins.

2.5 Purification of Recombinant CAs

The appearance of all 12 catalytically active CAs on an SDS-PAGE gel is shown
in Fig.2.5. The characteristics of the purified enzymes are listed in Table 2.3. In
our experience, it was most practical to purify CA I, CA III, and CA VII by Ni**-
metal chelation and ion-exchange chromatographies. The CA II and CA XIII are
also purified the same way even though they did not contain the Hisg-tag. The CA
IV and CA XII were purified by ion-exchange and ligand-affinity chromatographies.
The CA VA, CA VB, CA VI, and CA XIV were purified by Ni2*-metal chelation
and affinity chromatographies. The CA IX was produced in suspension culture of
mammalian cells and purified using only the benzenesulfonamide-bearing affinity
chromatography. The 12 prepared CAs were used in various biochemical and
biophysical assays as described in the following chapters.

CAs
MWIT 1 II IV VA VB VI VII IX XII XIIIXIV | MW

116.0 kDa 116.0 kDa
66.2 kDa 66.2 kDa
45.0 kD

a - 45.0 kDa
35.0 kDa 35.0 kDa

Cguv-Swauy. .9

25.0 kDa 25.0 kDa
18.4 kDa 18.4 kDa
14.4 kDa 14.4 kDa

Fig. 2.5 SDS-PAGE of all 12 catalytically active CA isoforms was performed on a 12% resolving
gel and a 4% stacking gel and the proteins were stained by Coomassie Brilliant Blue G250
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2.6 Conclusions

The catalytic domains of all 12 human catalytically active CA isoforms have
been recombinantly prepared and purified in sufficient amounts for biophysical
experiments. Some prepared CA isoforms fully resembled the native CAs. However,
numerous other isoforms had to be truncated by removing trans-membrane and
other regions. Some isoforms such as CA VA, CA VB, and CA XIV were especially
hard to obtain in large amounts. All isoforms were prepared in bacterial cells except
CA IX which was prepared in mammalian cell cultures. Sulfonamide-based affinity
purification was necessary to obtain high-purity enzymes for biophysical interaction
studies.
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Abstract

Carbonic anhydrases, as any enzymes, possess the catalytic activity that can
be measured experimentally using various techniques and approaches. The
CAs have been shown to catalyze a series of non-native reactions, but here
we primarily concentrate on the physiologically relevant activity of carbon
dioxide hydration to bicarbonate anion and acid proton. The measurement of the
esterase activity will also be described since it is a simple spectrophotometry-
based method to demonstrate CA catalytic activity. The stopped-flow CO,
hydratase activity assay is currently the most used assay of the CA catalytic
activity. However, there are some limitations of the assay that will be discussed.
The inhibition assay is the only direct demonstration that a compound is
an inhibitor of the enzymatic activity. Numerous assays, such as isothermal
titration calorimetry, thermal shift assay, and surface plasmon resonance, that
will be discussed in further chapters, show the interaction, but the binding site
may be different and thus the inhibition of enzymatic activity is essential for
the demonstration of inhibition. However, if the compounds are structurally
similar and possess a functional headgroup such as primary sulfonamide that
has been shown to bind to the Zn!! in the active site, other techniques are
more straightforward and may provide more accurate results than the assay of
enzymatic activity.

L. Baranauskiené - D. Matulis (><)

Department of Biothermodynamics and Drug Design, Institute of Biotechnology, Life Sciences
Center, Vilnius University, Vilnius, Lithuania

e-mail: lina.baranauskiene @bti.vu.It; matulis@ibt.1t

© Springer Nature Switzerland AG 2019 39
D. Matulis (ed.), Carbonic Anhydrase as Drug Target,
https://doi.org/10.1007/978-3-030-12780-0_3


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-12780-0_3&domain=pdf
mailto:lina.baranauskiene@bti.vu.lt
mailto:matulis@ibt.lt
https://doi.org/10.1007/978-3-030-12780-0_3

40 L. Baranauskiené and D. Matulis

3.1 Introduction

Carbonic anhydrases (CA, carbonic acid hydro-lyase, EC 4.2.1.1) are a family
of enzymes, catalyzing interconversion between carbon dioxide and bicarbonate.
In addition to carbon dioxide hydration reaction, some CA enzymes are reported
to possess other enzymatic activities [1]. The physiological relevance of these is
not fully understood, but the presence of additional activities enables industrial
application of CAs for the catalysis of different reactions [2—4]. Members of this
enzyme family are one of the fastest enzymes—they can increase reaction speed by
up to 10 times. Due to the importance of the catalyzed reaction, all tested organisms
have at least one enzyme with the CA properties. There are several evolutionary
distinct classes of CAs, denoted by Greek letters: «, 8, v, 8, ¢, 1, and 6. The
enzymes have different folds and oligomeric structures, but all of them contain
divalent metal ion (most often Zn H) in their active sites [5, 6].

Humans have 15 CA isoforms and they all belong to «-class. Twelve of them
have higher or lower CO, hydration enzymatic activity and three are acatalytic due
to mutations in metal ion coordinating amino acids. All human CA isoforms are
highly homologous and structurally similar [7, 8]. Since some members of human
CAs are drug targets in various diseases and disorders, there is a need for selective
inhibitors of target CA isoforms. Therefore, soon after the discovery of CAs in
1933, different methods for assaying the activity of this enzyme were introduced:
manometric [9], colorimetric [10], electrometric [11, 12], etc. Different methods of
catalytic activity and inhibition quantification are still used and some of them are
described in this chapter.

3.2 Catalytic Mechanism

The active site of human CAs is in the center of protein molecule, where catalyt-
ically important zinc ion is coordinated by three histidine residues (His94, His96,
and His119). The active site cavity is approximately 15 A deep and has different
affinity for water: one side of the cavity is formed mainly of hydrophobic amino
acid residues, and the other is polar, made of hydrophilic residues [13].

The catalysis proceeds via two-step ping-pong mechanism [14]. When the CA
active site has hydroxide ion bound to zinc ion (Fig.3.1a), CO, enters the active
site and binds to it (Fig. 3.1b). The hydroxyl group performs the nucleophilic attack
to CO, forming HCO; bound to the zinc ion (Fig.3.1c). The bicarbonate anion
is then displaced by a water molecule (Fig. 3.1d). The deprotonation of the water
molecule is the rate limiting step in the catalysis reaction. The proton is transferred
via ordered water network and in some isoforms via a proton-shuttle residue His64
to the bulk solvent.
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3.3  Carbonic Anhydrase Esterase Activity Assay

It was demonstrated in 1964 that CAs have esterase activity [15]. Both the hydratase
and esterase activities in CA use the same catalytic active site and have a similar
mechanism. Despite the fact that the most commonly used substrate to test the
esterase activity of various enzymes—the 4-nitrophenylacetate—is larger than CO,,
this method is often used for the primary inhibition studies (Fig.3.2). This assay
can be used for high throughput screening of enzymatic activity inhibitors—the
esterase reaction is significantly slower as compared to the CO, hydration and
can be easily monitored using a standard multi-well plate colorimetric assay. Due
to its lower sensitivity, the lowest concentrations of the CA enzyme used for the
inhibition studies in esterase activity assay are approximately 5—10 times higher
than in the CO, hydration assays [16]. No direct quantitative correlation between
inhibitor ranking obtained using the esterase and hydratase assays was observed
using different compounds. However, the esterase assay was reported to be useful
for the primary selection of inhibiting compounds / antibodies [16].

3.4 '80Exchange Method (Membrane Inlet Mass
Spectrometry)

Another method of measuring the CA catalytic activity and its inhibition is based
on mass-spectrometric detection of 80 exchange from CO, to water during spon-
taneous or CA-catalyzed CO, hydration reaction [17]. Doubly labeled K, 3¢ 18O3
salt is used to prepare the solution of doubly labeled substrate '>C 1802. The sample
cuvette is coupled to mass spectrometer via membrane inlet system forming a closed
system, and the concentrations of all gaseous CO, species are quantified according
to their m/z values (Fig. 3.3).
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Fig. 3.2 Esterase activity assay of the CA enzyme: (a) The product of the most often used
substrate, p-nitrophenyl acetate, hydrolysis is yellow and can be monitored spectrophotometrically,
especially in slightly alkaline pH where the hydroxy group is deprotonated. (b) An example of an
inhibitor dosing curve, the inhibition of CA II with weak inhibitor (K; = 5 pM) zonisamide. The
data points (black circles) show the experimental values that are proportional to the slopes of the
raw data curves, while the red curve is the data fitting according to the Morrison model. The inset
shows the raw data curves: blue-colored top curve corresponds to the fully active enzyme, while
at the largest concentration of the inhibitor that results in full inhibition, the red-colored curve
is observed. The slope of the curve is close to zero showing that no product is formed upon full
inhibition of the enzyme

CA activity is linked to '80 label disappearance from doubly labeled '*C 1802,
the parameter, called atom percent enrichment [18], which is calculated using
equation:

Bc30o x 100

(3.1)
Bco,

130 atom fraction = log

CA activity is calculated using the slope of 80 atom fraction decrease over time.
It is compared to non-catalyzed reaction. For calculation of inhibition constants,
the inhibitor is dosed and the rate of 80 atom fraction decrease is measured. The
obtained slope vs. concentration data can be fitted using Hill or Morrison model to
obtain inhibition parameters.
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The main advantages of this method to determine CA activity are: (1) the ability
to use it with any required buffer or in the absence of any buffer because it is an
equilibrium method and the exchange of 80 between CO, and water proceeds
without a change of pH; (2) due to very high sensitivity of mass spectrometers,
very small amounts of labeled atoms are detected enabling the use of enzyme
concentrations down to tenths of picomolar, and accurate K; determination for
extremely tight-binding inhibitors.

3.5 Stopped-Flow Assay of CO, Hydration

Spontaneous CO, hydration reaction is quite fast (approximately 40s to 1005s)
and the reaction catalyzed by the CA is even much faster. Therefore, fast mixing
and detection technique, such as stopped-flow apparatus, is required. This method
for CA activity quantification has been described by Khalifah in 1971 [19]. Two
solutions are prepared:

* first the solution that contains buffer (e.g., 20 mM Hepes, pH 7.5), pH indicator
dye (e.g., Phenol Red, which has red color at pH 8.2 and above and yellow color
at pH 6.4 or below, Fig. 3.4), enzyme (CA), and the inhibitor that can be added
at various concentrations,

* second the CO, solution in ultra-pure water.

These two solutions are then quickly mixed in the stopped-flow cell, where the CO,
is hydrated forming bicarbonate ion and proton, that acidifies the medium resulting
in the change of indicator color (Fig. 3.5).

In the inhibition studies, a serial dilution of inhibitor is prepared while keeping
the concentration of CA constant. Plotting the residual enzyme activity against the
inhibitor concentration (in a logarithmic scale) results in a sigmoidal inhibition
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Fig. 3.4 Absorption spectra of Phenol Red at various pH showing how the spectrum changes
decreasing the peak at 557 nm upon the drop in pH during the CO, hydration reaction catalyzed by
CA. The indicated spectra correspond to pH interval from pH 7.6 to 6.1 changing by 0.1 pH unit
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Fig. 3.5 Change of absorbance at 557 nm after mixing the CO, aqueous solution and the buffer
of pH 7.5 with Phenol Red dye and different CA concentration. The black curve marks the
spontaneous CO, hydration in the absence of the CA enzyme, while the other curves were obtained
with increasing concentration of PG-CA IX protein (1 nM to 30nM). In all cases, the reaction
starts at approx. 0.58 absorbance units and ends at approx. 0.05. However, the time required for
the reaction to complete differs from approx. 30s for uncatalyzed reaction to approx. 5s with the
highest tested enzyme concentration

curve (Fig.3.6). In most cases, the classical full-inhibition sigmoidal curve should
be obtained with the Hill coefficient close to 1 and there should be no residual
enzyme activity remaining at the highest inhibitor concentrations. In some cases,
the compound solubility limits acquisition of full inhibition points, especially with
low affinity compounds.
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Fig. 3.6 Inhibitor dosing curves, inhibition of CA XII by two compounds with different affinity
for the enzyme (black circles—compound VR16-05, open squares—VR16-09). Data points mark
experimental values of enzyme activity, lines are fitted according to Hill model. The enzyme
concentration was 20 nM, the K, applied for the calculation of K; was 21.5 mM

Inhibition parameters can be obtained by fitting experimental data such as in
Fig. 3.6 to the Hill or Morrison model [20, 21]. The Hill model is much simpler
and more often applied but it does not account for the enzyme concentration used
in the experiment, while the Morrison model includes the enzyme concentration to
obtain inhibition parameters and is more suitable for tight-binding inhibitors. We
used Morrison quadratic equation to fit the inhibitor concentration-response data
as explained in section 7.3 in the book by R.A. Copeland “Evaluation of Enzyme
Inhibitors in Drug Discovery” [22, p. 254]. However, the term ‘“Morrison” may
not be fully accurate here as previously discussed by Kuzmic [23] because several
different equations are used under the same name.

If the Hill model does not describe data using Hill coefficient 1, and the fit gets
better while increasing this parameter, it is likely that this model should not be
applied due to tight binding as illustrated in Fig. 3.7. The discussion on application
of different analysis models and more details about method accuracy has been
published recently [24].

Working with tight-binding inhibitors it is important to know the exact concentra-
tion of active enzyme used for inhibition studies. Therefore, the active site titration
using standard well-characterized tight-binding inhibitor should be performed to
verify the concentration of enzyme binding sites (Fig. 3.8).

Tightly-binding inhibitor K;s cannot be accurately determined for the situations
when the K, is smaller than the protein concentration used in the assay. In other
words, it is impossible to inhibit 10nM enzyme by applying 10pM inhibitor
concentration despite the inhibitor possessing the K; = 10pM. Application of
10pM inhibitor concentration would inhibit only 0.1 percent of the enzymatic
activity. However, the addition of a sufficient amount of the inhibitor would yield a
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Fig. 3.7 Fitting of the tight-binding inhibitor dosing data curves by applying the Hill or Morrison
model. The black solid curve shows application of the Hill model with the coefficient 7 = 1. This
most-commonly applied model clearly does not fit the data. Increasing the Hill coefficient to 1.7
(black dotted curve) does increase the fit. However, the most accurate is the application of the
quadratic Morrison model (red dashed curve) which accounts for the fact that the increase in curve
steepness is due to the protein concentration
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Fig. 3.8 Determination of the active site concentration of CAT by titration with tight-binding
inhibitor ethoxzolamide (EZA). Concentration of CAT in all samples was 3 uM as determined by
absorption at 280 nm. Concentration of EZA was varied from O to 20 uM. Linear extrapolation
using the first seven data points with the lowest inhibitor concentration showed that this protein
preparation had 86.9% (or 2.6 uM) of active CA 1 enzyme. The remaining fraction may have been
misfolded or missing the Zn'! in the active site thus appearing in the concentration determination
by A»gp, but not showing in the inhibitor titration
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dosing curve that would appear as if the 1Cs is half of the protein concentration,
i.e., 5nM instead of 10pM. Therefore, it is impossible to accurately characterize
tight-binding (pM) inhibitors using the enzyme inhibition assay where the enzyme
concentration must be kept at approximately 10 nM or higher for many CA isoforms.

Some additional complication is added by the necessity to apply the Cheng—
Prusoff equation to convert from the middle point of the dosing curve (/ Csg) to the
inhibition constant K; [25]:

1C5o
K, = (3.2)
(6[0)
1+ [€O,]

Ky

The equation allows to calculate the K; when 1Csy > [E]. If the total enzyme
concentration is equal or higher than the 1Cs, then the obtained K; is not the real
one, but the so-called apparent inhibition constant, since the observed process is the
active site titration instead of real inhibition measurement. In other words, the 1C5
that is lower than [ E]/2 cannot be determined.

For the human CAs that possess the highest specific activity (CAII, CAIX),
the lowest enzyme concentration that can be used to obtain a reliable signal is
approximately 10nM, while for the remaining isoforms that possess significantly
lower activity this concentration is even higher. Therefore K;s lower than 2 nM
hardly could be determined using this method for the CAs.

Recently Zhao et al. reported a novel stopped-flow-based assay to determine
the CA activity [26]. This assay measures the pH increase during CA-catalyzed or
uncatalyzed reaction of H,CO; dehydration at 10 °C. The assay was validated with
two different pH indicators: absorbance-based analysis using Phenol Red (using
absorbance ratio 570 nm/480 nm) and fluorescence-based assay using pyranine dye
(ex. 415nm, em. 460nm). The main advantage of this method is using near-
physiological experimental conditions. Thus, this assay is compatible with the intact
red blood cells and the CA activity is used here as a marker of cell lysis [26].

3.6 Protonography

In 2014, a new method for the detection of CA activity in SDS-PAGE gels, termed
protonography [27], was presented. Using this method, the protein is loaded into
polyacrylamide gel with SDS but without a reducing agent and sample preheating.
After running the gel, SDS is washed out from the gel, buffered at pH 8.2 and
the CA activity is detected using pH indicator dye bromothymol blue when the
gel is immersed into water saturated with CO,. The active CA then performs the
catalytic reaction and acidifies the medium locally evident by the color change of
the indicator from blue to yellow. This method allows direct relation of the catalytic
activity to the protein molecular weight, identification of oligomeric forms, and the
detection of CO, hydration activity in crude extracts.
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3.7 Conclusions

Enzymatic activity inhibition methods directly demonstrate that the analyzed
molecule not only binds to, but also perturbs the catalytic activity of a CA. For
precise quantitative evaluation of ligand affinity, this method should be combined
with other methods of affinity determination, such as surface plasmon resonance,
isothermal titration calorimetry, or thermal shift assay. However, there is a pos-
sibility that a ligand will bind outside of the active site and have no effect on
the catalytic activity. Thus, enzymatic assay is essential for the demonstration of
inhibitory property of the ligand. The stopped-flow inhibition assay is suitable for
the ranking of CA inhibitors up to the dissociation constant approximately 2 nM.
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Asta Zubriené and Daumantas Matulis

Abstract

Proteins have different stabilities in various media. The twelve carbonic anhy-
drase (CA) isoforms have been recombinantly prepared and used in the search of
high-affinity ligands. It was important to characterize their thermal stability and
determine solution conditions where the biochemical inhibition and biophysical
interaction experiments could be optimally performed. Optimal conditions for
the thermal stability experiments were determined and used in the search of
inhibitors as described in further chapters. The stability of the CAs could be
enhanced by the presence of inhibitors depending on the affinity and compound
concentration. The main method used to determine the affinities of compounds
in this book was the thermal shift assay, based on the increased stability of the
protein by the binding ligand as described in Chap.5. Here we describe the
stabilities of all 12 CA isoforms in various buffers, salts, pH, osmolytes, organic
solvents, and other excipients that are not specific binders and inhibitors of CAs.

4.1 Introduction

Protein resistance against various physical and chemical factors, e.g., temperature,
pH, or addition of other substances, determines its stability. Stability of the correctly
folded native structure is essential for successful purification, storage, crystalliza-
tion, and many other practical applications. Proteins used in the experiments must
be of sufficient stability both thermodynamically and kinetically, and survive in the
native conformation until the end of experiment. Since all 12 CA isoforms were
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used in the search of high-affinity ligands (small MW compounds), it was important
to determine the limits of stability of all isoforms.

Numerous techniques may be used to determine the stability of proteins. For
the analysis of protein unfolding, spectroscopic methods such as fluorescence,
UV spectrophotometry, and circular dichroism (CD) may be applied. Differential
scanning calorimetry (DSC) and fluorescent thermal shift assay (FTSA) methods
can be used to assess the thermal stability by determining the protein melting
temperature 7,,, at which exactly half of the protein is unfolded, i.e., the concen-
trations of the native and unfolded protein are equal. Conditions that increase the
T, stabilize the protein. In addition, the calorimetric technique, DSC, determines
the thermodynamic parameters of protein unfolding, the enthalpy change AH and
the heat capacity change AC, upon unfolding. The thermal stability of a protein
may also be determined by using the FTSA, a method that consumes significantly
less material than DSC and can be applied in a high-throughput plate format.
This enables performing stability measurements at various experimental conditions,
such as pH, ionic strength, salt chemical composition, osmolytes, detergents, and
numerous biochemicals simultaneously in a rather high throughput. In this chapter,
the stability of the 12 catalytically active CA isoforms is compared. The use of
FTSA method for the identification of stabilizing and destabilizing conditions for
recombinant CAs is described.

4.2  Stability of Human CA Isoforms

Previous studies of denaturation and refolding of human CAs were primarily
focused on two isoforms, CAT and CATI, and these studies have been extensively
reviewed [3]. These two proteins have also been often used as model systems due
to numerous advantages, including their easy expression in high yield from E. coli,
monomeric, stable, and rigid structures. However, the characterization of stabilities
of the remaining CA isoforms has gotten less attention [4].

The resistance of CAs to thermal denaturation is reflected in the measured T},
of the DSC thermograms or FTSA-derived protein melting curves. There are not so
many studies in the literature which used DSC in studying human CA stability. Most
of the studies were related to the rational design of a thermally stabilized variant
of CA II, which would maintain high catalytic efficiency [5-8]. For example, the
inclusion of a conserved disulfide bridge led to a stabilized variant of CAII with
comparable catalytic activity to the wild-type CAIIL. The T,, increased by 15°C at
pH 7.8 [5].

DSC directly measures the heat absorption associated with the protein unfolding
and a thermodynamic analysis of thermogram yields not only the 7;,, but also the
AHy,¢ (Fig.4.1). The DSC profile showed that CA XIII was more stable than CA 11
and CA VII at pH 7.0 in phosphate buffer, the 7;, of CA XIII was 5 °C higher than
CA VII and about 2 °C higher than CA II. The thermal stability of CA I in our study
is similar (7,,, = 56.5 °C) as compared with previous results performed by McKenna
group (7, is about 57 °C and 59 °C). The difference can be attributed to different



4 Characterization of Carbonic Anhydrase Thermal Stability 53

150

100

AC, (kdmol ' K™
S

Fig. 4.1 The DSC scans of CA II (100 uM), CA VII (41 uM), and CA XITII (50 pM), all in sodium
phosphate buffer, pH 7.0. The 7,, of CA II = 56.5°C, the enthalpy of unfolding was equal to
570kJ/mol. The T, of CA VII = 53.4 °C, the enthalpy of unfolding was equal to 420 kJ/mol. The
CA XIII exhibited the 7;, equal to 58.6 °C and the enthalpy of unfolding was equal to 570 kJ/mol.
The data has been described in [1,2]

experimental conditions (higher pH, Tris buffer, and CA II concentration). However,
the unfolding enthalpies of CA II differed significantly, the A H=570kJ/mol in our
study and about 1000kJ/mol in [7].

The thermal unfolding of CAIII has been determined to be biphasic. The 7,
for the less-stable part was equal to 48 °C and for the more-stable part 53.3 °C
[9]. The same authors [9] found CA VI and CA VII to be less-stable proteins with
temperature transition midpoints at 41.6 °C and 41.2 °C, respectively. Interestingly,
the recombinant CA VII was about 12 °C less stable than the CA VII produced in
our laboratory (Fig.4.1). This discrepancy may be attributed to different solution
conditions used by the two laboratories.

Human CAIX displayed a T,,, = 59.3°C at pH 7.0, T;,, = 51.9°C at pH 4.0,
T, = 38.4°C pH 3.0, and a T;, = 30.1°C at pH 2.0 as determined by DSC
[10]. Moreover, the structural dynamics and the state of CA IX at low pH remained
unchanged as determined by the CD. The retaining of enzymatic activity and
stability at low pHs explains the role of CA IX, which is abundant in the stomach,
but not other CAs, in the effective pH control in acidic tumor microenvironment.

In our previous studies, the thermal stability of CAIV [12], CAVB [13],
CA VI [14], CA VII[13], the catalytic CAIX domain (CA IXCD, residues 138-
390) [15], and CAXII [16] was investigated at various conditions. We applied
the FTSA method for the determination of optimal stabilizing buffer compositions
for each CA isoform. The three-component universal buffer (containing sodium
phosphate, sodium acetate, and sodium borate) allowed a wide pH range (pH 4-
11) to be screened without altering the composition of the buffering chemicals. Our
results showed (Fig. 4.2) that CAIV was the most stable protein among all twelve
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Fig. 4.2 Characterization of stability of all twelve CA isoforms in the universal buffer as a
function of pH. Experiments were performed in the presence of 1% DMSO. Most isoforms have
rather flat stability profiles in the pH region of 5-9. However, some isoforms such as CA VI are
noticeably more stable in acidic pH, while others, such as CA VB, are more stable in alkaline
pH. The CAIV appears to be the most stable isoform. However, these stabilities are valid for
recombinant proteins and may not be fully valid for the proteins in human body due to different
domain organization and multimerization

catalytically active CAs at pHs from 6.5 to 9.5. The protein melting temperature
was between 62 °C and 65 °C at these pHs. It was previously observed that CATV,
differently from other CAs, was stable at higher SDS concentrations [17]. The
presence of two disulfide linkages in CAIV between 6-18 and 28-211 cysteines
could account for the high thermal stability and enhanced resistance to denaturation
with SDS [18]. The disulfide linkage 28-211 is conserved in CA VI, CAIX, CA XII,
and CA XIV [19-22]. However, these isoforms are less resistant to SDS than CAIV.

The stability of CAIX catalytic domain (CA IXCD) is slightly lower than CATV.
However, the enzyme is very stable at wider pH ranges (pH 5-10) with the
T, around 61 °C (Fig.4.2). The denaturation profile of recombinant CAIX form
CA IX PG, which consists of the N-terminal proteoglycan-like domain (PG) and a
CA catalytic domain splits into two melting transitions, showing that the protein
is composed of monomers and dimers. The dimeric form (the second transition
of CA IX PG denaturation curve) is much more stable with the 7;, around 70 °C
(Fig.4.3), while the T;,s of the first transitions are similar to the T,s of the
CAIX catalytic domain at various pHs. The substitution of cysteine by serine
(CAIXCI174S) decreased the protein thermal stability by about 5 °C.

Comparing all CAs the lowest stabilities at pHs 7—10 are of CA VI and CA XIIL.
However, CA VI is very stable protein at acidic pHs with the 7, optimum at pH 5.5
equal to 59 °C. The CA XII is most stable at pH 6.0, the 7;, = 53 °C. The stabilities
of most CAs drop below pH 5.0, but the CA IX remains the most stable isoform at
low pH.
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Fig. 4.3 Thermal stabilities of several CA IX proteins in the universal buffer (containing 50 mM
sodium phosphate, 50 mM sodium acetate, 25 mM sodium borate, and 50 mM NaCl) as a function
of pH. Panel (a) The dependence of 7, on pH for three constructs of CA IX: the CA IX PG—the
CAIX catalytic domain together with the PG domain, CA IX CD—the catalytic domain of CA IX
alone, CA IX C174S—the mutant C174S of the catalytic domain of CA IX. Panel (b) Denaturation
profiles of CA IX at pH 4.5 as a function of temperature. The 7, of several CA IX proteins at 5 uM
was determined by FTSA in the universal buffer, containing 1% DMSO

The effect of various buffer solutions on CA stabilities was examined with
sodium phosphate, sodium acetate, sodium citrate, Tris-HCl, Hepes, Mes, and Pipes
(Fig. 4.4). Many CAs demonstrated better thermostability in acetate than in citrate
buffer at low pHs 4.5-5.5. The CA VI was the most stable in acetate buffer at pH 5.0
with the 7, = 60.9°C. The CATII, CAIV, CA VB, CA VII, CAXII, and CA XIV
were the most stable in sodium phosphate buffer. The highest stabilities of CAT,
CAIlL and CAXIII were in Hepes and Tris buffers, the melting temperatures in
these buffers at the pH ranges from 6.5 to 9.0 were about 59 °C, 58, and 60 °C,
respectively. The CAIX was the most stable in Mes buffer at pH 5.0 (7,,, = 70 °C),
while at higher pHs the 7, was lower. The CA IX is quite stable between pH 5 and
9 in Mes, Tris, Pipes, Hepes, and acetate buffers, but significantly destabilized by
the sodium citrate buffer.

The studies of denaturation of human CAT and CA I in concentrated solutions
of denaturing osmolytes such as urea and guanidine hydrochloride showed that
the CAI is more stable than the CAII, and the concentrations of guanidine
hydrochloride giving 50% inactivation in 24 h were approximately 0.95M for the
CATI and 1.5M for the CAT [23-25]. These two isoforms were more resistant
to higher urea concentrations, with the midpoint concentration of CAI and CAII
unfolding at 5M and 4.4 M urea, respectively [23]. Sodium chloride significantly
stabilized the molten-globule intermediate in the denaturation of CAII by urea,
leading to a three-state unfolding behavior (N-I transition is shifted from 4.4 to
3.0 M urea and the I-U transitions from 4.4 to 6.4 M urea) [25].

The investigation of the concentration-dependent thermal denaturation of CAs in
the presence of inorganic salts NaCl and Na,SO, demonstrated the stabilization of
membrane-bound CA isoforms by the increasing Na,SO, concentrations from 5 to



56 A. Zubriené and D. Matulis

70 b CAIl | | CAIl | | CAIII

60 -

Tn(°C)

50

40|

30

70 ¢ CAIV |t CAVA | | CAVB

R i =

40

T (°C)

30

70 b CAVI |1 CAVII | \N‘__‘_ﬁlx

60f A ) b //0."*’\0
sof;KN\ r E/MW;‘;’- b

NS
40

T (°C)

30

70 ¢ CAXII | CAXII | CAXIV

Zﬁ /w/;::#' ///yfﬁ

40

T (°C)

130 e e e
40 50 60 70 80 90 1040 50 60 70 80 90 1040 50 60 70 80 90 10
pH pH pH

Fig. 4.4 Comparison of CA isoform thermal stability in different buffers as a function of pH.
Experiments were performed in 100 mM buffer (listed in the legend of the CA I panel), containing
2mM NaCl and 0.5% DMSO. Some buffers stabilize while others may strongly destabilize many
isoforms, notably the sodium citrate buffer. The figure is taken from [11]

1000 mM (Figs. 4.5 and 4.6). The salt NaCl had low effect on the stabilization of
CA1V, CAIX, and CA XIV, whereas CA XII stability increased by more than 6 °C
by adding 1 M NaCl. The NaCl also stabilized CA III and CA VB isoforms, while
destabilized all other CA isoforms (Fig.4.7).

Glycerol, a commonly used cryoprotectant, had no or minor effect on CAI,
CAII, CAII, CAIV, CAVI, CAVII, CAVII, CAIX, CAXII, CAXIII, and
CAXIV stability at concentration of 2—-10% (v/v) (Fig.4.7). Addition of 10% of
glycerol increased the 7, of CA VA and CA VB by about 2 °C. Glycerol is essential
component of CA VB storage buffer. Without glycerol this CA isoform aggregates.
Addition of dimethylsulfoxide (DMSO) at comparable concentrations destabilized
CAI CATI, CAII, CA VII, and CA IX isoforms by about 4 °C.
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Fig. 4.5 Thermal melting fluorescence curves of CAIV (a) and CA XII (b) in 2.5 mM sodium
phosphate buffer, pH 7.0, in the presence of various Na,SO, (a) and NaCl (b) concentrations. Both
salts significantly increased the stability of both isoforms
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Fig. 4.6 Thermal stability of the catalytic domains of the membrane-bound CA isoforms, CATV,
CAIX, CAXIIL, and CAXIV as a function of NaCl and Na, SO, concentrations
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Fig. 4.7 Thermal stabilities of CAs as a function of NaCl (a) and glycerol (b) concentrations. The
CA VB stability increased significantly with increasing NaCl concentration. However, apparently
this was the only isoform so strongly affected by NaCl. Addition of glycerol up to 10% somewhat
stabilized only the CA VA and CA VB isoforms

4.3 Conclusions

Thermal stability studies of the twelve human CA isoforms showed that these
enzymes have different melting temperatures that depend on buffer, pH, and
numerous other additives. The isoforms differed in their physicochemical properties
and aggregation behavior. The FTSA assay permitted simultaneous screening of the
stabilizing and destabilizing conditions of all CA isoforms.
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Abstract

In this chapter we describe the model that quantifies interactions between
proteins and ligands applying the thermal shift assay. When combined with
fluorescence-based measurements of protein thermal unfolding, this model forms
the basis of the fluorescent thermal shift assay—a widely applicable and cost-
effective technique to quantify ligand affinity towards proteins. Most ligands
stabilize proteins against thermal denaturation and shift their melting points
towards higher temperatures. Equations that relate the shift in protein melting
temperature with the ligand concentration are presented. The assay has been
used to determine affinities of various sulfonamide inhibitor binding to carbonic
anhydrase isoforms. The results illustrate applicability and limitations of the
fluorescent thermal shift assay.

5.1 Introduction

Pharmaceutical industry often relies on thermal shift assays—a biophysical tech-
nique used to search for a strongly binding small molecule to a protein-target
[1]. Thermal shift assays based on fluorescence carry various names: fluorescent
thermal shift assay (FTSA) [2]; differential scanning fluorimetry (DSF) [3, 4];
or ThermoFluor®, if performed in plate format in high-throughput [5, 6]. These
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techniques allow to estimate compound binding affinity towards a protein-target
and to screen thousands of compounds in a relatively short time-scale. Although
these techniques are widely applicable and yield a quantitative measure of many
thermodynamic parameters, most laboratories limit their application to observation
of qualitative shifts in protein melting temperature. Actually, only the dissociation
constant is being determined in the assay with sufficient accuracy for practical
application. However, additional parameters such as the enthalpy of ligand binding
may also be obtained with the help of orthogonal techniques such as isothermal
titration calorimetry.

Fluorescent thermal shift assay measures the change in fluorescence upon protein
unfolding. The fluorescence may be intrinsic (tryptophan fluorescence) or extrinsic
(solvatochromic fluorescent probe). Figure 5.1 shows a typical fluorescence curve
observed upon a protein unfolding achieved by heating the protein sample. We
often assume that a native-to-unfolded transition is a single-step process. However,
proteins may undergo intermediate states and the unfolded protein may aggregate.
Although protein unfolding may be a reversible process, in practice many heat-
denatured proteins aggregate and precipitate, resulting in an irreversible transition.
Despite the “apparent irreversibility,” thermal shift assays still provide ligand
dissociation constants that match the ones obtained by equilibrium isothermal
techniques. It is probable that in thermal shift assays the proteins in diluted solutions
can reach equilibrium before they aggregate.

The fluorescence yield may be followed by observing the fluorescence of
extrinsic probes such as 1,8-anilinonaphthalene sulfonate (ANS). This is a highly
solvatochromic probe that has been used as a probe of hydrophobic protein surfaces
for many years [7, 8]. Matulis and colleagues have shown that electrostatic ion
pair formations between the negatively charged sulfonate group of ANS and the
positively charged Arg, Lys, and His residues of the protein are necessary for

Native Intermediate Unfolded Aggregated

Fluorescence intensity

Tm Temperature

Fig. 5.1 Profile of protein thermal unfolding determined by FTSA. Blue dots represent extrinsic
fluorescence probes (e.g., ANS molecules): with rays—fluorescent probes, without rays—non-
fluorescent probes. When temperature is increased, the hydrophobic surfaces of a protein become
accessible to ANS and this results in increased fluorescence intensity of the probe
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binding [9] and that such a probe may significantly affect the protein structure [10].
However, the mechanism of ANS binding to proteins is still not fully understood,
but the probe is one of the best reporters of the protein unfolding. Out of nearly
100 tested compounds, we believe that ANS is the most suitable probe to report on
protein unfolding [2]. The fluorescence of ANS molecules is effectively quenched
if the non-polar anilinonaphthalene groups are exposed to water. ANS becomes
fluorescent, when anilinonaphthalene groups of bound ANS anions are buried from
water in the hydrophobic or hydrophilic environment of the semi-unfolded protein.
This process is illustrated in Fig. 5.1. In addition to ANS, other fluorescent dyes such
as Sypro Orange are also often being used for the screening of compound binding
to proteins [11] and CA inhibitors among them [12]. However, in our opinion Sypro
Orange exhibits significantly stronger affinity to proteins than ANS and thus may
interfere with the binding of studied compound.

5.2  Model for Fluorescence Yield Upon Protein Unfolding

In this section, mathematical equations are provided that describe the thermal
unfolding of a protein. Quantitative characterization of the fluorescence yield, f, can
be described by equation f = )", fi X;, where f; and X; are fluorescence yield and
molar fraction of the i-th state of protein, respectively. For most practical purposes
it is sufficient to consider only two states of a protein—native (hereafter denoted
as N) and unfolded (or denatured, denoted as U). By omitting all intermediate and
aggregated states of the protein we can use the following equation to describe the
fluorescence yield:

f=fnXN+ fuXu. (5.1)

Here fy and Xy are the fluorescence yield and fraction of the native form of a
protein, while fy and Xy are those of the unfolded form. In the two-state approach
the molar fractions of native and unfolded protein forms are given by equations

Xy= N (5.2)
[N] + [U]
[l
XU= N+ ©3)

The molarities of native ([N]) and denatured ([U]) protein states are also used to
define the equilibrium constant of protein unfolding

[
Ku= 1 (5.4)
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K
which describes the reaction N \:\U U. The fluorescence yield Eq.(5.1) can be
given a different form by substituting X y and Xy variables from Egs. (5.2) and (5.3)
and by using the definition of Ky from Eq. (5.4):

f=fN+fU_{N. (5.5)
e

This equation is used to evaluate the fluorescence yield during the process of protein
unfolding, if parameters fy and fy are constant at various levels of denaturing
factor. However, decaying apparent fluorescence yields of both native and unfolded
forms of protein are usually observed with an increase of temperature. A typical
example is shown in Fig. 5.2; it was obtained by monitoring the fluorescence yield
of a globular protein in the assay of thermal denaturation.

Temperature-dependent fluorescence yields in the native and unfolded states are
usually approximated by a set of linear equations:

v = fn 1, +my(T —Ty), (5.6)
fu = fu_r, +muy(T — Ty), (5.7)

where my and my are the slopes in the pre- and post-transition states, while fy 7,
and fy r, are the levels of fluorescence yields of the native and unfolded protein

A
futmm

Fluorescence intensity, f

="
<
3

>

Tm Temperature, T

Fig. 5.2 A simulated unfolding curve of a globular protein visualized by fluorescence as a
function of temperature. The fluorescence signal can come from intrinsic tryptophan or extrinsic
probe such as 1,8-anilinonaphthalene sulfonate. The temperature axis point corresponding to
the midpoint of unfolding curve (when half of the protein is unfolded) is called melting
temperature, 7,
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states at the melting temperature T,,. Parameters fy_7,, and fy 7, are visualized in
Fig.5.2. The final equation for fluorescence yield is obtained by substituting fx and
fu terms in Eq. (5.5) by their temperature dependencies (Eq. (5.6) and (5.7)):

fu_t, — fv 1, + (my —mn)(T — Tpy)

1—i—1
Ky

f=fn_t, +mn(T —Ty) + (5.8)

In general, Ky is a function of temperature. This dependency and Ky s constitu-
tional terms will be discussed in the following section.

5.3  Model for Ligand-Induced Protein Stability Against
Thermal Denaturation

In this section, we will describe a model for ligand-induced protein stabilization
against thermal denaturation. The protein stabilization can be described quantita-
tively by the shift in its melting temperature with an addition of a ligand. Here,
we will derive an equation, relating the concentration of added ligand with the
changes in Gibbs energy, enthalpy, and entropy of protein unfolding and protein—
ligand binding.

We start the derivation using a set of four equations:

[Pl, = [N] + [P - L] + [U], (5.9)
[L] = [L]+[P- L], (5.10)
[
Ko= o (5.11)
Kp= 1) (5.12)
PN ‘

The first two Eqgs. (5.9) and (5.10) describe the mass conservation of protein and
ligand, Kp—equilibrium constant of protein—ligand binding, [P - L] denotes the
concentration of protein—ligand complex, [P]; and [L]; —initial molarities of protein
and ligand, respectively. Unbound ligand molarity [L] term in Eq.(5.10) can be

P-L
substituted by [L] = K [N} from Eq. (5.12). We also make use of the relation
b
[U]

[N] = from Eq. (5.11), which leads to
Ky

Kyl[P- L] Ky
Ll; = P-L]=[P-L 1). 5.13
(L] K,[U] +[P- L= ](K;,[U] + > (5.13)
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Equations (5.9) and (5.11) are combined to obtain the molarity of protein—ligand
complex
[U]

[P-L]=[P]; —[U] - Ky (5.14)

Substitution of the [P - L] term into Eq. (5.13) results in:

U K
L] = <[P], _ - EK;) ( S 1). (5.15)

We describe the temperature dependencies of equilibrium constants Ky and K,
in terms of the standard Gibbs energies AGy, and AG}, of the corresponding protein
unfolding and protein—ligand binding processes:

Ky(T) =exp (— ARGT%> , (5.16)
Ky (T) =exp (— AR(;Z> , (5.17)

where R is the molar gas constant. The change in Gibbs energy has two constituent
parts—enthalpy (AH) and entropy (AS). Both terms are temperature-dependent
and their standard values at a particular temperature, 7', can be calculated using
equations

T
AH? = AH 1 +/ AC)_,dT, (5.18)
rrac
ASS = AS° Tr+/ ( T”—")dT, (5.19)
- -

where T, is a reference (initial) temperature, AH? T, and AS? Tr—standard
enthalpy and entropy at 7, AC,_,—the change in constant pressure heat capacity.
The changes in enthalpy and entropy associated with either binding or unfolding
have the same mathematical form of temperature dependency. Thus, Egs. (5.18)
and (5.19) are used to describe both binding (x = b) and unfolding (x = U)
processes. If AC,, is constant in the temperature range from 7, to T,,, we can
integrate Eqgs. (5.18) and (5.19) and the resulting Gibbs energy is

AG® = AH? — T, AS° =

T,
=AHY  + ACp (T — T,) — Ty (AS;_Tr + ACp x1In T’") . (5.20)

X_
r
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The reference temperatures for binding and unfolding can be different. Reference
temperature for the binding can be given an arbitrary value (e.g., 25°C or 37 °C)
and hereafter will be denoted as Ty. 7, for unfolding process is usually considered
to be melting temperature of ligand-free protein.

In the FTSA experiment, protein melting temperatures are determined at various
increasing concentrations of added ligand. According to the definition, folded and

unfolded fractions of a protein are equal at melting temperature, T,, thus [U] =

P
[Pl at T,,. At melting temperature we can simplify Eq. (5.15) that together with

Egs. (5.16) and (5.17) forms the mathematical background of FTSA:

1 [P];
[L]l: = (Ky — 1) X, + 2Ky )’ (5.21)
o o T
AHU_T, +AC, y(Tn —T;) =Ty ASU_T, +ACp yln T
Ky=exp| — RT " ,
m
o o Tm
AHb_T0 + ACp p(Ty — Tp) — Ty ASb_T0 +ACp pIn T
Kp=exp| — RT 0
m

Here we used Eq. (5.20) to expand the Gibbs energy terms in Ky and Kj. This
system of equations describes protein melting temperature as a function of added
ligand concentration and is commonly referred to as a dosing curve. In the absence
of ligand Ky = 1, addition of stabilizing ligand shifts the 7}, towards higher values,
and thus Ky increases. Note that the first equation of the system (5.21) describes
protein melting temperature as a function of added ligand concentration, despite it is
written in the form as if L, would be a function of 7},,. From the mathematical point
of view it is more convenient to keep the 7;, dependence on L; in the unexplicit
form, since the explicit dependency would give a transcendental function.

Figure 5.3 shows a dosing curve obtained by FTSA. Temperature dependencies
of ANS fluorescence yields are measured at increasing values of added ligand.
Stabilizing ligands shift the 7;,s to the higher temperatures. The values of T,
generate the dosing curve, and non-linear regression analysis should be used to
obtain the protein unfolding and protein-ligand binding parameters as described
previously.

5.4 Thermal Stabilization of CAs by Ligands

CA inhibitors such as sulfonamides and their isosteres (sulfamates, sulfamides)
specifically bind to the active site of the enzyme. Most ligands stabilize CAs
upon binding and therefore the protein 7, increases. The shift in 7, with an
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Fig. 5.3 An example of a dosing curve obtained by FTSA. The inset shows the temperature
dependencies of ANS fluorescence yield at three different concentrations of added ligand.
Encircled numbers indicate the main properties of the dosing curve: (1) ligand-free value of protein
T, (2) curve inflection point that indicates the total concentration of the protein, (3) slope of the
curve at saturating values of [L], is proportional to the protein unfolding enthalpy

addition of the ligand (AT,,) serves as a quantitative measure of protein stability
and allows to determine the protein—ligand binding affinity as it was described
in the previous section. Here, we present several examples of the applicability of
FTSA for affinity measurements of sulfonamide binding to recombinant and native
CA isoforms. We show examples of the effect of protein and ligand concentration
on the thermal denaturation of CAs, FTSA data for tight-binding inhibitors, the
independence of compound binding affinity of the production source of CA isoform
(e.g., recombinant vs native CA), and the measurements of the binding affinity at
different pH.

FTSA can be performed using standard real-time PCR instruments such as
Corbett Rotor-Gene 6000, which makes this assay rapid and cost-effective. Usually
we dose 8—16 different concentrations of ligand in a buffer solution containing 2%
DMSO (one with no ligand), and dispense to the tubes filled with protein solution.
The amount of protein per one data point can vary from 1.5pg to 3 ug per tube
(Spl to 10pl of 10uM CA solution). Protein-to-compound ratio depends on the
expected affinity (K,) and is usually about 1:40 if the K is in the range of 1 uM—
1nM.

Ligand stabilizes the CA and shifts its melting temperature. A higher ligand
concentration induces a bigger T, shift (Fig.5.4a). We use Eq.(5.21) to fit the
experimental 7, dependencies on ligand concentration. The fitted parameters pro-
vide an estimate of protein—ligand binding affinity (K}). The higher concentrations
of the CA increase the fluorescence signal, but do not affect the binding constant.
For example, each of four AZM dosing curves in Fig. 5.4 yielded the same binding
constant to human CAII isoform (Ky = 25nM at 25°C, pH 7.5). The observed
sigmoidal dependence of T}, on the ligand concentration allows to determinate the
binding stoichiometry between ligand and protein.
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Fig. 5.4 Determination of acetazolamide (AZM) compound binding affinity by FTSA. Here, the
CATI unfolding was followed at various added concentrations of AZM. (a) Denaturation profiles
of CAII (25 uM) in 50 mM phosphate buffer, 100 mM NaCl (pH 7.5) with different concentrations
of AZM. (b) The melting temperatures of ligand-free and ligand-bound CAII at four protein
concentrations: 5, 10, 25, and 50 uM. The dissociation constant of AZM obtained at all four protein
concentrations was equal to 25 nM (at 25 °C)
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Fig. 5.5 Denaturation profile of CAT in the presence of a tight-binding compound VD11-51.
Two melting transitions are observed when the ligand concentration is lower than the protein
concentration. Heights of both transition peaks are proportional to the fraction of saturation by
the ligand. Symbols represent the experimental data while the lines are fits according to the model
described by Zubriené et al [13]

When ligand binds to CA with high affinity (nanomolar or picomolar Ks) the
melting transition of CA may split into two parts, if ligand concentration is lower
than protein concentration (Fig.5.5). In this case two transitions are observed:
the first peak corresponds to the unfolding of ligand-free protein fraction, the
second one—to the unfolding of ligand-bound fraction. The height of transition
peak is proportional to the ligand-bound fraction of the protein. When the ligand
concentration becomes equal to the protein concentration, the first transition peak
disappears. The binding affinities can be determined using equations described in
[13]. However, the binding affinity can be also determined using Eq. (5.21), if only
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Fig. 5.6 Brinzolamide (BZM) binds to CAII, CA VII, and CAIX with high affinity. (a) FTSA
fluorescence raw data of BZM binding to CAII. (b) The dose response curves: T, values of CA
isoforms plotted as a function of added BZM concentration

second (ligand-bound fraction) transition peak is used in calculations. Protein—
ligand binding stoichiometry is determined with higher precision in the presence
of two transitions than from one transition.

The fitted ligand-dosing curves did not always match the experimental data
points, especially for tight-binding ligands (Fig. 5.6b). The T, shifted dramatically
at low ligand concentration and in some cases did not increase further as predicted
by the model (Fig.5.6a). The binding affinity value cannot be determined from
such data accurately, nevertheless, such ligand dose curve behavior indicates that
the ligand is a tight binder and the constant is above some well-determined
value. We hypothesize that the origin of the saturation effect may be (1) low
solubility of the ligand; (2) ligand binding to the unfolded state of the protein,
or (3) extremely slow dissociation kinetics that prevent to achieve the equilib-
rium.

Most inhibition and binding studies are performed using recombinant CA
isozymes. To date, only two native CA isozymes—CA I and CA II—purified from
human erythrocytes are commercially available. We have compared the binding
affinities of various compounds to the native and recombinant CAT (Fig.5.7a)
and the native in-house produced CA VI from human saliva with two forms of
recombinant CA VI from E. coli and mammalian FreeStyle 293-F cells (Fig.5.7b).
Our goal was to assess whether the recombinant proteins are appropriate models of
the native CA isozymes for ligand binding reactions. The binding affinities of tested
sulfonamides to recombinant and native CA I isozymes were essentially identical,
even the T;,s of recombinant and native CAI were the same, equal to 57.4°C
(Fig.5.7a). Similarly, there were no significant differences in affinities of many
tested benzenesulfonamides binding to recombinant and native CA VI (Fig.5.7b)
[14]. These data demonstrated the suitability of recombinant proteins as a model of
native CA isoforms.
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Fig. 5.8 Wide ranges of compound binding affinities towards CAI from 34 uM for TPM to
0.05nM for VD11-51

FTSA has vast ranges of measurement of binding affinities. Since ligand
concentrations must be several times higher than the estimated affinity, the ligand
solubility can be the only limiting factor for the measurement of weak binding
affinity. The binding of various ligands to CAT of different affinities is shown in
Fig.5.8. Topiramate (TPM) binds to CA I with 34 uM K, and stabilizes the protein
only by about 1 °C at concentration of 200 uM, whereas compound VD11-51 binds
with K; = 0.05nM stabilizing CAT by more than 14 °C at the concentration of
5uM.

Figure 5.9 shows the selectivity of AZM binding to several CA isoforms.
AZM binds much stronger to CA VII than to other isoforms. The determination
of selectivity between CA isoforms solely by delta T, is not fully correct, as the
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Fig. 5.9 AZM binds with different affinities to various CA isoforms. Data points show the AT,
as a function of the total added AZM concentration

thermal stabilization of these isoforms is not equal, i.e., the enthalpy of unfolding
and the T;,, of CA isoforms differ.

We compared sulfonamide binding to three recombinant CAIX proteins: cat-
alytic domain of CAIX (CAIX CD, residues 138-390), the mutant CAIX CD
protein (CAIX CDC174S), and an extracellular part of CAIX bearing the PG
domain (CAIX PG, residues 38-414). These proteins bind sulfonamides with
similar binding affinities. Figure 5.10 shows FTSA data of VD11-4-2—selective
CAIX inhibitor—binding to different CA IX domains and the K, values ranged
from 2.5nM to 10nM.

The binding affinity for CA-sulfonamide complex depends on pH. In the first
study by Taylor et al in 1970 [15], the binding of sulfonamides to human CAII by
stopped flow technique showed a bell-shaped association rate constant dependence
on pH. The FTSA analysis of a number of CA isoform (CAT [16], CAII [16],
CAIV [17], CAVB [18], CAVI [14], CAVII [19], CAIX [20], CAXII [21],
CAXIII [22], and CA XIV [23]) binding with commercial compounds EZA and
trifluoromethanesulfonamide also demonstrated the pH-dependence of binding
constant as shown in Fig.5.11. There is a region of maximal affinity of EZA for
CAXIII between pH 7.5 and pH 8.5. At those pH values, the affinity is close to
2 nM. The affinity decreased at low pH (due to the protonation of sulfonamide group
of the compound) and at high pH (due to the deprotonation of Zn-bound water in
the active site of CA XIII). Such U-form profile of binding constant dependence on
pH enables the determination of intrinsic binding constant, which will be discussed
in Chap. 8.
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Fig. 5.10 Thermal melting fluorescence curves of three CA IX variants at various concentrations
of inhibitor VD11-4-2. (a) The melting curves of the recombinant form of the catalytic domain
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points are fitted according to the model (Eq. (5.21))
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Fig. 5.11 The dependence of ligand binding affinity on pH. Thermal melting fluorescence curves
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of the EZA binding constants to CA XIII on pH at 25 °C exhibits a bell-shaped curve
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5.5 Conclusions

Fluorescent thermal shift assay is a method to determine the thermal stability
of proteins and to obtain the affinity constants from the stabilization effect on
the protein caused by ligand binding. The assay is highly robust and in our
opinion is the method of first choice to determine the affinities of small molecule
compound binding to human CA isoforms. The 1,8-anilinonaphthalene sulfonate
solvatochromic fluorescent compound is a probe of choice to follow the pro-
tein unfolding. Here we provide the equations to fit both the protein thermal
melting curves and the inhibitor dosing 7;, curves to obtain the dissociation
constants.

References

1. Lo, M.-C., et al.: Evaluation of fluorescence-based thermal shift assays for hit identification in
drug discovery. Anal. Biochem. 332, 153-159 (2004)

2. Cimmperman, P., Matulis, D. In: Podjarny, A., Dejaegere, A. P., Kieffer, B. (eds.) RSC
Biomolecular Sciences, pp. 247-274. Royal Society of Chemistry, Cambridge (2011)

3. Vivoli, M., Novak, H.R., Littlechild, J.A., Harmer, N.J.: Determination of protein-ligand
interactions using differential scanning fluorimetry. J. Vis. Exp. 91, 51809 (2014)

4. Niesen, FH., Berglund, H., Vedadi, M.: The use of differential scanning fluorimetry to detect
ligand interactions that promote protein stability. Nat. Protoc. 2, 2212-2221 (2007)

5. Pantoliano, M. W, et al.: High-density miniaturized thermal shift assays as a general strategy
for drug discovery. J. Biomol. Screen. 6, 429-440 (2001)

6. Kranz, J.K., Schalk-Hihi, C.: Protein thermal shifts to identify low molecular weight fragments.
Methods Enzymol. 493, 277-298 (2011)

7. Slavik, J., Horak, J., Rihova, L., Kotyk, A.: Anilinonaphthalene sulfonate fluorescence and
amino acid transport in yeast. J. Membr. Biol. 64, 175-9 (1982)

8. Daniel, E., Weber, G.: Cooperative effects in binding by bovine serum albumin. I. The
binding of 1-anilino-8-naphthalenesulfonate. Fluorimetric titrations. Biochemistry 5, 1893—
1900 (1966)

9. Matulis, D., Lovrien, R.: 1-anilino-8-naphthalene sulfonate anion-protein binding depends
primarily on ion pair formation. Biophys. J. 74, 422-429 (1998)

10. Matulis, D., Baumann, C.G., Bloomfield, V.A., Lovrien, R.E.: 1-anilino-8-naphthalene sul-
fonate as a protein conformational tightening agent. Biopolymers 49, 451458 (1999)

11. Rogez-Florent, T., et al.: Label-free characterization of carbonic anhydrase-novel inhibitor
interactions using surface plasmon resonance, isothermal titration calorimetry and
fluorescence-based thermal shift assays. J. Mol. Recognit. 27, 46-56 (2014)

12. Krasavin, M., et al.: Discovery of Strecker-type o-aminonitriles as a new class of human
carbonic anhydrase inhibitors using differential scanning fluorimetry. J. Enzyme Inhib. Med.
Chem. 31, 1707-1711 (2016)

13. Zubriené, A., et al.: Measurement of nanomolar dissociation constants by titration calorimetry
and thermal shift assay—radicicol binding to Hsp90 and ethoxzolamide binding to CAIL Int.
J. Mol. Sci. 10, 2662-2680 (2009)

14. Kazokaité, J., Milinaviciaté, G., Smirnoviené, J., Matuliené, J. & Matulis, D.: Intrinsic binding
of 4-substituted-2,3,5,6-tetrafluorobenezenesulfonamides to native and recombinant human
carbonic anhydrase V1. FEBS J. 282, 972-983 (2015)

15. Taylor, P.W., King, R.-W., Burgen, A.S.V.: Influence of pH on the kinetics of complex formation
between aromatic sulfonamides and human carbonic anhydrase. Biochemistry 9, 3894-3902
(1970)



78

16.

17.

18.

19.

20.

21.

22.

23.

V. Petrauskas et al.

Morkinaité, V., et al.: Intrinsic thermodynamics of sulfonamide inhibitor binding to human
carbonic anhydrases I and II. J. Enzyme Inhib. Med. Chem. 30, 204-211 (2015)
Mickevicititée, A., et al.: Intrinsic thermodynamics of high affinity inhibitor binding to
recombinant human carbonic anhydrase IV. Eur. Biophys. J. 47, 271-290 (2018)
Kasiliauskaité, A., et al.: Thermodynamic characterization of human carbonic anhydrase VB
stability and intrinsic binding of compounds. J. Therm. Anal. Calorim. 123, 2191-2200 (2016)
Pilipuityté, V., Matulis, D.: Intrinsic thermodynamics of trifluoromethanesulfonamide and
ethoxzolamide binding to human carbonic anhydrase VII: thermodynamics of TFS and EZA
binding to CA VIL. J. Mol. Recognit. 28, 166—172 (2015)

Linkuviene, V., et al.: Intrinsic thermodynamics of inhibitor binding to human carbonic
anhydrase IX. Biochim. Biophys. Acta Gen. Subj. 1860, 708-718 (2016)

Jogaité, V., et al.: Characterization of human carbonic anhydrase XII stability and inhibitor
binding. Bioorg. Med. Chem. 21, 1431-1436 (2013)

Baranauskiene, L., Matulis, D.: Intrinsic thermodynamics of ethoxzolamide inhibitor binding
to human carbonic anhydrase XIII. BMC Biophys. 5, 12 (2012)

Juozapaitiené, V., et al.: Purification, enzymatic activity and inhibitor discovery for recombi-
nant human carbonic anhydrase XIV. J. Biotechnol. 240, 31-42 (2016)



updates

Vaida Paketuryte, Asta Zubriené, Wen-Yih Chen, Sandro Keller,
Margarida Bastos, Matthew J. Todd, John E. Ladbury,
and Daumantas Matulis

™

Check for

Abstract

Small-molecule drug-candidate compounds are ranked by their capability, pri-
marily described as affinity, to bind a target protein, for example, human
carbonic anhydrase (CA), a subject of this book. One of the methods of
choice to determine the affinity is isothermal titration calorimetry (ITC), a
biophysical technique that enables the determination of the thermodynamic
parameters of binding between a protein and a small molecule, both unmodified

V. Paketuryté - A. Zubriené - D. Matulis (I)

Department of Biothermodynamics and Drug Design, Institute of Biotechnology, Life Sciences
Center, Vilnius University, Vilnius, Lithuania

e-mail: vaida.paketuryte @ gmc.vu.lt; astzu@ibt.It; daumantas.matulis@bti.vu.lt

W.-Y. Chen

Department of Chemical and Materials Engineering, National Central University, Taoyuan City,
Taiwan

e-mail: wychen@ncu.edu.tw

S. Keller
Molecular Biophysics, Technische Universitit Kaiserslautern (TUK), Kaiserslautern, Germany
e-mail: mail @sandrokeller.com

M. Bastos

CIQUP, Department of Chemistry and Biochemistry, Faculty of Sciences, University of Porto,
Porto, Portugal

e-mail: mbastos@fc.up.pt

M. J. Todd
Biophysical Solutions, Inc., Ambler, PA, USA
e-mail: matthew.todd @biophysical-solutions.com

J. E. Ladbury

Department of Molecular and Cell Biology and Astbury Center for Structural Biology,
University of Leeds, Leeds, UK

e-mail: J.E.Ladbury @leeds.ac.uk

© Springer Nature Switzerland AG 2019 79

D. Matulis (ed.), Carbonic Anhydrase as Drug Target,
https://doi.org/10.1007/978-3-030-12780-0_6


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-12780-0_6&domain=pdf
mailto:vaida.paketuryte@gmc.vu.lt
mailto:astzu@ibt.lt
mailto:daumantas.matulis@bti.vu.lt
mailto:wychen@ncu.edu.tw
mailto:mail@sandrokeller.com
mailto:mbastos@fc.up.pt
mailto:matthew.todd@biophysical-solutions.com
mailto:J.E.Ladbury@leeds.ac.uk
https://doi.org/10.1007/978-3-030-12780-0_6

80 V. Paketuryté et al.

and free in solution—the change in Gibbs energy, enthalpy, entropy, and heat
capacity—through the direct measurement of the heat exchange upon binding.
ITC is the only technique that directly determines the change in enthalpy upon
binding at isothermal and isobaric conditions providing additional information
on the mechanism of interaction and thus plays an important role in drug design.
In this chapter we describe the main principles, advantages, and disadvantages
of the ITC technique, as well as its use to determine the enthalpy change upon
sulfonamide inhibitor binding to catalytically active CA isoforms.

6.1 Introduction

Calorimetry is an experimental technique that relies on the observation that heat is
absorbed or released in essentially any chemical reaction or a biophysical process.
Even the simple dilution of an aqueous solution into water (or buffer) is also
associated with the evolution or uptake of heat. The heat exchanged is measured
at constant pressure, and thus equals the thermodynamic parameter, the change in
enthalpy, which is measured in Joules (according to the International System, SI, of
Units), but calories are also still used (CGI system). Both units are often used in the
literature and can be easily converted: 1 calorie (cal) = 4.184 Joule (J).

Isothermal titration calorimetry (ITC) involves the titration of one binding
partner contained in a syringe into another which is in the calorimeter cell.
Three main parameters are determined in a single experiment—the change in
Gibbs energy (AG), in enthalpy (AH), and in entropy (T AS (multiplied by T—
temperature)) upon interaction, determined at equilibrium conditions in units of
J/mol (or cal/mol) [1].

The Gibbs energy change describes the change in Gibbs energy between the
bound and free states. The equilibrium association constant can be calculated from
this thermodynamic term. The binding reaction is spontaneous (exergonic) when the
AG is negative at constant temperature and pressure.

The AG ° at standard conditions (often also referred in our manuscripts as AG)
can be calculated using this relationship [2, 3]:

AGnun_standard = AG° +RT 11’1(Kb) = AG° —RT ln(Kd), (61)

where AGpon_standara = 0 and R is the universal gas constant (8.3144J/K mol), T
is the absolute temperature (273.15K = 0°C), and K is the dissociation constant.
Therefore:

AG®° = —RT In(Kp) = RT In(Ky), (6.2)
All thermodynamic parameters throughout the book refer to standard conditions

and should be denoted with the naught symbol. The symbol is not used here for
simplicity of the terms.
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The binding constant (Kp) is the reciprocal of the dissociation constant (K ).
Both constants reflect the affinity of the two partners, protein and ligand.

1 [PL]
K, = — . 6.3
"~ ks [PIL] ©3)

where [P], [L], [PL] represent equilibrium molar concentrations of the protein,
ligand, and complex, respectively.

The Gibbs energy change has two components, enthalpic (AH) and entropic
(AS) contributions (Fig. 6.1):

AG=AH —-TAS 6.4)

The entropy change can be calculated by using the equation for Gibbs energy
change (6.4):

_AH - AG

; (6.5)

AS

The AH and AS give additional information about the characteristics of the
binding event that cannot be extracted directly from AG alone [4—6], and are thus
fundamental thermodynamic parameters for a more complete understanding of the
binding process.

The enthalpy change upon binding is primarily associated with the molecular
interactions between the protein, ligand, and solvent molecules, but also with
conformational changes and buffer reactions. The enthalpy change results from
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the net making or breaking of non-covalent bonds when the binding partners go
from the free to the bound state. These bonds include macromolecule-solvent and
ligand-solvent interactions which are broken and solvent-solvent interactions that
are formed upon the binding event. The AH can be negative or positive, depending
on whether the overall binding process is exothermic (system releases heat to the
surroundings) or endothermic (the system absorbs heat from the surroundings; heat
is equal to the enthalpy if pressure P = const).
Compound binding to protein takes place in at least two stages:

e Water molecules, ions, or other molecules that are bound to the protein and
ligand unbind (at least partially) the protein and ligand. A Hyeso1varion—usually
positive.

* The ligand binds to the protein. A Hp;nqing can be positive or negative, but most
commonly is negative.

AH = AHbinding — AHgesolvation (6.6)

However, enthalpy is also associated with other processes such as conformational
rearrangements and buffer/pH related reactions thus Eq. (6.6) is not fully complete
should be substituted by may contain other terms. ITC measures directly the sum of
all processes and is called experimentally the observed enthalpy change, AH.

Entropy change is defined as a change in molecular degrees of freedom between
the bound and free states of the protein and ligand. The binding entropy change
(AS) is the sum of the solvation (ASsorvarion), conformational (ASconformational)s
and translational/rotational (AS;ransiational/rotational) €Ntropy changes:

AS = ASsolvation + ASconformational + AStranslational/rotational (6.7)

ITC does not measure these parameters, but the entropy change upon binding,
AS, can be calculated from the experimentally determined AG and AH using the
Eq. (6.5) [7].

ITC has been used in a number of applications [8], such as determination of
affinity of intermolecular interactions (protein—-DNA, protein—protein, etc. [9, 10]),
the measurement of binding kinetics [11], enzyme inhibition kinetics [12, 13], heat
capacity changes upon binding [14], displacement reactions to determine extremely
tight interactions [15, 16], among others [17-19]. Moreover, the popularity of the
ITC technique has been constantly growing [20]: in 1990, only 32 articles, while in
2017, already 650 articles with “isothermal titration calorimetry” content have been
published.
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6.2 The Principles of ITC Experiment

There are several commercially available ITC instruments [21] that differ in their
technical characteristics, but the calorimetric principle of the microcalorimeter mod-
els more commonly used to study biological systems is of the power compensation,
overflow type. Their main characteristics are shown in Fig. 6.2a [22]:

o there are two identical cells, with volumes from ~200uL to ~1.4mL, sur-
rounded by an adiabatic jacket:
— Sample cell—usually filled with a protein solution (in the context of protein—
ligand binding), but may also be a solution of the ligand.

y (e =
Titration syringe

A
Protein Ligand  Protein-Ligand
Reference Sample
~cell cell
C D o
g V T
— W AH = area
(2 ~
= = height
2] g ] 9P Kb:slope
o) 3
= eal/ = PowerxTime X
o S 2=
o N = midpoint of the
i sigmoid curve

Molar ratio

Fig. 6.2 The principle of an ITC experiment. (a) Titration calorimeter contains 2 cells (sample cell
that usually contains the protein and reference cell filled with water or solvent media) and syringe
used to inject the ligand solution to the sample cell. (b) Saturation of the protein binding sites by
a ligand during titration. The experiment is planned so that most protein is saturated around the
middle of the titration. The protein-ligand complex is colored red. (¢) The power compensation
between the sample and reference cells yields the raw ITC data peaks. Each peak represents a
change in electric power needed to keep the temperature constant in the cell where a reaction has
taken place. The area of the peak (product of time and power) is transformed into the heat evolved
upon one injection by appropriate calibration. (d) Binding isotherm, a set of datapoints obtained
by integrating the raw ITC data peak areas. A single-binding-site model can be used to fit the data,
yielding the affinity (K}) and the change in enthalpy (A H) upon the interaction. In some cases
(see text) the stoichiometry can also be estimated from the N
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— Reference cell—filled with water or the same solvent that is used for protein
preparation. This is particularly important if a fraction of organic solvent is
used.

* the titration syringe is filled with one of the components, in the same solvent
medium. This is usually the smaller molecule, e.g. drug, peptide, because the
compound needs to be stable to the large dilution effects experienced in the early
injections. The titration syringe is placed into the sample cell and it titrates the
solution with precise volumes at certain time intervals and mixes the solutions
by rotating at a certain speed.

The instrument is designed to minimize the temperature difference between the
sample and reference cells. Two heaters are constantly providing a small amount
of heat to both sample and reference cells (power compensation) which maintain
both cells at the experimental temperature (e.g. 25°C). When an injection is made,
the heat is evolved or absorbed as a result of the interactions in the sample cell.
To minimize the temperature difference between the cells, a change in the heat
input to the sample cell is required. Changing of the heat input (or power over a
time period) results in rapid restoration of the temperature difference between the
cells to maintain the experimental temperature. In a binding experiment with high
binding constant most injected compound interacts with the protein in the cell and
equilibrium is rapidly attained. Subsequent injections result in further interactions
and the concomitant heat absorption or release. As the binding sites of the protein in
the cell are gradually saturated, the amount of heat exchange is reduced and further
injections of interacting compound will result in lower heat exchange (Fig. 6.2b).
Even with a fully saturated target, a small amount of heat exchange is observed that
is mainly due to the heat of dilution of the component in the syringe, but to a smaller
extent also reflects the temperature difference between the cell and the syringe and
the heat of friction caused by the injection.

The area of each peak under the baseline (Fig.6.2c) is integrated and plotted
as a function of molar ratio between ligand and protein (Fig. 6.2d). The raw data
derived from the titration run need to be corrected for the heats of dilution, mostly
of the ligand into the calorimetric cell. There are several ways to treat the heat of
dilution, namely: (a) it can be determined in an independent “control experiment”
(titration of the ligand in the syringe into the solvent in the cell, and (less significant)
titration of solvent media into the protein in the cell), and thereafter the heats form
the integrated peaks are subtracted from the integrated data for the titration run data;
(b) take the average of the last, constant heat injections, and then subtract this value
from the integrated data for the titration run; or (c) fit the dilution heat together
with the model fitting. After correction for the heat of dilution a model can be
fitted to the obtained data [21], and both the enthalpy change (A H) and the binding
constant (K}), also sometimes referred to as association or affinity constant (K,),
are obtained. In cases where the concentration of the protein and ligand is known
with high certainty, the stoichiometry (obtainable from the N) of the interaction can
also be estimated from the fitting in most available programs. It should be noted,
however, that errors in the concentrations of the interacting species will lead to N
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Fig. 6.3 Simulated ITC binding isotherms. (a) Simulated binding isotherm for a 1:1 binding
model showing the change in enthalpy (blue arrow), degree of saturation (green arrow), and affinity
(proportional to the steepness of the curve, shown in red). (b) Simulated binding isotherms for 1:1
model with varying affinities or c-value, red. (¢) Simulated binding isotherms for 1:1 model with
varying enthalpy changes, blue. (d) Simulated binding isotherms with varying stoichiometries (for
four different protein—ligand systems) or alternatively degrees of saturation (for the same protein—
ligand system at various concentrations), green

values different from 1 (in the case of a 1:1 interaction), although the stoichiometry
can be 1:1. That is the reason why some software fit for the so-called incompetent
fraction, instead of N, to avoid misleading by directly providing the stoichiometry
of the interaction. From these parameters (A H and K}), the Gibbs energy (AG) and
entropy changes (AS) can be determined using Egs. (6.2) and (6.5).

In Fig.6.3a, the simulation parameters were K, = 1 x 1M~ Y, AH =
—30kJ/mol and N = 1.0 (one ligand molecule interacts with one protein molecule,
the model usually referred to as “a single binding site model”). Figure 6.3b—d
shows simulated binding isotherms by varying one of these 3 parameters while the
remaining ones are kept constant.

In Fig.6.3b, in addition to the binding constants, the c-values (also called
Wiseman parameter) [23-26] are also highlighted. This parameter is related to the
steepness of the ITC isotherm and to the detection limit of each ITC, and can be
calculated according to:

¢ = Kp[PIN (6.8)
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where [P] is the molar protein concentration. When the c-value is small (usually
stated as being less than 10), the curve is too flat, and when it is too large (¢ >
500), the curve is too steep [24]. In both cases, the binding constant, K}, cannot be
accurately determined, but in the second case the enthalpy change can be obtained
with high precision. In order to obtain both thermodynamic parameters accurately,
Kp, and AH, the experiment must be performed using a protein concentration that
leads to a c-value between approximately 10 and 500. If this is not possible, some
alternative methods such as displacement ITC methodology may work for very high
K}, values [15].

Figure 6.3c shows plots where A H is varied. The AH component can be related
to all non-covalent interactions, and its magnitude varies with temperature, as well
as with the buffer. Therefore, in some cases, where the observed AH is small or
zero, the reaction can be sometimes studied, by varying the temperature and/or
choosing buffers of different protonation enthalpy (for more details, see Sect. 6.4).

Different binding molar ratios of the complex (equivalent to stoichiometry) or
saturation are shown in Fig.6.3d. For the same system, the stoichiometry is the
same (e.g., one sulfonamide molecule interacts with a single CA molecule), but the
N value retrieved from an ITC experiment can vary due to errors in protein or ligand
concentration but should not be misled with a stoichiometry. The N value of, e.g.,
0.8 would most likely mean that the stoichiometry of the system is 1:1, but some
20% of the protein in the cell is unable to bind the ligand or concentration estimation
was not fully accurate.

6.3  ITC Determines the Binding Affinity and the Enthalpy
Change of Intermolecular Interactions

As described above, the main thermodynamic parameters characterizing protein—
ligand interaction can be directly measured by ITC and used in drug design.
Correlation maps of the compound chemical structures with the intrinsic binding
parameters, as described in Chap. 16, are very helpful for this purpose. The binding
information is even more useful when structural data (e.g., obtained by X-ray
crystallography) is also known. Structural and thermodynamic information on the
binding event are complementary [27,28] (for more details, see Chaps. 13 and 17),
and can contribute to lead compound optimization in rational drug design [29].

Figure 6.4 shows raw (Fig. 6.4a and c) and integrated (Fig.6.4b and d) data of
compound VD11-4-2 binding to CAIX and CAI CAIX is known as potential
drug target or marker for cancer therapy [30-32], while CA T is responsible for gas
exchange and pH balance [33] in normal tissues and thus should not be inhibited.
Furthermore, in the human body, there are another 10 isozymes of CA, which are
also responsible for many physiological functions. Thus, a potential drug (chemical
compound) should selectively inhibit only CAIX, but not the other isoforms.
ITC data provided significant information that the compound VD11-4-2 exhibited
selective binding to CA IX while avoiding CA 1.



6 Inhibitor Binding to Carbonic Anhydrases by Isothermal Titration Calorimetry 87

A 150] B °
14.9] 0 geetottesee’
1481 -5 /
L 147 3 -104 [
e g [N=088
" 2 $ K, =2.940° M
n?_, 14.4] T | AG = -50.3 kJ/mol
-25 ) -
14.31] o® AH =-28.0 kd/mol
o
142] 30] ®**TeT 145 =223 kiimol
0 1000 2000 3000 4000 5000 0.0 05 10 15 2.0
Time (s) Molar ratio
C 144 D 5
R 0 .!‘7&11!—.!,
5
2 ’é‘ 10 N =0.71
2 < s, K, = 9.4x10° M
o) X
g ;E -204 AG =-35.5 kd/mol
o © 251 AH = -18.7 kJ/mol
: 304 TAS = 16.8 kd/mol
135 : : : : : : : :
0 1000 2000 3000 4000 5000 0.0 05 10 15 2.0
Time (s) Molar ratio

Fig. 6.4 The ITC data of compound VDI11-4-2 binding to (a, b) CAIX and (C, D) CAL Left
panels show the raw ITC data while the panels on the right—the integrated ITC isotherms.
The experiments were performed by VP-ITC calorimeter in 50 mM TRIS-HCI buffer (pH 7.0)
containing 100 mM NaCl at 37 °C. The compound binds to CAIX with a significantly greater
affinity than to CA I and thus exhibited selectivity towards CA IX over CA1

The ITC data in Fig.6.4 yields not only the affinities, but also the change
in enthalpies upon compound VD11-4-2 interaction with CAIX and CAI The
enthalpies can be obtained from the fits of the integrated curves. However, it should
be kept in mind that the obtained values have little practical usefulness because they
are “non-intrinsic” as will be explained in Chap. 8.

6.4 Binding-Linked Protonation Reactions

Baker and Murphy described the binding-linked protonation effect (proton linkage)
in 1996 [34]. This phenomenon should be considered in ITC ligand binding studies
as protonation/deprotonation upon binding can contribute a significant heat effect
that is measured together with the binding event. There are several examples of
reported data in the CA literature in which protonation effects are not considered and
therefore show only the observed binding parameters, which allow only incomplete
and even misleading conclusions about the effect of compound structure on the
binding affinity. As highlighted above, the binding parameters obtained from ITC
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experiments often include contributions from protonation effects which accompany
the binding event and can be derived for both interacting components and the
solvent. For an accurate description of the binding event the following terms need
to be individually assessed:

* Enthalpy change of the observed binding reaction may depend on buffer because
buffers have different enthalpies of protonation (Fig. 6.5g).

e Enthalpy and Gibbs energy change of the observed binding reaction could
depend on pH due to the different fractions of the protein and ligand in their
binding-ready forms.

Figure 6.5 shows the same protein—ligand binding reaction measured by ITC
under different buffers: sodium phosphate (Fig.6.5a and c¢) and TRIS (Fig.6.5b
and d), and varied pH values: 6.0, 7.5, and 8.5. Clearly, both the buffer type and
buffer pH affect the results as shown in Fig. 6.5e and f. This is caused by the linked
protonation effects that occur upon CA interaction with a sulfonamide compound.
Plotting the observed enthalpy of binding as a function of the buffer protonation
enthalpy (47.5kJ/mol of TRIS and 5.1 kJ/mol of phosphate buffer at 25 °C [35]) at
various pHs yields three lines of different slopes (Fig. 6.5g). These slopes represent
a number of net protons either uptaken by the protein—ligand complex from the
buffer (positive slope) or released to the buffer (negative slope). The net number of
protons is plotted as a function of pH (Fig. 6.5h). Full understanding of all binding-
linked reactions is necessary in order to account for the linked protonation events
and calculate the intrinsic binding constant as explained in Chap. 8.

6.5 Troubleshooting in ITC

Even the simplest ITC titrations may yield erroneous results if performed with
insufficient care. The most common reasons for obtaining poor thermograms and
the problems with ITC data are described below.

Large Heat of Dilution If the buffers in the cell and syringe match, the heat of
dilution is small and arises mainly from the dilution of the ligand in the syringe.
If that dilution heat is not significant, the last titration peaks resemble water—water
titration (Fig. 6.6a). Nevertheless, if the buffers do not match, the heat of dilution
may be very high, masking the true heat of binding [36]. A common cause may
be a mismatch in the concentration of DMSO (Fig. 6.6b), because most ligands are
prepared with DMSO (typically several % (v/v) in ITC) due to their low solubility in
water. In this case the same concentration of DMSO must be present in the protein
solution as in the ligand solution.

Unstable Baseline and Peak Jumps (Fig.6.7) The cause is not always clear
and there may be several reasons: air bubbles; poorly washed cell and/or syringe;
denaturation of the protein; or precipitation of the ligand or protein upon binding.
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Fig. 6.5 An example of ITC binding isotherms obtained in different buffers and at various pH
values. The thermograms show the titration of ethoxzolamide into CAXII in 50 mM sodium
phosphate (a, ¢) and 50 mM TRIS-CI (b, d) buffers at pH 6.0, 7.5, and 8.5. (e) and (f) show the
K} and AH dependence on pH in both buffers. (g) Plot of the observed enthalpies as a function of
buffer protonation enthalpy. At pH 6.0 the slope is positive while at pH 8.5 the slope is negative.
These slopes are equal to the net number of protons, 7, being uptaken from the buffer or released to
the buffer upon binding. (h) The number of protons uptaken from the buffer (positive) or released
to the buffer (negative) as a function of pH. It is obvious that the enthalpy is highly dependent both
on buffer and pH and thus must be accounted for by calculating the intrinsic enthalpy which is
independent of linked protonations as explained in Chap. 8
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Fig. 6.6 (a) Raw ITC data of water—water titration. The peaks are relatively small showing the
small heats of titration of water into water. The baseline is rather unstable. (b) Raw ITC data show
large heats obtained when 1% DMSO was added to the syringe, but was not added to the solvent in
the cell, resulting in “solvent mismatch,” due to the strongly exothermic heat of dilution of DMSO
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Fig. 6.7 Example of a thermogram with a very unstable baseline. Such thermograms should
not be used to obtain the enthalpy of interaction and instead the experiment should be repeated
after extensive cleaning of the cell and syringe, degassing the solutions, and centrifugation of the
samples

Thus, degassing of the sample and taking care not to introduce air bubbles is
fundamental. Care should be taken when degassing the sample for extended periods
of time as it leads to water evaporation and thus a change in concentration. Therefore
weighing the sample before and after degassing is recommended so this can be
detected and corrected [37]. Centrifugation may also be helpful to get rid of
aggregates and also bubbles.

Furthermore, it is also important to mention that even in a properly performed
experiment, the baseline is not perfectly straight as in Fig.6.2c. Some software
packages provide the possibility to plot the raw data already corrected for the
baseline, but such presentation alone is highly unrecommended in the scientific
literature [20] because it hides baseline instability from the reader.
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Fig. 6.8 Simulated ITC data showing the cases, when (a) protein and (b) ligand are only 50%
pure. Incorrect concentration of the component in the cell will yield accurate enthalpy and the
association constant. However, incorrect concentration of the component in the syringe would not
permit to see the end of a standard titration because it would be visible only if titration is continued
to reach the ratio of 4. Furthermore, the observed enthalpy would be two times smaller than the
real value if the compound is only 50% pure

The Molar Ratio in the Complex Does Not Match the Expected Stoichiometry
This applies to well-characterized systems, but is especially important when
working with unstable proteins or compounds. The impurities of the protein and
compound, or the fact that not all protein present is in “competent” for binding
has a large impact on the values retrieved from ITC experiments. Even very stable
proteins, such as CA 11, are not 100% pure/active. Therefore, the molar ratio of such
ITC data is typically close to but smaller than 1.0 (typically 0.8-0.9).

Figure 6.8 shows simulated ITC curves for cases when the protein (Fig. 6.8a)
or the ligand (Fig. 6.8b) is impure or not fully active. When the solution contains
only 50% of pure or active protein and correct concentration of the ligand, the
titration appears complete at a lower molar ratio (Fig. 6.8a, dashed line) i.e., the
saturation level achieves only 0.5. In this case, the change in enthalpy from the
height difference is correct, but the value obtained from the area is not (Fig. 6.2d).
On the other hand, when we have only 50% of the ligand and 100% of competent
protein, the titration will have the inflection point at a higher molar ratio (Fig. 6.8b,
dashed line) i.e., 2.0. In this case, the determination of the enthalpy change from a
height difference is inaccurate, and the one derived from the area should be used
instead [37].

6.6  Accuracy and Precision of ITC Measurements

As with any experimental technique, it is important to know the accuracy of the
instruments and the repeatability of the resultant ITC data. The issues related
to the accuracy, precision, and standard errors in ITC experiments [25, 38—48]
and calibration issues [26, 49, 50] have been analyzed in detail to achieve the
highest accuracy and precision in ITC. It is important to distinguish whether
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Fig. 6.9 Normal distribution of the AG (a) and AH (b) of CA Il—acetazolamide binding data
obtained by repeating the same ITC titration 40 times, 10 times with 4 ITC instrument models.
The bin widths are the same for AG and AH to help visual comparison and it is obvious that the
Gibbs energy is determined with a smaller standard error window than the enthalpy

two ligands have significantly different thermodynamic parameters for binding or
if their differences do not exceed the combined uncertainties of the respective
measurements. It is very important to correctly report the precision of the obtained
parameters.

To determine the uncertainty of sulfonamide-CA ITC measurements, the same
ITC experiment (acetazolamide binding to human carbonic anhydrase II) was
performed a large number of times with several instruments (Affinity ITC, PEAQ-
ITC, ITC200, VP-ITC, and MCS-ITC), as reported in [51]. The resulting histograms
of the distribution of AG and AH are shown in Fig.6.9. Data were obtained
from 40 ITC experiments by Affinity ITC, PEAQ-ITC, ITC200, and VP-ITC
calorimeters with uniformly prepared samples (100 uM of acetazolamide and 10 uM
of recombinant human CAII). The data was analyzed by NITPIC and SEDPHAT
software [52,53]. The averaged values together with their confidence intervals (at
o = 0.95) were AH = —51.1kJ/mol £ 0.9kJ/mol and AG = —44.9kJ/mol
£ 0.3kJ/mol. This study shows that thermodynamic parameters retrieved from
ITC data may not have precision higher than approximately 1kJ/mol. Individual
experiments involving reagents of lower stability or purity could have even larger
errors. Therefore, it is important to perform repeated experiments to enable the
calculation of the statistical uncertainty of the obtained data. The precision of our
ITC data [54] has an uncertainty of 1kJ/mol—4 kJ/mol. This indicates that typically
differences in thermodynamic parameters for binding reactions involving the same
protein with different ligands that are smaller than 1 kJ/mol should be considered
within the statistical noise of the data, and not revealing significant differences in
affinity [55].



6 Inhibitor Binding to Carbonic Anhydrases by Isothermal Titration Calorimetry 93

6.7 Conclusions

ITC is a universal label- and immobilization-free method for determining the ther-
modynamics of molecular interactions in aqueous solution. It is the prime method
for the determination of the change in enthalpies and entropies of protein-ligand
interactions, and the only experimental technique allowing a direct determination of
the change in enthalpy of binding and a full thermodynamic characterization of the
binding reaction from a single titration. Experiments should always be carefully
performed, even for a well-characterized system such as carbonic anhydrase
interaction with sulfonamide inhibitors. ITC is indispensable in the demonstration
and quantitative characterization of binding-linked protonation reactions.
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Abstract

High-pressure studies of protein—ligand system in aqueous solution provide
volumetric information about the increase or decrease in compactness of the
interacting counterparts. Volumetric parameters complement the thermodynamic
picture of protein—ligand interaction. Here we describe fluorescent pressure shift
assay—a technique that addresses volume-related parameters of protein—ligand
system. Carbonic anhydrase (CA) and their ligands were useful objects that
extended our knowledge about the applicability of this method.

7.1  Thermodynamic Parameters of Protein-Ligand
Interaction

The majority of experimental techniques, which are dedicated to describe inter-
actions between a protein and a ligand, exploit temperature as a thermodynamic
variable. Gibbs energy (G) and enthalpy (H) are among the most used parameters
in the field of macromolecule-ligand interaction. Although pressure is a rarely
exploited thermodynamic variable, if compared to temperature, it addresses the
protein—volume-related properties of protein—ligand system.

Energy of any reaction at equilibrium is evaluated using at least one thermo-
dynamic function (parameter) listed in Fig. 7.1. This list establishes connections
between various thermodynamic parameters and their derivatives. Only part of
the listed parameters can be measured directly in experiments; others must be
calculated. Without volume-related parameters, several connections in this thermo-
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Fig. 7.1 The derivative—integral relationships between thermodynamic parameters. A and G are
Helmbholtz and Gibbs energies, respectively, ¥ = G/T—Planck function. The first derivatives of
A, G, and Y yield internal energy (U), entropy (S), volume (V), and enthalpy (H) as indicated
by the arrows. The only shown derivative by pressure yields the volume. The last column
of thermodynamic parameters—the constant-volume and constant-pressure heat capacities (Cy
and C)), isochoric thermal expansion coefficient (cry ), and the isothermal compressibility factor
(Br)—is obtained by derivation of the second column thermodynamic parameters U, S, V, and H

(1]

dynamic list would be missing. For example, the first pressure and temperature
derivatives of volume are proportional to compressibility and thermal expansion
coefficients, respectively. Full thermodynamic description of a biological reaction
should include all these parameters. However, in many cases reactions are charac-
terized solely by the Gibbs energy. We expect that volumetric information could
improve the models that predict protein—ligand interaction energies.

7.2  Pressure is a Key to Protein Volumetric Properties

Researchers attribute the changes in protein volume upon unfolding to the change
of its native conformation. This transition rearranges protein cavities, clefts, and
subsequently the hydration shell. Many scientists dedicated their efforts to reveal
structural and volumetric properties of proteins by denaturing in high-pressure
environment [2-9].

A substantial change in volume is also related to protein—ligand binding [10-17].
The change in protein volume upon ligand binding is called protein—ligand binding
volume (A Vp). In some literature sources AV}, was termed as reaction or interaction
volume. The above definition of AV}, is not precise, because the hydration shells
of protein and ligand have been ignored. Thus, the AV}, should be defined as the
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Fig. 7.2 Schematic representation of protein-ligand binding volume

difference between two sums of volumes: hydrated protein—ligand complex plus the
excess hydration water molecules and the volumes of hydrated protein and ligand

AVb = (V{hydrated P-L} + V{excess hydration}) - (V{hydrated P} + V{hydrated L}) . (7~1)

Figure 7.2 sketches the graphical representation of the binding volume. The AV}
can be either positive or negative. The sign depends on whether protein—ligand
complex together with its hydration shell occupies bigger or smaller volume than
the unbound protein and ligand with their hydration shells. The absolute magnitude
of AVj, for various proteins is comparable or even higher than the change in the
unfolding volume [15].

Pressure affects both—unfolding and ligand-binding-induced—volume changes
of proteins. Together with other physical and chemical perturbation methods, high-
pressure studies complement our knowledge about protein-ligand interactions [10,
11,18-22].

7.3  Carbonic Anhydrase Unfolding at Elevated Pressure

Proteins can lose their native conformation under high pressure. Both intrinsic—
protein’s tryptophan and tyrosine residues—and extrinsic fluorescent probes can be
used to monitor protein unfolding. If we consider only two protein states—native
(N) and unfolded (U)—pressure-dependent fluorescence signal f(p) is described
by equation

fu—In

FPY=INF | L exp(AGy/RTY’

(7.2)

where AGy is the change in Gibbs energy associated with pressure-induced
protein unfolding, R—universal molar gas constant, and 7—absolute temperature.
Parameters fy and fy in Eq. (7.2) denote the experimental fluorescence yields
for the native and unfolded protein states, respectively. The following equation
describes the Gibbs energy as a function of pressure, p, at a constant temperature:

o o A'Bf/ 2
AGy = AGy + AVy(p — po) + ) (p—po). (7.3)
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AG‘Z], AVl‘j, and A,Bf] denote changes in the standard state thermodynamic
parameters of protein unfolding—the Gibbs energy, volume, and compressibility
factor, respectively [23, 24], and po—initial pressure. By definition AGy = 0 at
the midpoint of protein unfolding curve, i.e., when both native and unfolded protein
concentrations are equal. The pressure value at this midpoint is referred to as the
melting pressure, p,, [2,10].

We used fluorescence intensity signals at a fixed wavelength (A = 332nm) to
determine unfolding profiles of human heat shock protein 90 [13,15,17] and human
serum albumin proteins [25]. However, for some isoforms of carbonic anhydrases,
this technique can provide inaccurate melting pressures. Panels b, d, and f in Fig. 7.3
show unfolding profiles (also termed as melting curves) of CA 1, CAIl, and CA XIII
proteins, respectively. Fluorescence intensity data, recorded at A = 332nm (solid
triangles), provide unambiguous native-to-unfolded transition for CA II (Fig. 7.3d),
but this transition is blurred for CAT and CA XIII isoforms (Fig. 7.3b and f).

The uncertainty of p,, values can be reduced if we monitor the native-to-unfolded
transition following the shift of spectral mass center (abbreviated as CSM), which
is defined as

Zz’f ’f)\’ . (7.4)

Here f; is the fluorescence intensity at a wavelength A; and the summation is
over entire spectrum range [26, 27]. Panels a, ¢, and e in Fig. 7.3 show intrinsic
tryptophan fluorescence spectra at pressures ranging from 0.1 MPa (atmospheric)
to 380 MPa. At low pressures spectral maxima are concentrated at approximately
332 nm—dominating fluorescence emission wavelength of tryptophan in hydropho-
bic environment [28]. Increasing pressures start to unfold the protein, which is
manifested by the shift of spectral maxima towards 353 nm—a tryptophan emission
peak in polar environments [28]. These spectral shifts generate the unfolding
profiles that are shown in Fig. 7.3b, d, and f as open-circle curves. Although it takes
longer to measure the tryptophan fluorescence spectra than its intensity at a fixed
wavelength, the CSM-based profiles provided unambiguous transition midpoints
for all investigated CA isoforms [27]. Our data showed that fluorescence intensity
measurements at a fixed wavelength can also be reliable (CAII case), but they are
more sensitive to a particular spatial arrangement of fluorescent probes and could
be blurred (CA I case) or even misleading (CA XIII case).

ACSM =

7.4  Protein-Ligand Binding Volume

Several experimental techniques have been used to determine the binding volumes
of various protein—ligand and protein—protein systems: high-pressure NMR [17,29,
30], vibrating tube densitometry [12,16,17,31-33], and high-pressure fluorescence-
based assays [13, 15, 17,25,27,34-37]. Here we describe how to determine AV}
by following protein fluorescence at elevated pressures. We termed this technique
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Fig. 7.3 Unfolding of carbonic anhydrase proteins at elevated pressures. Panels a, ¢, and e:
intrinsic tryptophan fluorescence spectra of CAI, CAIl, and CA XIII isoforms at pressures up
to 380 MPa. Panels b, d, and f: pressure-induced unfolding profiles of CAI, CAIIL, and CA XIII
obtained from fluorescence intensities at A = 332 nm (solid triangles, right axis labels) and shifts
of spectral mass centers (open circles, left axis labels)

fluorescent pressure shift assay (FPSA) and applied it to various protein—ligand
systems, including several CA isoforms [1,13,15,17,25,27].
As listed in Fig. 7.1, the change in volume upon ligand binding to protein is

IAG
AV = ( b) , (7.5)
ap Jr

where AG), is the change in standard Gibbs energy upon ligand binding to protein
at constant temperature. If we consider only pressure as a thermodynamic variable,
the AG) is described similarly to AGy in Eq. (7.3), but all unfolding-related
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parameters are substituted with binding parameters: AGy, AVy, and AB;

o o A'Blg 2
AGp = AGy + AVy(p — po) + 5 (P = Ppo)”, (7.6)

where ABy is the isothermal compressibility change upon protein-ligand binding.

In drug design field scientists search for ligands that alter protein catalytic
functions. Enzymatic activity determination techniques should be used to directly
demonstrate the inhibition of activity. However, in many cases it is sufficient to
test the protein stability against various denaturing factors upon addition of ligand.
As previously mentioned, high pressure can unfold a protein, but the addition of
binding compounds usually works in the opposite way—the inhibitors stabilize
proteins and higher pressure is required to unfold them. If we measure the p,, at
various concentrations of added ligand, we obtain a dosing curve—a relationship,
which gives protein melting pressure as a function of added ligand concentration.
Figure 7.4b shows an example of a dosing curve: the increased stability of CAII
(increased values of its p,,) upon addition of acetazolamide (AZM).

Mathematical description of FPSA is similar to fluorescent thermal shift assay
(FTSA), derived in Chap. 5. Here we provide a final system of equations that relates
the concentration of added ligand ([L];) with the total protein concentration ([P];)
and the melting pressure (p,,) [1]:

1 (P];
[Ll: = (Kv = 1) <Kb + 2KU> ;

) o A’Bff 2
AGy +AVy(pm—po)+ " (Pm = Po)
Ky =exp| — RT . (1D

o

o o ABy 2
AGy + AV (pm — po) + (Pm — Po)

K, =exp| — RT 2

These equations are used to fit the p,, versus ligand concentration data (Fig. 7.4b).
The curve fitting reveals binding parameters—changes in the standard Gibbs energy,
volume, and compressibility. Toleikis et al. described potential challenges and
solutions of many-parameter models [17].

7.5 Protein Stability in the Pressure-Temperature Phase
Diagram

Figure 7.4 allows to compare fluorescent pressure shift assay and fluorescent
thermal shift assay techniques. FTSA exploits temperature to probe protein stability
and is much more widely used than FPSA. Although both assays probe protein
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Fig. 7.4 Comparison between the fluorescent pressure shift assay (a and b) and fluorescent
thermal shift assay (c and d). Panel a shows pressure-induced, while panel e—temperature-induced
unfolding profiles of CAII at different concentrations of AZM. Resultant shift in p,, (b) and T,
(d) is fitted to the model and reveals the thermodynamic parameters of AZM binding to CAII

stability, their output complements each other and can be combined to obtain a
protein stability diagram in both pressure and temperature coordinates. Hawley [23]
described the Gibbs energy change between native and unfolded states with p and
T variables by equation

]

o o A'BU 2
AG = AGY, + AV (p — po) + , (P=pO)”+
+ Aa(p — po)(T —To) + AH® + AC,(T — Typ)

T
—-T <AS° + ACpIn ) , (7.8)
Ty

where Ty is the reference temperature, AH° and AS°—changes in standard
enthalpy and entropy at Ty, AC), and Aa—the changes in constant pressure heat
capacity and thermal expansion coefficient. This equation yields an elliptical-shape
curve (Fig. 7.5) also referred to as p — T phase diagram [3]. Internal part of
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p Protein pp, Denatured protein
(at fixed ligand conc.)

Protein p,, (unliganded)

Protein T,,
(at fixed ligand conc.)

Protein T,,
(unliganded)

FPSA at fixed T

Fig. 7.5 The diagram of protein unfolding in pressure and temperature coordinates. Increased
concentration of the ligand usually stabilizes the protein and shifts the native-to-unfolded boundary
towards higher 7,,, and p,, values as determined by FTSA and FPSA

the ellipse corresponds to the native state protein while the outside area—the
denatured (unfolded) state. Position of the transition boundary between the native
and denatured states depends on the ligand concentration. The higher protein—ligand
affinity, the bigger ellipse is obtained as illustrated by the gray area in Fig. 7.5. The
dashed line corresponds to one particular concentration of added ligand.

Not all parts of the p — T diagram are experimentally accessible. In FPSA we
increase pressure at several constant temperatures to measure protein p,, values
(vertical path in Fig. 7.5), while in FTSA we increase temperature at several
fixed pressures to obtain the 7;,s (horizontal path in Fig. 7.5). Although both
temperature and pressure tend to unfold protein, the p — T diagram reveals that
at moderately elevated pressure a protein is more stable against thermal unfolding
than at atmospheric pressure as observed for several globular proteins [15, 23].
Furthermore, a protein may withstand higher pressure at moderately elevated
temperature.

In addition to heat denaturation temperature, proteins also have the cold denatu-
ration temperature. It is usually in the range from —70 °C to —20 °C, thus practically
inaccessible due to freezing of aqueous solution. However, as predicted by the model
(Eq. (7.8)), the cold denaturation temperature may be above 0°C at moderately
elevated pressure.

7.6  Concluding Remarks

Experiments at high pressure reveal volumetric properties of protein unfold-
ing and protein—ligand binding. Additional parameters—the changes in volume
and compressibility of a protein-ligand system—complement the thermodynamic
description of protein—ligand interactions. However, relatively low amount of data
on volumetric properties still keep the question open whether the high-pressure
approaches will find broader applications in drug design.
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Abstract

When primary sulfonamide inhibitors bind to carbonic anhydrases, several reac-
tions occur simultaneously. These binding-linked reactions significantly reduce
the affinity of sulfonamides towards CAs. Therefore, we observe significantly
lower binding constants in any assay, including SFA, FTSA, ITC, and SPR,
than they are in reality. For the sulfonamide—CA interaction, the discrepancy
in K; may reach 1000 or even 1 million-fold. It is therefore very important
to account for the linked reactions and distinguish between the observed and
intrinsic thermodynamic parameters. Only the intrinsic binding parameters
are meaningful in the structure—thermodynamics correlation analysis. In the
literature we mostly see the analysis performed using the observed parameters.
Such analysis may lead to erroneous assignment of the reasons for increased
or decreased affinity due to manipulation with compound chemical structure.
Examples of such incorrect assignments will be provided.

8.1 Introduction

Consider a case when a protein has two conformations, P, that is capable of binding
a ligand and P*—mnot capable of binding the same ligand (Fig. 8.1). Furthermore,
in solution at physiological conditions the conformation P* is highly dominant.
The ligand will then bind only to P effectively depleting its concentration. Then P*
will partially convert to P in order to retain equilibrium between P* and P. Newly
available P will be able to again bind the ligand. Process will continue until all
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Observed: L

pr—p-LlpL
Intrinsic:

P+L—=PL

Fig. 8.1 If a protein P exists in two forms, P and P*, and only P is capable of binding ligand L,
then the intrinsic reaction is the binding between P and L, while the observed reaction is the sum of
both the binding and the conversion reaction between P* and P. If the P* form is highly prevalent
at experimental conditions, then the observed binding affinity will be weakened by the amount of
energy needed for the conversion between P* and P. If the P form is highly prevalent, then the
observed and intrinsic energies will be equal

protein is converted to P and it is completely saturated by the ligand. The conversion
may be invisible by an experimental technique and appear as if all of the protein
bound ligand with a 1:1 stoichiometry.

However, the conversion between P* and P may require quite a bit of energy
and thus the observed K; would be significantly different if the ligand binds the
dominating form of the protein and no conversion would be needed for the binding
to occur. In order to determine the influence and energetic contribution to the
“real” intrinsic Ky, it is important to analyze these linked reactions and calculate
the intrinsic Ky ;n; that may not be possible to observe experimentally. However,
we emphasize that it is essential to use the “real” Ky ;,; when comparing various
compounds and trying to draw correlations between their chemical structures and
the thermodynamic parameters of their binding to protein targets.

When sulfonamide inhibitor binds to carbonic anhydrase, several binding-linked
protonation—deprotonation reactions occur. These reactions significantly reduce
sulfonamide affinity to CAs. Despite the fact that all biochemical and biophysical
techniques such as stopped-flow assay of inhibition of CA enzymatic activity (SFA),
fluorescent thermal shift assay (FTSA), and isothermal titration calorimetry (ITC)
always determine the observed dissociation constants, the techniques could be used
to dissect the linked protonation reactions from the sulfonamide ligand binding by
performing the experiments at different pH in one buffer and in various buffers at
the same pH.

The observed affinity of sulfonamide binding to CAs depends on pH and has a
U-shape. The Ky ops strongly depends on pH, while the Ky ;; is independent of
pH (Fig. 8.2). Furthermore, ITC measurements in the presence of different buffers
also show linked protonation effects to the binding enthalpy. The determination of
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AG of binding-linked
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Fig. 8.2 Distinction between the observed and intrinsic Gibbs energy change upon binding. The
standard observed Gibbs energy of a protein—ligand binding depends on experimental conditions
such as pH if there are binding-linked protonation/deprotonation reactions. The standard intrinsic
Gibbs energy of binding is obtained by summation of the energies from those linked reactions.
The intrinsic energy is thus always greater than the observed. The same argument applies to all
thermodynamic and kinetic parameters where the binding-linked protonation reactions occur. The
figure is adapted from [1]

the enthalpies of protonation and pK,s of both interacting partners enables the
calculation of intrinsic binding enthalpies which represented the actual reaction
between the sulfonamide anion and the Zn"-bound water form of CA.

Since 1940, when Thaddeus Mann for the first time showed the inhibitory effect
of p-aminobenzenesulfonamide (sulfanilamide) on the activity of CA [2], many
compounds bearing primary sulfonamide group were synthesized as CA inhibitors.
However, the mechanism of binding to CA remains uncertain. As first identified
by Taylor et al. [3] in 1970, the association rate constants for complex formation
between benzenesulfonamide derivative and human CAII are dependent on pH,
whereas the dissociation rate constants are pH-independent.

Application of biophysical techniques such as FTSA, ITC, and SPR also showed
that the binding affinity has U-shape dependence on pH and the binding is strongest
near neutral pH. The affinity decreases exactly tenfold with one pH unit both in the
acidic and alkaline regions. This indicates that the CA—sulfonamide binding reaction
is linked to at least two protonation—deprotonation reactions.

There are four possible ways for the sulfonamide to bind the CA, shown in
Egs. (8.1)—(8.4). First possibility is that the electrostatically neutral (protonated)
sulfonamide replaces the OH™ bound to the Zn T'in the active site of CA (Eq. (8.1)).
Second, that the negatively charged (deprotonated) sulfonamide replaces the OH~
(Eq. (8.2)). Third, that neutral sulfonamide displaces water molecule (Eq. (8.3)),
and the fourth, that the deprotonated sulfonamide (negatively charged SO,NH™)
replaces the H,O molecule coordinated by the Zn" in the active site of CA
(Eq. (8.4)). The second and third reactions have been already shown [3,4] to be
inconsistent with the U-shape dependence on pH. However, both the first and the
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fourth reactions are thermodynamically indistinguishable.

CA-Zn"-OH™ + RSO,NH, = CA-Zn"-NH,SO,R + OH~ (8.1)
CA-Zn"-OH™ + RSO,NH™ = CA-Zn"-NH-SO,R + OH~ (8.2)
CA-Zn"-H,0 + RSO,NH, == CA-Zn"-NH,SO,R + H,0 (8.3)
CA-Zn"-H,0 + RSO,NH™ = CA-Zn"-NH-SO,R + H,0 (8.4)

Currently we think that only the fourth reaction (Eq. (8.4)) takes place when
sulfonamides bind to a CA. The first indication that the deprotonated sulfonamide
binds to the Zn-bound water form of CA was the spectral data on Co-containing CA
enzyme [5]. The most unambiguous evidence came from the neutron-diffraction
crystal structure of acetazolamide bound to CAII from McKenna laboratory [6]
that directly demonstrated that the sulfonamide amino group is in its deprotonated
form and the inhibitor is bound in the active site of CAII as an anion. The binding
of other sulfonamides such as methazolamide, dorzolamide, ethoxzolamide, and
brinzolamide to CAII in their deprotonated (anionic) form was confirmed later
by the same group using neutron crystallography [7, 8]. Our thermodynamic and
kinetic data is consistent with this conclusion. Based on neutron crystallography
and thermodynamics we think that only the fourth reaction (Eq. (8.4)) takes place
when sulfonamides bind to a CA (Fig. 8.3).

Reactions that occur upon sulfonamide binding to CA:

Intrinsic : CA-Zn"-H,0 + RSO,NH™ = CA-Zn"-NH-SO,R + H,0
Ligand : RSO,NH™ + H' = RSO,NH,

Contributing reactions , Intrinsic binding reaction
_ PKaca = (6-8) 3 @

N

Observed reaction

Buffer-H* Buffer
H* ‘
RSO,NH, ; H
PKasa =(6-11) i RSO,N-

Fig. 8.3 The model of the linked protonation reactions (Eq. (8.5)), occurring in buffer solution
upon sulfonamide binding to CA. The contributions from all linked reactions must be accounted to
obtain the intrinsic reaction, representing sulfonamide anion binding to the Zn"-bound water form
of CA. The figure is adapted from [1]
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Protein : CA-Zn"-OH™ + H" = CA-Zn"-H,0 (8.5)
Buffer : Buf + HT = BufH+
Observed : Intrinsic + Ligand + Protein + Buffer

Most sulfonamides have pK,s between 8 and 11. Therefore, at neutral pH 7,
they are almost fully protonated and only a small fraction is in the deprotonated
form capable of binding CA. When the deprotonated form is depleted upon binding,
additional sulfonamide deprotonates to keep the fraction unchanged. This additional
fraction continues to bind the CA until the enzyme is fully saturated with the
inhibitor.

The pK, of the Zn''-bound water in the active site of human CA isoforms is
between 6 and 8 (Table 8.1). Thus, approximately half of CA is in its protonated
form capable of binding the sulfonamide anion. However, similarly to how this
works for the ligand, the CA is also fully saturated by depleting the deprotonated
form. The protein uptakes protons, while the ligand releases them, but non-equal
amounts. The remaining protons are absorbed or released by the buffer.

8.2 Intrinsic Binding Affinity

To calculate the intrinsic affinity, we first estimate the fraction of deprotonated
sulfonamide that depends on the sulfonamide amino group pK, s4 and is calculated
using Eq. (8.6):

10PH-PKa 54
frso,NH- = | 4 10PH—PKa.sa (8.6)
The fraction of Zn"-bound water form of CA depends on pH and the pK,, ¢ 4 of the
water molecule bound to Zn ion in the active site is calculated using Eq. (8.7):

10PKa.ca—pH

fcaznn,0 = (8.7)

1 + 10PKa.ca—pH

The observed affinity of binding depends on the fractions of both binding partners
in their active forms. The intrinsic K} ;,; is calculated using Eq. (8.8):

Kb obs
Kpini = o (8.8)

Jeaznn,0 X frso,NH-
In turn, the intrinsic Gibbs energy change upon binding is calculated using Eq. (8.9):

AGip = _RTln(Kh,im‘) (8.9)
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Table 8.1 Standard thermodynamic parameters of protonation

twelve catalytically active human CA isoforms

CA isoform
Method
CAI[9]

CAII [9]

CAIIL

E. coli CAIV
[21]

Murine CAIV
CAVA

CA VB [24]

E. coli CAVI
[25]

Saliva CA VI
[25]
Mammalian
CA VI [25]
CA VII [26]
Murine CA VII
CAIX [28]

CAIX (catalytic

domain)

CAIX (full
length)

CAXII [30]
CAXII
CAXIII [32]
CAXIV [33]

pKa.ca
Inhibition
8.1[10]
6.9[11]
7.1[12]
7.3[13,14]
6.9 [15,16]
7.1[11]
6.8 [17]
5[17]
5[18,19]
<6 [20]
6.2 [22]

6.6 [23]

6.2[27]
6.3[29]
7.01[11]
6.49[11]

7.1[31]
6.9[11]

6.92[11]

37°C

pKa.ca

25°C

FTSA, ITC
8.4+02 8.1
7.1 6.9
6.6 6.5
6.8 6.6
7.3 7.3
7.2 7.0
6.2 6.0
5.5

5.5

7.0 6.8
6.8 6.6
7.0 6.8
8.3 8.0
6.8 6.8

AGpr,CA
(kJmol~1)
25°C 37°C

—47.9 —48.2

—40.5 —41.1

—37.7 —38.6

—38.8 —39.0

—41.7 —43.3
—41.1 —41.5
—35.4 -35.6

314
-31.4

—40.0 —40.2

—38.8 -394

—40.0 —40.4

—474 475
—38.8 —40.4

A. Zubriené and D. Matulis

of CA-Zn"-bound OH~ for

AHpr,CA
(kJTmol™1)
25°C 37°C
—41.0 —38.5
—26.0 —23.5
ND ND
—33.0 —30.5
ND ND
—30.0 —27.5
—32.0 —29.0
—33.0 —30.5
—240 -215
—28.0 —25.5
—440 —415
ND ND

TASpr,CA
(kJ mol~1)
25°C 37°C

6.9

14.5

ND

5.8

ND
11.1
34

7.0

14.8

12.0

34
ND

9.7

17.6

ND

8.5

ND
14.0
6.6

9.7

17.9

14.9

6.0
ND

The pK,s determined by various methods and taken from earlier literature are listed in the second
column together with the references. The values determined by FTSA and ITC by our group are
listed in the following columns with the references in the first column next to the CA isoforms.
The uncertainty of the pK, values determined by FTSA and ITC is up to 0.2 pH units, while for
the change in Gibbs energies and enthalpies it is up to 2 kJmol~'. ND not determined
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Fig. 8.4 Relationship between the intrinsic (independent of pH, shown as horizontal red line) and
observed affinities (filled circles fit by the solid line of overturned U-shape) of TEFMSA binding to
CAXIV. The observed affinity is lower both at acidic and alkaline pHs due to smaller fractions
of available binding-ready species (negatively charged sulfonamide, shown as blue line, and CA,
bearing the neutral water molecule, shown as a dotted blue line). The blue lines correspond to the
fractions shown on the right axis of the plot. The fractions are equal to half (0.5 or 50%) when the
pH is equal to the corresponding pK,s

The intrinsic and observed affinities are shown in Fig. 8.4. The intrinsic affinity
is independent of pH, but since there is an increasingly smaller fraction of each
interacting component at acidic and alkaline pH, energy is needed to overcome this
linked reaction and therefore the observed affinity is smaller at both the acidic and
alkaline pH. Note that the observed affinity does not reach the intrinsic value at any
pH, though get quite close at near-neutral pH.

The change in the standard Gibbs energy of ligand binding dependence on pH
has a U-shape, similar to the K, but upside down as K. Figure 8.5 shows that
the U-shapes are obtained for all catalytically active human CAs. All experimental
techniques (FTSA, ITC, and SPR) yield the U-shaped inhibitor binding Gibbs
energy dependence on pH. In all cases the affinity is strongest in near-neutral pH
range and decreases in both directions. The observed affinity comes closest to the
intrinsic value at near-neutral pH, but usually does not reach it and thus is almost
never observed experimentally.

8.3 Intrinsic Enthalpy of Binding
The change in the standard observed enthalpy upon binding, similarly to AG, has
contributions from all binding-linked processes, including inhibitor deprotonation,

protonation of the CA-bound OH ™, minus the compensating buffer effects (8.10):

AHyps = AHjys + nSAAHpr,SA + nCAAHpr,CA - nbquHpr,buf (8.10)
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Fig. 8.5 Plots of AG,ps dependence on pH determined by FTSA (filled circles) and ITC (open
circles) at 25 °C. Circles show the binding of EZA and squares of TFMSA (to CA III and CA VA).
Solid curve is a fit to the model, solid line is the intrinsic standard Gibbs energy change upon
binding, dashed line is a fraction of ligand, dotted line is a fraction of protein, and gray zone shows
the 5-500 range of c-value (Wiseman factor). Experiments were performed in universal buffer
made of 50 mM sodium phosphate, 50 mM sodium acetate, and 25 mM sodium borate containing
100 mM NaCl and up to 2 % DMSO as previously described in: CAT and CATI [9], CAIV [21],
CA VB [24], CA VI [25], CA VII [26], CAIX [28], CAXII [30], CA XIII [32], and CA XIV [33].
All panels are drawn at the same scale to help visualize the differences in affinities of binding. The
figure is adapted from [1]

Therefore, to get the change in intrinsic enthalpy of binding, it is necessary to
subtract all linked processes from the observed reaction as shown in Eq. (8.11):

AHijny = AHpps — nSAAHpr,SA - nCAAHpr,CA + nbquHpr,buf (8.11)
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where AH,,;—the observed enthalpy of binding obtained by direct ITC titration,
AHp, sa—the enthalpy of protonation of deprotonated sulfonamide inhibitor,
AHpy,c ;—the enthalpy of protonation of the CA-bound OH™, and AH ) pyr—
the enthalpy of buffer protonation. The ns denote the numbers of protons uptaken
or released:

nsa = frso,nu- — 1 (8.12)
is the number of protons released from the inhibitor to buffer (n;,, = —1 to 0),
nca =1— fcaznn,0 (8.13)

is the number of protons uptaken by the CA-bound OH™ (nc4 = 0 to 1), and
Npuf =nga +nca (8.14)

is the net number of protons uptaken by the buffer both from the ligand and protein
or released by the buffer to the ligand or protein (14, = —1to 1).

If we perform sulfonamide—CA ITC titrations in various buffers at various pHs
as shown in Fig. 8.6, the observed enthalpies will depend both on the buffer and
on the pH. X-shape dependence is obtained when plotting the observed enthalpies
as a function of pH as shown in Fig.8.7. At low pH, the observed enthalpies
(AH,ps) in phosphate buffer are low in magnitude, while in TRIS—significantly
more exothermic. The difference between the observed enthalpies is equal to the
difference between the enthalpies of protonation of the two buffers. The enthalpy

-10 -

20 -

E
S 30F
S
40
-50 +
20 40 60 80 100
60 - Time (min)
" 1 " 1 " 1 " 1
0.0 0.5 1.0 1.5 2.0

Molar ratio

Fig. 8.6 ITC data of EZA binding to CA XII in TRIS and phosphate buffers at several pHs at
25°C. The observed enthalpies of binding, directly determined from each ITC curve, depended
both on the buffer and on buffer pH. The inset shows ITC raw data curve of EZA binding in TRIS
buffer at pH 8.0
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Fig. 8.7 The plot of enthalpies obtained by ITC of EZA binding to CA I in sodium phosphate or
TRIS chloride buffer as a function of pH at 25 °C. Blue datapoints show the A H,;; in phosphate
buffer, while black in TRIS. Solid black and blue lines are global fits to the above described model
(fit in the way where the pKs are consistent with the FTSA data for each isoform) yielding the
intrinsic enthalpy of binding (AH,,;, red line) that is independent of pH. Dashed line shows a
situation how the observed enthalpy dependence should look if a hypothetical buffer was used
whose enthalpy of protonation was equal to zero

of protonation of TRIS base is —47.45kJ mol~! and of HPO; ™ is =5.1kJ mol~! at
25°C [34].

In the alkaline region, situation is reversed—the enthalpies in phosphate are
much more exothermic, while in TRIS—Iess exothermic. The red solid line shows
the position of the intrinsic enthalpy (A H;,;) of EZA binding to CA 1. The intrinsic
enthalpy is independent of pH. The dashed line shows a hypothetical situation for
the observed enthalpy dependence on pH if the buffer had enthalpy of protonation
equal to zero (AHp,puy = 0). The difference between the dashed line and the
intrinsic enthalpy in the acidic region is equal to the enthalpy of inhibitor protonation
(AHpy,s4), while in the alkaline region—to the enthalpy of protonation of the CA-
bound OH™ (AHp, ca).

The same procedure has been performed for every purified CA isoform and
the data is shown in Fig. 8.8. All of the 9 isoforms where data has been obtained
exhibited similar X-shaped curves, but since the protein pK,s were slightly different
and the intrinsic enthalpies of binding also varied among isoforms, slightly different
curves are obtained. It should be noted that despite significant efforts to achieve
high precision, there were discrepancies between the observed data and the model
curves, especially at the acidic and alkaline pH. We assume that these discrepancies
were due to protein destabilization.

Most researchers have based the choosing of the lead compound for development
on the observed parameters, primarily observed affinity, but also observed enthalpy.
It may seem that it is sufficient to experimentally determine compound affinities at



8 Intrinsic Thermodynamics of Inhibitor Binding to Carbonic Anhydrase 117

CAl CATl CAIIl

AH (kKJmol™")

CAIV CAVA CAVB

AH (kJmol!)

CAVI CAVII CAIX

AH (kJmol™)

CAXIV

AH (kJmol™)

Fig. 8.8 ITC data of EZA binding to CA isoforms at 25 °C. Filled circles—A H,;; determined in
sodium phosphate buffer, open circles—A H,,s determined in TRIS buffer, dotted line shows value
of AH;,; of EZA binding, solid curves are fits of experimental data, while the dashed curve is a fit
of a hypothetical situation if there were no buffer or the enthalpy of buffer protonation (AH /., pyf)
was equal to zero. The fits were global together with the FTSA U-shapes keeping the sulfonamide
and CA pK,s the same. Experiments were performed in either 50 mM sodium phosphate or 50 mM
TRIS chloride buffer containing 100 mM NaCl and up to 2% DMSO as previously described
in: CAT and CAII [9], CAIV [21], CAVB [24], CA VI [25], CA VII [26], CAIX [28], CAXII
[30], and CA XIII [32]. All panels are drawn at the same scale to help visualize the differences
in the standard observed and intrinsic enthalpies upon binding. No data has been determined at
comparable conditions for CAIII, CA VA, and CA XIV. The overall pattern of the X-shapes is
similar, but details are different due to different pK, c4 and AH;,, for each isoform. The figure is
taken from [1]

physiologically relevant conditions. One may be interested in the affinities observed
at pH 7.4. It may seem that it is most relevant to correlate the compound chemical
structures with the binding data obtained at such pH.
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However, this is only partially true and may lead to erroneous conclusions.
For example, if the binding affinities of two compounds are compared where the
compounds have highly different pK,s (e.g., 8 and 11), then if the compound with
the pK, 8 is 1000-fold stronger binder than the compound with pK, 11, one may
assume that the first compound is better attached to the CA. This conclusion is
incorrect because the higher observed affinity is entirely explained by the difference
in the pK,s and both compounds would exhibit identical intrinsic affinity.

The observed enthalpies are even much less informative than affinities. Only
the intrinsic enthalpy change describes the interaction. Buffer, ligand, and protein
contributions may be so large that they may overwhelm the enthalpy data and
the compounds would thus be ranked in a completely wrong order. Therefore, it
is essential to determine the mechanism and calculate intrinsic enthalpies to rank
compounds in the order of increasingly exothermic enthalpy.

8.4  Protonation pK, and Enthalpy of CA-Zn'"-OH"~ of 12
Human CA Isoforms

It is not possible to determine the pK, and the enthalpy of protonation of the
CA Zn"-bound hydroxide/water molecule in the active site of CA isoform by a
direct ITC titration. Differently from the compounds, it is not possible to pH-titrate
the protein and record with spectrophotometer or titration calorimeter. In order to
determine the pK,, researchers have measured the pH dependence of CA activity
inhibition or replaced Zn with Co that exhibited visible spectral changes upon
the change in pH. However, it is disputable to what extent such non-natural Co-
containing CA represents the native CA.

We determined the pK ;s of all 12 CA isoforms by fitting the inhibitor affinities at
various pHs as explained earlier in the discussion of U-shaped plots. The enthalpies
of protonation were determined via the global fit of the X-shaped curves obtained
by ITC titrations in two buffers. Both the pK, and the enthalpy of protonation had to
be obtained only once with one inhibitor and then can be applied for other inhibitors
to obtain the intrinsic energetics of binding to the CA isoform. The thermodynamic
parameters of protonation of the hydroxide anion bound to catalytically active CA
isoforms are summarized in Table 8.1.

The pK,s of human CAs that have been determined previously by other
research groups using numerous spectroscopic and inhibition techniques are listed
in Table 8.1. Their values span between approximately 5.0 and 8.1. The values
determined by us using FTSA and ITC were close. However, there were several
outliers of up to 1 pK, unit. It seems that CAT and CA XIII have rather high
pKys, above 8.0. Remaining ones are essentially the same as determined previously.
The standard deviation of combined FTSA and ITC determinations in the pH
dependencies described above did not exceed 0.2 pH or pK, units. This accuracy
was highly dependent on proper calibration of the pH-meters and standard buffer
preparations. The Gibbs energy changes of protonation were recalculated according
to Eq. (8.9). The enthalpies were obtained via the global fit of ITC titrations of each
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CA isoform with EZA at a series of pH as explained above. The entropies were
obtained by subtracting the Gibbs energy changes from enthalpies:

ASpr,CA = (AHpr,CA - AGpr,CA)/T (815)

The entropy values carry a largest standard deviation, a sum of deviations of the
enthalpy and Gibbs energy.

8.5 Determination of pK, and the Change of Protonation
Enthalpy of Ligand Sulfonamide Group

If we would like to calculate the intrinsic affinity of sulfonamide inhibitor binding to
CA, it is necessary to determine its pK,. Sulfonamide inhibitor amino group usually
deprotonates with a pK, between 6 and 11. Actual value depends on the chemical
structure of the compound, especially the presence of electron-withdrawing and
donating groups, the size of the aromatic conjugated system, and other factors.

The pK, of the sulfonamide can be determined by preparing the compound
solution in a series of buffers and recording the UV spectrum of the solution at
each pH [35]. The spectrum changes at pH around the pK, and it is easy to find the
wavelengths of a largest change (Fig. 8.9a). The absorbance values at those pH are
then plotted as a function of pH and normalized to unit as shown in Fig. 8.9b.

The enthalpies of sulfonamide amino group protonation may be determined
by titrating the compound solution with acid in an ITC calorimeter at a constant
temperature. The compound in a solid pure form exists as a protonated elec-
trostatically neutral sulfonamide. Therefore, it must be deprotonated by applying
sufficient amount of base to achieve the pH sufficiently above the pK, for accurate
determination. We usually apply 50 % surplus of base and therefore the resultant
ITC curves appear as two-step ITC reactions (Fig. 8.9c). Titration of such solution
with a strong acid, such as HNO;, provides direct measurement of the enthalpy of
protonation as shown in Fig. 8.9d.

8.6 Importance of the Correlation of Compound Structure
with Intrinsic Binding Thermodynamics

Most of the studies examining sulfonamide binding to CAs discuss only the
experimentally observed binding parameters without the dissection of binding-
linked protonation effects. In structure—activity relationship analysis only intrinsic
binding parameters provide valuable information about the nature of protein—ligand
recognition. The calculated intrinsic thermodynamic parameters for the binding
of sulfonamide anion with the Zn II-H20 form of CA allow determination of the
contributions of particular atoms or compound functional groups to the binding
energetics. In some cases, when studied ligands are very similar and induce the
same change in their protonation states (the same enthalpy of protonation and pK,
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Fig. 8.9 Determination of the pK, 54 and enthalpy of protonation (AH,,,s4) of the sulfonamide
amino group. Panels a and b show the spectrophotometric, while ¢ and d—ITC data. (a) UV-Vis
spectra of compounds VD12-05 (left) and VD11-36 (right) solution in buffers of various pH. (b)
The normalized absorbance change at a ratio of values at two wavelengths. (¢) ITC raw data of
titrating an alkaline (added 1.5 equiv.) sulfonamide with HNO;. (d) Integrated ITC curves of the
alkaline sulfonamide with acid

of the series of ligands), the observed binding parameters can be used for a relative
comparison [36]. In such cases, the binding-linked effects will be similar and in a
relative comparison across the series of ligands the protonation contributions will
cancel. It should be kept in mind that only relative changes of observed binding
parameters will be of value in such case, and not their absolute values.

Figure 8.10 shows the observed and intrinsic Ky4s for a series of sulfonamides
binding to human recombinant CA VI (produced from E. coli). The compounds
were arranged in the order of increasing intrinsic K ;,;. The binding data shows
that there is no correlation between the observed and intrinsic binding affinities.
The K4, 0ps for compounds VD12-10 and VD10-21a were almost the same, but the
intrinsic affinities differed by more than 300-fold. Not knowing the intrinsic values
would yield completely wrong conclusions about the structural determinants of the
compounds that cause the affinity to be greater or smaller.
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Fig. 8.10 Comparison of the observed and intrinsic K; of a series of sulfonamide compound
interaction with CA VI [25]. The observed K, o5 values for the ligand binding to the recombinant
CA VI produced from Escherichia coli were determined by FTSA at pH 7.0. Data are presented
with average standard deviation (SD) of three independent experiments
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Fig. 8.11 The observed and intrinsic K; of two benzenesulfonamide interaction with CA XIII.
The compounds differ only in four fluorines on the benzene ring. The K, ,ps for fluorine bearing
compound VD12-05 was 150-times lower than for non-fluorinated compound VD12-10. Fluorines
significantly reduced the pK, of benzenesulfonamide and therefore K, .55 was lower than for
non-fluorinated compound. The intrinsic affinities were practically the same for both compounds
indicating that the recognition of fluorine and hydrogen atoms by the protein surface is similar

Another example (Fig. 8.11) shows a different situation from Fig. 8.10 when the
observed binding constants for two compounds are quite different, but the intrinsic
ones are nearly the same. From the K4 .55 one can expect that fluorines would make
favorable contacts with the protein because the K, .55 decreases by 170-fold upon
fluorination of VD12-10. However, the reduction of Ky ps is due to the higher
fraction of fluorinated compound VD12-05 in deprotonated form than VD12-10.
Fluorines as electron-withdrawing substituents decrease the pK, of the compound
and contribute favorably to the observed binding affinity for CA. However, similar
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intrinsic affinities of both compounds revealed no impact of fluorines on protein
recognition.

8.7 Conclusions

Protein—ligand binding may be linked to various reactions such as conformational
changes or protonations. Upon sulfonamide inhibitor binding to CA, the sulfon-
amide amino group must deprotonate and the OH~ bound to the Zn! of CA must
protonate. Only then the inhibitor will bind the CA. These linked reactions strongly
affect both the affinity and the enthalpy of binding and should be accounted for by
subtraction from the experimentally observed values in order to obtain the intrinsic
values that can be used for structure—thermodynamics correlations in the design of
compounds with improved binding capabilities.
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Abstract

Interactions between CAs and their inhibitors can be extensively characterized
by equilibrium-based methods, described in previous chapters, or by kinetic
methods that characterize interactions as a function of time. One of the main
techniques for characterization of biomolecular interactions, surface plasmon
resonance (SPR) biosensor technology, has been used to measure association
and dissociation rate constants of sulfonamide inhibitors with numerous CA
isoforms. The ratio of rate constants yields a thermodynamic equilibrium
dissociation constant (K;), equivalent to the K, values obtained by orthogo-
nal techniques. The results demonstrate that highly selective and high-affinity
inhibitors may be developed, with certain kinetic signatures to be expected
from a potent inhibitor. The intrinsic association and dissociation rate constants
can also be determined by a novel SPR-based approach, using chemodynamic
analysis of the binding-linked pH-dependent effects, with similar results to
the thermodynamic studies described in previous chapters. The kinetic data
demonstrated that the observable association rate constants are pH-dependent,

V. O. Talibov
Department of Chemistry - BMC, Uppsala University, Uppsala, Sweden
e-mail: vladimir.talibov@kemi.uu.se

V. Linkuviené - D. Matulis (<)

Department of Biothermodynamics and Drug Design, Institute of Biotechnology,
Life Sciences Center, Vilnius University, Vilnius, Lithuania

e-mail: morkunaite @ibt.It; matulis @ibt.It

U. H. Danielson

Department of Chemistry - BMC, and Science for Life Laboratory, Uppsala University, Uppsala,
Sweden

e-mail: helena.danielson @kemi.uu.se

© Springer Nature Switzerland AG 2019 125
D. Matulis (ed.), Carbonic Anhydrase as Drug Target,
https://doi.org/10.1007/978-3-030-12780-0_9


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-12780-0_9&domain=pdf
mailto:vladimir.talibov@kemi.uu.se
mailto:morkunaite@ibt.lt
mailto:matulis@ibt.lt
mailto:helena.danielson@kemi.uu.se
https://doi.org/10.1007/978-3-030-12780-0_9

126 V. O. Talibov et al.

while the dissociation rate constants are pH-independent, suggesting that the
association and dissociation mechanisms are inherently different.

9.1 Introduction

The previous chapters have had a focus on the description of systems at equilibrium,
i.e., with a strong focus on the thermodynamics of interactions and on methods to
address them. However, living organisms and the biochemical machinery within are
dynamic systems that rarely exists in an equilibrium state. Kinetic characterization
of biological systems reveals not only the pathways convoluted in the transition
between two different states, but also certain fine details of the molecular recogni-
tion events, which can be directly translated to a phenomenological level.

The kinetic theory utilized in biomolecular interaction analyses is based on
the law of mass action. A reversible association reaction is represented with the
following scheme, where k, and k; are constants whose role is clarified further on

(1]:

kq
A+B = AB 9.1
ka

Equation (9.1) describes the simplest reversible recognition event in biological
systems, but is not valid for all systems per se, although the vast majority of
interactions follow this on an apparent level.

Defining the reaction rate as a change in the concentration of any component per
moment of time, the following non-linear ordinary differential equation is postulated
as a rate equation:

d[AB]

g1 = Ka(Alo = [ABD([Blo — [AB]) — kalAB] 9.2)

Parameters k, and k; are association and dissociation rate constants, fundamental
interaction parameters that together with known starting conditions provide an
accurate description of the system on a time-scale; [A]op and [B]o are initial
concentrations of the reactants. Equation (9.2) has an analytical solution, but on
an experimental level, most progress curves are obtained at conditions that simplify
their analysis.

There are numerous techniques that allow kinetic experiments, with surface
plasmon resonance-based (SPR) biosensors, among others, taking the lion’s share of
early stage drug design applications [2]. It should be noted that other flow biosensor
setups and different detection principles exist. However the kinetic principles, assay
designs, and interpretations are the same or relatively similar as those found for
SPR-based biosensors. SPR itself is a phenomena of induced surface electron oscil-
lation in an electron-rich metal (usually gold in sensing instruments). Understanding
the underlying physics and the general instrument construction is important for
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Fig. 9.1 Schematic representation of SPR biosensor and data output. (a) The sensing element
and the detection system. The analyte solution is handled by the microfluidic system to accurately
address the immobilized target. The photomultiplier records the reflected light and the resonance
angle 6 at which the incident light is dissipated due to excitation of plasmon electrons oscillation.
This angle is changed upon changes in the refractivity of the surface layer at the phase interface.
(b) A set of interaction kinetic curves (sensorgrams), obtained during a kinetic experiment using a
series of different analyte concentrations. The curves consist of two phases: the association phase
(analyte injection) and the dissociation phase (complex dissociation)

both refined assay design and interpretation of results, and can be found elsewhere
[3,4]. In short, the angle at which incident light induces plasmon oscillations in
a thin golden layer depends on the refractivity at the phase interface and can be
optically monitored in a time-resolved manner. Through functionalization with
a linker matrix and immobilization of one of the interaction partners, the gold
layer forms a recognition (sensing) element, Fig. 9.1a. Another interaction partner,
being injected as an analyte over the surface, changes the refractive index of
the interface upon interaction with the immobilized counterpart. SPR biosensors
designed for biomolecular interaction studies have a microfluidic format, with built-
in autosampling and pump modules. Monitoring the time dependency of the change
in resonance excitation angle (usually denoted as 6) upon injections of analytes over
an immobilized target translates into sensorgrams (progress curves, reaction curves,
or interaction kinetic curves) describing the formation and decay of a complex,
Fig.9.1.

Sensorgrams consist of two phases—the association phase that corresponds
to the injection of a molecule of interest (analyte) and the dissociation phase—
dissociation of the complex into the flow of a running buffer, as shown in Fig.9.1b.
Since the refractive index is proportional to the abundance of a constituent, the
change in instrument response dR/dt is proportional to the change in concentration.
In a flow setup, the concentration of the analyte [ B] is constant and Eq. (9.2) can be
simplified to a pseudo-first-order rate equation. Therefore, the association phase of
the progress curve can be approximated with an integral form of modified Eq. (9.2):

R = Ryy(1 — ¢~ KalBIFka) 9.3)

The dissociation phase is dominated by complex decay and re-association events

are often negligible. Therefore, complex decay can be treated as a first-order
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reaction and dissociation can be approximated by a simple exponential decay
function:

R = R¢ k! 9.4)

The typical outcome of SPR-based kinetic experiments is a set of progress
curves acquired at different concentrations of the analyte (Fig.9.1b). A global
non-linear regression analysis of the curves using Egs.(9.3) and (9.4) allows
the quantification of the dissociation and association rate constants, as well as
their ratio—the thermodynamic dissociation constant K;. Alternatively, K4 can be
assessed independently through an analysis of report points taken at steady-state and
the Langmuir isotherm.

SPR biosensors are suitable for studying almost all types of biomolecular
interactions, providing that experiments are based on a well-developed expertise
concerning the characteristics of the proteins. While evaluation of protein—protein
and protein-ligand interactions nowadays has become a trivial task, current instru-
ments and methodology improvements allow the detection limit to be pushed to
extremely small organic molecules [5] and even ions [6, 7]. The technique can
determine association rate constants in the range from 103 M~!s~! to 103 M~1s~1,
dissociation rate constants from to 107 s~! to 1s~! [8, 9], and equilibrium
dissociation constant from 1nM to 500 uM [2]. Another advantage of biosensor
analyses is that interaction parameters can be determined using very small amounts
of protein and ligands in a medium-throughput and a highly robust manner. Unlike
common beliefs, the running costs of experiments are not that high: a well-
developed and optimized assay allows the study of hundreds of interactions with one
surface preparation. Modern applications of the method include not only detailed
characterization of selected interactions, but also screening of compound libraries.
This is especially suitable for fragment-based lead discovery [10]. Some examples
of SPR-based interaction analyses of carbonic anhydrases will be shown in this
chapter.

9.2 Interaction Kinetic Analysis of Carbonic Anhydrases

Carbonic anhydrases constitute a well-characterized enzyme family. Some isoforms
have been used extensively for interaction kinetic analysis using different flow
biosensors. A majority of such studies include instrument benchmarking [11, 12],
method development [13], and assay validation [5]. They have mostly involved
CATI and CAITI, of human or bovine origin. The low complexity of CAs and the
large number of homologies allow the CA family to serve as a suitable model
system. Several isoforms (i.e., CAIX and CA XII [14, 15]) are clinically relevant
and therefore also stimulate pharmacological research on this enzyme family.
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Sulfonamides represent the largest class of CA ligands, being a well-known type
of potent CA inhibitors. Despite the existence of other classes of CA ligands, here
we will focus on sulfonamides as they are specific active site probes that exist in
various protonation states and can be evolved to extremely potent compounds with
K; (Kp) values approaching the pM range.

SPR experiments start out with the preparation of the sensing surface by means
of target immobilization. Basically, any common approach in bioconjugation [16]
can be exploited for biosensor surface setup. The standard and first-try approach
is typically a simple amine immobilization—chemical linkage between protein
primary amines and activated esters of carboxylic groups of the matrix. Carbonic
anhydrases are stable over a broad range of pH values and do not have lysine
residues close to the active site. Amine coupling of CAs to the surface consequently
results in surface functionality high enough for analysis of interactions even with
the smallest ligands, e.g., with methylsulfonamide. According to our previously
published data, the apparent binding activity (functionality) of the immobilized
protein depends on the isoform used [17]. But it can, for example, approach 100%
for CAIX, an isoform that exposes only one lysine residue. Also, most CA isozymes
except CA I exhibit an outstanding stability after being chemically immobilized on
the surface, with no strong loss of sulfonamide binding activity over the course of 3—
4 days at 25 °C. This indicates that CAs can maintain their conformation, withhold
oxidative stress, and keep the active site zinc cation over a prolonged period of time
under non-equilibrium conditions.

The buffer of choice plays a crucial role in SPR experiments. Fortunately,
human CAs do not require reduction equivalents or supplement of specific co-
factors for analytical experiments. In our hands, standard phosphate-based buffers
(e.g., PBS) [17], as well as Tris- and acetate-based buffers [18], and HEPES
buffers (unpublished data) are equally well suited for the interaction studies. Worth
noting is that their high pH stability allows the buffer pH to be chosen outside a
normal physiological range [18]. Furthermore, human CAs can tolerate relatively
high concentrations of organic co-solvents. The only practical limitation when
studying CAs comes to their requirement for normal salt concentration. However,
the unsatisfactory quality of the interaction kinetic curves obtained under low ionic
strength may be attributed to experimental artifacts, rather than protein degradation
(unpublished observation).

Analyte sample preparation, preparation of concentration series, and generic
setups for analytical runs are usually not different from standard biosensor pro-
cedures. Briefly, it is recommended that concentration series span a range of
0.1-10 of the expected Kp value for the complex. For screening purposes and
pilot experiments, we recommend the highest analyte concentration to be prepared
maximally at 200puM. From our experience, this statement applies not only for
characterization of drug-like molecules, but also for fragments. Even for well-
behaving interaction assays using CAs, concentrations of ligands above 200 uM
result in multiple ligand-induced artifacts.
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9.3 Observed Kinetics

In one of our previous studies [17], we analyzed interaction kinetics between 18
selected sulfonamides and 6 CA isoforms, CAI, CAII, CA VII, CAIX, CAXII,
and CAXIIIL It involved 3 groups of structurally similar phenylsulfonamide
derivatives (N-alkylated benzimidazolyl, S-alkylated 2-thiopyrimidyl, and fluorine-
substituted benzensulfonamides; Fig.9.2). The analyte molecules employed were
well-developed inhibitors, some with a high potency and extremely low dissociation
constants for their complexes with CAs. The initial aim was not only to take a look
at the QSAR and selectivity of the sulfonamides towards various isozymes, but also
to dissect the interaction into kinetic components and to find the potency-defining
parameters.

Upon setting up the kinetic experiments, the first observations highlighted certain
features of this ligand class relative to the CA target. The data analysis revealed that
all analyzed interactions could be described on a phenomenological level, using a
simple single-step reversible interaction model, as represented by Eq.(9.1). This
implies that the association rate is limited by the active encounter between a protein
and a ligand, and that there are no intermediates with a half-life high enough to
affect association and dissociation kinetics. Surprisingly, sulfonamides acted as
“slow” binders—their association rate constants k, were consistently within the
range of 10°M~!'s™! to 10°M~!'s~!. Taking into account the small size of the
ligands (300 Da to 400 Da) and the morphology of the interaction site (a relatively
large cavity), one would expect a faster association rate. Interestingly enough, the
apparent association rates for CA IX and XII, enzymes with an easier access to the
prosthetic group (as judged from the solvent accessibility), were slightly higher in
comparison with the other tested isozymes.

For the studied interactions, when it was possible to quantify kinetic parameters
from the acquired sensorgrams, thermodynamic dissociation constants were also
quantified and compared to the K, values, obtained using FTSA. The equilibrium
binding data obtained using the two different methods was reasonably close, as
shown in Fig.9.3. The orthogonal methods thus gave similar results, testifying a
good quality of the developed assay. The largest discrepancies between the data
obtained by the two techniques were found for interactions with extremely slow
dissociation rates.

Unfortunately, certain challenges arose from the nature on the ligands and
method limitations. Since a very slow dissociation translates into inability to
quantify the rate constant uniquely, SPR biosensor analysis is severely limited for
studies involving very stable complexes. Moreover, the saturation of the surface
by a potent ligand blocks it for subsequent analytical cycles. There are several
experimental methodologies to overcome such a limitation. The first one is to force
dissociation under non-native conditions, e.g., via injections of potent surfactants,
chaotropes, or buffers forcing a large change in pH. In our experience, while
being a valid methodology for surface regeneration in protein—protein interaction
assays, it is hard to induce dissociation of a very stable protein-ligand complex
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Fig. 9.4 Sensorgrams of CA—sulfonamide interactions that exhibit extremely low dissociation
rates. Panel (a) shows the interaction of CA VII with compound 15, and panel (b)—the interaction
of CA XII with compound 13

without a significant loss of surface functionality. An alternative approach was
employed in Talibov et al. [17], where we used a high concentration of a low-
affinity orthosteric compound to out-compete potent ligands. For some interactions,
injections of 200 wM of sulphanilamide (k, = 3.7 x 10*M~1g— 1, ks =0.1 s! and
Ky =3.1 x 1079M [12]) allowed the regeneration of certain surfaces, possibly by
reducing re-binding effects. Unfortunately, this approach did not help to resolve the
kinetics of the most potent ligands, whose interactions were treated as “essentially
irreversible.” In Fig. 9.4 examples of interaction kinetic curves obtained with tight-
binding compounds are shown.
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Fig. 9.5 Chemical phylogenetic analysis for selected interactions. Entries in the rectangular array
correspond to individual interactions; a color barcode is assigned to each set of kinetic parameters.
Interactions (c), (f), (g), and (j) are considered to be essentially irreversible

An overview on the correlation between the chemical structures of inhibitors and
interaction parameters for different CA isoforms has been extensively discussed
[17] and is briefly outlined below. However, it should be kept in mind that the
observed parameters may be misleading since they include linked protonation
effects (see the following section). The quantified parameters showed that p-
substituted acetylated heterocyclic derivatives of the studied benzenesulfonamides
are stronger binders than m-substituted derivatives. In most cases, the contribution
of the benzimidazole heterocyclic moiety within the benzenesulfonamide structure
was more favorable than the pyrimidine. The chlorine group at the ortho position
reduced the K, for the interaction for all isoforms except for CA IX, within the
compound groups of N-substituted benzimidazole derivatives and S-substituted 2-
thiopyrimidine derivatives. The highest affinities and lowest k; values were found
for the fluorine-containing derivatives.

Additionally, we developed an approach called chemical phylogenetic interaction
kinetics analysis to simplify evaluation of a large set of kinetic data that involves
several members of the same enzyme family and structurally related compounds.
The compounds and enzymes were grouped in a bidirectional manner, with kinetic
parameters being color-barcoded, as exemplified in Fig. 9.5 for four CA isozymes
and three fluorinated benzenesulfonamides. As shown in the figure, while compound
13 interacted essentially irreversibly with CAIX and XII, the complexes were
less stable for more distant paralogues. Upon substitutions at the meta- and para-
positions, the ligand selectivity changed in the opposite direction, towards the
formation of more stable complexes with carbonic anhydrases Il and VII. Yet, for
compounds 14 and 15 the general QSAR trend remained the same for all four
isozymes. A methyl- to tert-butyl substitution at the aromatic amino group caused a
considerable decrease of the k; value, increasing the stability of the protein—ligand
complex.

Interaction kinetic analysis of CA-inhibitor interactions highlighted the impor-
tance of the dissociation rate constant k; in the ranking of the ligands. Judging
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from the ligand chemotype, it was expected that there would not be an outstanding
selectivity towards various CA isoforms, as the sulfonamide functional group serves
as an efficient “warhead” and is a pharmacophore that provides the majority of the
binding energy for all tested complexes. However, while the order of magnitude of
association rate constants for a selected ligand and a set of different human CAs
was approximately the same, the ligand potency, and, in turn, selectivity towards
different isozymes was well-defined by the k. To exemplify, fluorinated compounds
bearing bulky hydrophobic functional groups such as a cyclooctyl (12 and 13)
demonstrated the lowest dissociation rate constants for the interaction with CA IX.
It thus confirmed the potential of these compounds to be developed as selective
drugs targeting CA IX. These compounds are efficient enough in blocking the active
site of the enzyme to “solvent inaccessible” state, which increases the stability
of the complex by both entropic and mechanistic factors, as proposed below. The
importance of residence time in ligand evolution, especially for developing efficient
enzyme inhibitors, has been a subject for several reviews [25,26] and has been
proposed as an efficient metric for ligand quality [27]. Here we want to highlight
that k; is a valid criterion for selectivity analysis, especially since a drug—target
interaction in in vivo system cannot be treated by means of thermodynamics only.

924 Intrinsic Interaction Kinetics

Although Eq.(9.1) describes experimental results well, it should be clear that
there is a difference between the interaction mechanism and the phenomenological
observation of the interaction. As stated above, we found no indication that there are
any long-living intermediates or additional significant steps involved in a formation
of stable complex during the association between studied ligands and proteins. The
previous chapters stated and rationalized clearly the influence of pH on the observed
thermodynamic parameters, in terms of a mathematical model based on intrinsic
constants. In this section, a similar logic will be applied to the interaction kinetics.

This book gives an extensive overview of the structure of human carbonic
anhydrases, its prosthetic group, and the influence of pH on ionization states of
both the sulfonamide ligand and the enzyme. Briefly, this section is based on a
mechanism involving the interaction between the deprotonated sulfonamide group
of the ligand and the protonated prosthetic group of the enzyme, resulting in
the substitution of a water molecule from the zinc coordination sphere by the
sulfonamide. We postulate that neither the protonated sulfonamide in its neutral
form nor the deprotonated prosthetic group with a hydroxide anion as the fourth
ligand of the zinc cation can associate and form a complex, Fig. 9.6a.

On apparent level, rate equation for carbonic anhydrase (CA) and sulfonamide
(SA) interaction (Eq.(9.2)) can be rewritten in the following way (concentrations
are functions of time):

v = k4[CA][SA] — kq[CA—SA] 9.5)
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Fig. 9.6 The model of an interaction between a sulfonamide inhibitor and carbonic anhydrase.
Panel (a) left part, illustrates the contribution of the binding-linked protonation reactions. Upon
their subtraction, the intrinsic interaction reaction can be obtained, as shown on the right part of
the same panel. Panel (b) shows the energy diagram for both observable and intrinsic reactions

As the van’t Hoff expression of the law of mass action states, the rate is
proportional to the concentration of reactants. In Eq. (9.5), the concentrations are
expressed as sums of both interaction-competent (reactive) and incompetent species,
and are in turn pH-independent. Therefore, the nature of association rate constant
should be pH-dependent. Knowing the pK, values of the zinc-coordinated water
of an enzyme and of the amide of sulfonamide group, the real concentrations of

reactive species can be accurately quantified at any pH value. Thus, Eq. (9.5) can be
transformed into a more accurate one:

v = ka,int fea fSA[CA][SA] — kqin [CA—SA] 9.6)

In Eq. (9.6), k4 ,ins and kg in; are intrinsic (pH-independent in this context) rate
constants, and f are fractions of the corresponding interaction-competent species,
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derived through pK, and pH as it was shown in the previous chapters. The
second linear components in Egs. (9.5) and (9.6) are not different, because (for the
given model) the dissociation reaction cannot be pH-dependent and the observable
dissociation rate constant is equal to the intrinsic rate constant.

9.5 Influence of pH on Interaction Kinetics

Originally, the pH-dependency of CA—SA interaction kinetics was examined in the
second part of twentieth century using stopped-flow kinetic experiments [28, 29].
However, it was not rationalized from a ligand discovery point of view and did
not involve evaluation of the influence of pH on dissociation rate constants. The
potential usefulness of intrinsic kinetics was highlighted once the atomic details of
sulfonamide—carbonic anhydrase interaction were revealed [30], as the role of the
amide pK, on QSAR became obvious. We proposed the intrinsic kinetics concept
(described in a section above) in our first study of CAs [17]. Nevertheless, its
verification required a more sophisticated experimental design and was explored
specifically in a later study [18]. To determine the pH-dependency of interaction
rate constants, and their consistencies with the model, SPR-based interaction
analyses were performed at different pH. A set of ligands with various sulfonamide
pK, values was analyzed against three different CA isoforms (CAIl, CAIX, and
CAXIII) at a range of pH values from 5 to 9 with a 0.5 increment. An example of
sensorgrams is given in Fig. 9.7.

A simple graphic analysis of the extracted data highlighted a clear pH-
dependency of the association rate constants, as indicated in Fig.9.8a and d.
The observed U-shape of pH-dependent values was found to be similar to the
pH-dependency of affinity constants obtained using equilibrium-based methods

Responce (RU)

P

L M P T SR S I T S S L PRI PSS SR N SR ST SR Y BN S S W'
0 50 100 150 200 O 50 100 150 200
Time (s) Time (s)

Fig. 9.7 Example of kinetic analysis of CA-sulfonamide performed at different pH values,
showing the interactions between AZM and immobilized CA Il at pH 6.5 (a) and 8.5 (b). Red lines
represent the progress curve approximation using a reversible 1:1 interaction model (Egs. (9.1),
(9.3), and (9.4))
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as solid lines following the data approximation with Eq. (9.7). Dashed and dotted lines represent
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(Fig. 9.8c and f, open squares), and is consistent with the opposite influence of pH
on the concentration of interaction-competent species. For the given hyperbolic
dependency, the critical points were found in the near-neutral pH region and the
values of k, diminished five- to tenfold with every pH unit towards alkaline or
acidic areas. On an apparent level, the pH of the interaction medium had almost no
influence on the dissociation rate constant k4, Fig. 9.8b and e.

Since the observations were consistent with the model described in this chapter, a
numerical analysis of the obtained interaction parameters was performed. Following
Eq. (9.6), the pH-dependency of the apparent on-rate constant k, should adhere to
the following expression:

ka = k™ foafsa 9.7)

Using Eq.(9.7), we quantified the intrinsic association rate constants, kg, ;.
The estimated intrinsic values differed drastically from the maximum obtained
observable values, up to two orders of magnitude, and approached 108 M~1s~1.

Certain important conclusions could be drawn from the kinetic analysis of intrin-
sic interactions between carbonic anhydrases and sulfonamides. The unexpectedly
slow association of sulfonamide ligands is not mediated by inefficient or kinetically
controlled recognition events. CAs are known to be among the fastest enzymes with
kear value of 10°s~! and diffusion-limited reaction kinetics. For the bovine CAII
orthologue, the second-order rate constant for the Michaelis complex formation is
expected to be around 10 M~'s~! for its inorganic substrate [31,32], and is only
two orders of magnitude lower on the intrinsic level for the studied sulfonamide
inhibitors. The moderate association rate is attributed to the acid—base equilibrium
and binding-linked protonation events, but not to the obstacles in recognition per se.

The absence of pH-dependency for the off-rate constant k;, despite being
expected to be independent based on the proposed model, is of high interest.
Our studies did not resolve the dissociation mechanism, and it is unclear if an
amide in the zinc coordination sphere is protonated prior to dissociation, or if it
dissociates in a negatively charged form. Moreover, it is not clear if the synthetic
ligand is substituted by a water molecule or a hydroxide anion. It is evident
that none of these events define the reverse reaction, as the rate-limiting step for
the dissociation is pH-independent. A possible explanation includes the solvent
accessibility of tetracoordinated zinc with a sulfonamide in its coordination sphere.
In this paradigm, a fluctuation in a conformation of a bound ligand is required
to let the water molecule access the prosthetic group and to initiate the complex
dissociation.

Prima facie, the determination of intrinsic kinetic parameters for a sulfonamide—
CA system requires the execution of a relatively large series of kinetic experiments,
and cannot satisfy the requirements of an early stage drug discovery campaign.
Yet, an accurate estimation of the values can be done with a single-point analysis
employing a low complexity of Egs. (9.6) and (9.7). Knowing the acid dissociation
constants of the reactants, experimental details, and the observed values, one can
easily calculate the intrinsic parameters. [18].
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Intrinsic rate constants are important in a context of quantitative structure—
activity relationships. The apparent values of the activity modulation criteria, in
terms of either inhibition constants or interaction parameters, are well suited for
screening purposes or for a characterization of a panel of chosen leads. However,
they can be misleading in structure-guided lead design. An apparent gain in the
potency of a sulfonamide compound can be attributed not only to an improved
interaction network, but also to an increased fraction of the interaction-competent
form. On the other hand, it increases the importance of k; values for ranking. As a
crystal structure is a snapshot of the interaction network in its ground state, and for
sulfonamides the intrinsic dissociation rate constants do not differ from the apparent
constant, its rationalization can deepen the understanding of an actual recognition
that stabilizes the protein—ligand complex.

9.6 Conclusions

Interaction kinetic analysis casts an additional dimension on lead characterization,
showing the dynamics of complex formation and its stability under non-equilibrium
conditions. The carbonic anhydrase—sulfonamide system is suitable for such studies,
and kinetic experiments can produce data of high value. It both helps to understand
the interaction mechanism better and adds extra criteria to choose compounds
with desired properties. Similarly to equilibrium-based methods, SPR analysis
can provide intrinsic interaction parameters—quantities that genuinely reflect the
molecular recognition events.
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Abstract

Among a wide range of synthetic compounds that have been demonstrated to
possess CA inhibitory activity, the benzene sulfonamides take a central place.
The active site shapes of various CA isoforms are very similar, but possess
some important differences that enable to design inhibitors exhibiting selectivity
towards one or another CA isoform. Small structural changes in the structure of
the chemical compound can sometimes cause thousand-or-greater-fold change
in affinity to a particular isoform. The changes may be as small as a single
methylene group that may make a compound not able to fit in the pocket of one
isoform, but fit well to another isoform. However, in most cases, small changes
cause only slight changes in the affinity and selectivity profiles of the compounds.
In this chapter, we discuss the organic synthesis and spectral identification of a
series of halogenated, primarily chlorinated substituted benzenesulfonamides.

10.1 Variation of Substituents in the Benzenesulfonamide
and on the Tail

The “ring” and “tail” approach has been used to design many CAs inhibitors [1, 2].
The “ring” represents hetero/aromatic ring bearing sulfonamide group, which binds
to the zinc ion, and the electron acceptor substituent, which increases the acidity
of the sulfonamide group consequently increasing the binding capability. The “tail”
is a flexible fragment that improves aqueous solubility or participates in additional
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interplay between the CA and a ligand by interacting with active site part located
further away from the zinc ion.

In the search of higher selectivity and binding affinity substituents were varied
on the benzene ring. Small substituents were compared with the relatively large
“tails” that were constructed from aromatic/heteroaromatic fragment connected by
a flexible linker. Four classes of inhibitors which will be referred as A, B, C, and
D were synthesized by alkylation of various hetero/aromatic compounds with four
bromoacetophenones (Fig. 10.1) [3-7].

All alkylation reactions were carried out using sodium acetate as a base in
tetrahydrofurane (THF) at room temperature with the exception of imidazoles, when
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Fig. 10.1 Synthesis of compounds A-D (1-34) via two major routes: (i) NaOAc, THF, r.t., 24 h,
(ii) NaOAc, toluene, r.t., 72 h
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better yield was obtained using toluene as a solvent. Using the strongest bases such
as sodium methanolate in methanol and potassium carbonate in acetone led to the
formation of various by-products, reducing the product yield in the N-alkylated
benzimidazole synthesis. Choosing a weaker base, sodium acetate, led to avoid the
formation of undesired side compounds [7,8]. It should be noted that better results in
the N-alkylation reaction were obtained when a 1.5 equivalent of the corresponding
benzimidazole 1-10 was used. Contrary, the employment of an excess of alkylating
reagent results in the dialkylation of the benzimidazole ring. For example, in the
case of bromoacetophenone 1 and benzimidazole D ratio 1:2, the compound D1a
was obtained as the main reaction product (Fig. 10.2) [7].

For the synthesis of S-alkylated compounds (benzimidazoles A-D (11-13)
[7], imidazoles A-D (14-15), benzothiazoles A-D16 [4], benzimidazo[1,2-
c][1,2,3]thiadiazoles A-D17, pyrimidines A-D (18-28) [5,6], and phenylalkylthiols
A-D (29-31) [6], the excess of thione derivative is not necessary.

An investigation of the S-substituted pyrimidine derivative structures A-D
(18-28) by NMR spectroscopy showed that the 'H and '3C NMR spectra of
pyrimidinones A-D (18-23) in DMSO—dy solution contained two sets of signals
(Fig. 10.3). These results suggest that compounds A-D (18-23) in DMSO-d6
solution exist in two forms: open chain I and cyclic II (Fig. 10.4) [5, 6].

Notably large differences were observed for signals of SCH, group protons in
the "H NMR spectra. This signal of open chain form I appeared as a singlet in the
4.72-4.97 ppm region, while SCH, group protons of cyclic form II were observed
as doublets with J = (12.0-12.9) Hz at 3.54-3.79 ppm. The geminal-type spin—spin
coupling of SCH, protons arises from their non-equivalency in the cyclic form IL

The '3C NMR spectra of compounds A-D (18-23) gave additional evidence for
the existence of two forms of compounds A-D (18-23) in DMSO—d, solution. The
signal for carbon of the SCH, group in open chain form I was observed at 37.3—
39.3ppm. In the '3C NMR spectra of cyclic form II, a signal for this carbon was
observed in the 42.1-43.0 ppm region.

Furthermore, the open chain isomers A—D (18-23) were characterized by the
C=0 group carbon signal ranging from 192.2 ppm to 194.1 ppm. The C—OH group
carbon signal of cyclic form II was observed in the 95.5-97.8 ppm.

It was found that the B-type compounds are more involved in cyclic form (the
ratio I: IT was 1:0.83 as calculated from integral intensities of SCH, signals of the
"H NMR spectra), as compared to the others (type D—1:0.30, type A—1:0.29, and
type C—1:0.21). These differences can be explained by the influence of electron
withdrawing substituents in the benzene ring on the carbonyl group.

Fig. 10.2 The structure of Cl o o Cl

compound D1a that appears Br-
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Fig. 10.3 The 'H NMR spectrum of 5-[2-[(4-tert-butyl-6-oxo-1H-pyrimidin-2-yl)sulfanyl]acetyl]
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Fig. 10.4 Open chain I and cyclic II forms of compounds A-D (18-23)

Thiazolylbenzenesulfonamides A-D (32-34) were synthesized from thiocar-
bamides 32-34 and bromoacetophenones A—D according to the Hantzsch thiazole

synthesis (Fig. 10.1). The reaction conditions used were the same as in the S-
alkylation reaction.

10.2 Design of CA VA-Selective Compounds

It was observed that 5-[2-(benzimidazol-1-yl)acetyl]-2-chloro-benzenesulfonamide
35a (D1) that is different from 2-chloro-5-[(2-methyl-1H-benzimidazol-1-
yl)acetyl]benzenesulfonamide D2 by only one methyl group showed higher
binding affinity to CA VA than 35a and possessed significant selectivity
against all CA isoforms [9]. A number of 35a analogs—2-chloro- and 2,4-
dichlorobenzenesulfonamides, bearing different heterocyclic moieties, were
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Fig. 10.5 Synthesis of Ri O R O
compounds 35(a-h) and Br R2
36(a—c). Reagents and iorii

conditions: (i) benzimidazole Cl Cl

or imidazole (1.5 eq), SO,NH, SO2NH>
NaOAc, THF, room 35: R,=H 35(a-h)
temperature, 24 h (for 35(a—f) 36: R,=Cl 36(a-c)

and 36(a—c)); (ii)
1,2,3,4-tetrahydroquinoline or N N CHs /N
indoline (2 eq), THF, room a R2=</N b: RZ:</N ¢ Rz:< ]

temperature, 48 h (for 35g
and 35h) %\«L »»»4

synthesized to explore the influence of substituents on the binding affinity to
CA VA [3].

As shown in Fig.10.5, the synthesis of N-alkylated heterocycle derivatives
35(a-h) and 36(a—c) was performed by the alkylation of appropriate heterocycle
with 5-(bromoacetyl)-2-chlorobenzenesulfonamide (35) and 5-(bromoacetyl)-2,4-
dichlorobenzenesulfonamide (36) in the presence of NaOAc in THF at room
temperature. The dialkylation of the benzimidazole/imidazole ring can be avoided
by using the excess of the heterocycle. An excess of 1,2,3,4-tetrahydroquinoline and
indoline was applied instead of NaOAc for the synthesis of 35g and 35h.

The protection of sulfonamide group with an N,N-dimethylaminomethylidene
residue led to obtain the compound 41 with good yield, when direct acylation of
1-aminobenzimidazole with 2,4-dichloro-5-sulfamoyl-benzoyl chloride (37) led to
the formation of a mixture of products.

The protected sulfonamide 38 was synthesized from initial 2,4-dichloro-5-
sulfamoyl-benzoic acid (37) using dimethylformamide and thionyl chloride and sub-
sequently converted to acyl chloride 39. The following formation of amide 40 using
pyridine in THF at 80 °C and removal of the sulfonamide-protecting group using
NaOH(aq) resulted in the desired N-(benzimidazol-1-yl)-2,4-dichloro-5-sulfamoyl-
benzamide (41) (Fig. 10.6). The 2-chloro-4,5-disubstituted benzenesulfonamides
(42-45) were synthesized from 2,4-dichloro-5-substituted benzenesulfonamides
36a, 36b, and 41 by using appropriate thiol in DMSO or methanol in the presence
of Et;N as shown in Fig. 10.7.
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Fig. 10.6 Synthesis of compound 41. Reagents and conditions: (i) DMF, SOCI,, —10°C, then
r.t., 2h; (ii) SOCl,, toluene, reflux, 2 h; (iii) 1-aminobenzimidazole, pyridine, THF 80 °C, 3 h, then
overnight at r.t.; (iv) 2M NaOH(aq), r.t, 48 h, then 2M HCl(aq)
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Fig. 10.7 Synthesis of 2-chloro-4,5-disubstituted benzenesulfonamides (compounds 42-45).
Reagents and conditions: (i) 2-phenylethanethiol, Et;N, DMSO, r.t., 24 h; (ii) thiophenol, Et;N,
MeOH, reflux, 3 h; (iii) thiophenol or cyclohexanethiol, Et;N, DMSO, r.t., 7 days

10.3 Design of Two-Tailed Compounds With Rotationally Fixed
Benzenesulfonamide Ring While Within the CA Active Site
That Bound Specific Pockets of the Target Isoforms

The arrangement of amino acids in the CA active site cavity leads to distinguish
hydrophobic pocket with Phel31 side chain (CAII) [10, 11] and hydrophilic wall
[12] which are situated against each other. Design of two-tailed compounds which
could engage both CA pockets proposes new perspective for selective CA inhibitor
design [13-19].

The flexibility and mobility of the compound is a disadvantage of this approach
due to its ability to adapt to each CA’s active site, thus reducing selectivity. A
solution of this problem could be the restriction of the rotation of the benzene
ring. The 2-halo-benzenesulfonamide scaffold was chosen as a background for
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Fig. 10.8 The synthesis of 2-halo-4,5-disubstitutedbenzenesulfonamides 47-58, 47c¢, 48a-b,
49a-b, 50a—c, 51a-b, 55b, and 57a-b. (i) SOCl,, toluene, reflux; (ii) appropriate amine RH, THF,
0°C-20°C; (iii) excess of appropriate amine R’H, reflux; (iv) appropriate amine R’H, dioxane,
reflux

compound’s synthesis due to the 2-Cl group’s ability to fix the benzene ring of the
ligand molecule in one known position in all CA isoforms [20].

The syntheses of mono and two-tailed compounds were performed starting
from 2,4-dihalo-5-sulfamoylbenzoic acids 37 and 46. First, one tail was introduced
by amidation of the carboxyl group. Then the second tail was attached by the
nucleophilic displacement of chlorine group [21,22].

The synthesis of dihalosulfamoylbenzamides 47-58 is shown in Fig. 10.8. Acids
37 and 46 were converted to amides by refluxing with thionyl chloride and
subsequent treatment with an appropriate amine, using as the base the excess of
amine or triethylamine. Propanolamide 49 showed strong tendency to form O-
acetylated derivative 58 during purification by concentrating ethyl acetate extract
unlike ethanolamide 48 which formed only trace of O-acetylated compound.

Obtained one-tail containing compounds dichlorobenzamides 47-55 were ami-
nated at 120°C without solvent using amine excess according to the procedure
previously reported in the literature [23]. The formation of by-products in the
synthesis of dibromobenzamides 56 and 57 was avoided by performing the reaction
in boiling dioxane for 7 days.

Dihalobenzamides 47-58 were subjected to reaction with various thiol-bearing
derivatives (Fig.10.9). As expected, the nucleophilic substitution occurs in the
4-position (para) relative to the sulfonamide group. Reaction conditions, using
boiling methanol and triethylamine, are satisfactory for thiophenol. However,
syntheses using other thiol derivatives required the replacement of a polar protic
solvent MeOH to a polar aprotic solvent DMSO and a base triethylamine to
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Fig. 10.9 The synthesis of 2-halo-4,5-disubstitutedbenzenesulfonamides. (i) TEA, MeOH, reflux;
(i) Cs,CO;4, DMSO, 120°C; (iii) K,CO;, DMSO, 60 °C; (iv) TEA, DMSO, 60 °C; (v) H,0,,
AcOH, 75 °C; (vi) PAA, AcOH, 50°C

potassium carbonate or even applying strict reaction condition (Cs,CO;, 120 °C for
morpholinyl derivative 53).

The sulfides 47-52 and 54-57 were oxidized to sulfonyl- and sulfinyl-derivatives
using in situ generated peracetic acid (Fig. 10.9). A tendency of the hydroxyl group
containing compound (60d—f, 61d—e, 65h, and 67e—f) susceptibility to O-acetates
formation was observed. Therefore, the reaction product mixture subsequently was
subjected to deacetylation by boiling in diluted HCI.

The geminal coupling between the non-equivalent protons of the benzylic
methylene group was observed in compound 69f "H NMR spectra (DMSO—d,:
4.05 (1Ha, d, J = 12.4Hz, CH,Ph) and 4.51 (1Hg, d, J = 12.4Hz, CH,Ph)) [24].

Several benzoic acids 37(c, e, g) were synthesized from benzamides 47(c, e, g)
by performing hydrolysis by boiling in an acidic medium in order to avoid chlorine
substitution. Alkaline medium at room temperature was more suitable to ester 52,
52d-f, and 64f hydrolysis due to the ability to avoid attendant hydrolysis of the
amide as suggested by TLC (Fig. 10.10).
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Fig. 10.10 The synthesis of 4-[(2,4-disubstituted-5-sulfamoyl-benzoyl)amino]butanoic acids 71,
71a-d. (i) conc. HCl(aq), MeOH, reflux; (ii) 10% NaOH(aq), MeOH, r.t.

10.4 Conclusions

Application of several benzenesulfonamide ring-based and tail-based approaches
yielded a series of chlorinated substituted inhibitors of CAs. The chlorine in the
benzene ring increased the acidity of the sulfonamide group. A series of CA VA-
selective inhibitors were designed. The synthesis routes and the analysis of final
products were described.

References

—

10.

. Krishnamurthy, V.M., et al.: Carbonic anhydrase as a model for biophysical and physical-

organic studies of proteins and protein-ligand binding. Chem. Rev. 108, 946-1051 (2008)

. Supuran, C.T., Scozzafava, A., Casini, A.: Carbonic anhydrase inhibitors. Med. Res. Rev. 23,

146-189 (2003)

.Capkauskaité, E., et al.: Benzimidazole design, synthesis, and docking to build selective

carbonic anhydrase VA Inhibitors. Bioorg. Med. Chem. 26, 675-687 (2018)

. éapkauskajté, E., et al.: Thiazole-substituted benzenesulfonamides as inhibitors of 12 human

carbonic anhydrases. Bioorg. Chem. 77, 534-541 (2018)

. Capkauskaité, E., et al.: Benzenesulfonamides with pyrimidine moiety as inhibitors of human

carbonic anhydrases I, II, VI, VII, XII, and XIII. Bioorg. Med. Chem. 21, 6937-6947 (2013)

. Capkauskaité, E., et al.. Design of [(2-pyrimidinylthio)acetyl]benzenesulfonamides as

inhibitors of human carbonic anhydrases. Eur. J. Med. Chem. 51, 259-270 (2012)

. Capkauskaité, E., et al.: Indapamide-like benzenesulfonamides as inhibitors of carbonic

anhydrases I, II, VII, and XIII. Bioorg. Med. Chem. 18, 7357-7364 (2010)

. Zubriené, A., et al.: Benzenesulfonamides with benzimidazole moieties as inhibitors of

carbonic anhydrases I, I, VII, XII and XIII. J. Enzyme Inhib. Med. Chem. 29, 124-131 (2014)

. Capkauskaite, E., et al.: Combinatorial design of isoform-selective N-alkylated benzimidazole-

based inhibitors of carbonic anhydrases. ChemistrySelect 2, 5360-5371 (2017)

Boriack, P.A., Christianson, D.W., Kingery-Wood, J., Whitesides, G.M.: Secondary interac-
tions significantly removed from the sulfonamide binding pocket of carbonic anhydrase II
influence inhibitor binding constants. J. Med. Chem. 38, 2286-2291 (1995)



152 E. Capkauskaite and D. Matulis

11. Pacchiano, F, et al.: Selective hydrophobic pocket binding observed within the carbonic
anhydrase II active site accommodate different 4-substituted-ureido-benzenesulfonamides and
correlate to inhibitor potency. Chem. Commun. 46, 8371-8373 (2010)

12. Domsic, J.E, et al.: Entrapment of carbon dioxide in the active site of carbonic anhydrase II. J.
Biol. Chem. 283, 30766-30771 (2008)

13. Vernier, W, et al.: Thioether benzenesulfonamide inhibitors of carbonic anhydrases II and
IV: structure-based drug design, synthesis, and biological evaluation. Bioorg. Med. Chem. 18,
3307-3319 (2010)

14. Congiu, C., Onnis, V., Balboni, G., Supuran, C.T.: Synthesis and carbonic anhydrase I, II, IX
and XII inhibition studies of 4-N,N-disubstituted sulfanilamides incorporating 4,4,4-trifluoro-
3-oxo-but-1-enyl, phenacylthiourea and imidazol-2(3H)-one/thione moieties. Bioorg. Med.
Chem. Lett. 24, 1776-1779 (2014)

15. Tanpure, R.P, et al.: Carbonic anhydrase inhibitors with dual-tail moieties to match the
hydrophobic and hydrophilic halves of the carbonic anhydrase active site. J. Med. Chem. 58,
1494-1501 (2015)

16. Vaskeviciene, 1., et al.: N-sulfamoylphenyl- and N-sulfamoylphenyl-N-thiazolyl-B-alanines
and their derivatives as inhibitors of human carbonic anhydrases. Bioorg. Chem. 75, 16-29
(2017)

17. Hou, Z., et al.: Dual-tail approach to discovery of novel carbonic anhydrase IX inhibitors by
simultaneously matching the hydrophobic and hydrophilic halves of the active site. Eur. J. Med.
Chem. 132, 1-10 (2017)

18. Supuran, C.T.: How many carbonic anhydrase inhibition mechanisms exist? J. Enzyme Inhib.
Med. Chem. 31, 345-360 (2016)

19. Dudutiené, V., et al.: Discovery and characterization of novel selective inhibitors of carbonic
anhydrase IX. J. Med. Chem. 57, 9435-9446 (2014)

20. Scott, A.D., et al.: Thermodynamic optimisation in drug discovery: a case study using carbonic
anhydrase inhibitors. ChemMedChem 4, 1985-1989 (2009)

21. Matulis, D., éapkauskaité, E., ZakSauskas, A., Morkunaite, V.: Selective inhibitors of carbonic
anhydrase. WO2017017505 (A1) (2017)

22. Zaksauskas, A., et al.: Design of two-tail compounds with rotationally fixed benzenesulfon-
amide ring as inhibitors of carbonic anhydrases. Eur. J. Med. Chem. 156, 61-78 (2018)

23. Sturm, K., Siedel, W., Weyer, R., Ruschig, H.: Zur chemie des furosemids, 1. Synthesen von
5-sulfamoyl-anthranilsdure-derivaten. Eur. J. Inorg. Chem. 99, 328-344 (1966)

24. Nishio, M.: Nuclear magnetic resonance studies of sulfur compounds. II. The substituent effect
on geminal coupling constants and on magnetic nonequivalence of the methylene protons of
sulfoxides. Chem. Pharm. Bull. 15, 1669-1676 (1967)



®

Check for
updates

Virginija Dudutiené and Daumantas Matulis

Abstract

Numerous chemical compounds have been previously shown to be efficient
inhibitors of human CAs. However, the primary-sulfonamide-group-bearing
compounds have always stood as exceptionally strong binders. The binding
affinity can be significantly increased by introducing electron-withdrawing
groups near the sulfonamide group in order to increase the acidity of the amino
group. Fluorine substituent is one of the strongest available electron-withdrawing
groups that increase the acidity by several pH units. In this chapter, we describe
the design and organic synthesis of a series of fluorine-substituted benzenesul-
fonamides. Furthermore, the compounds possess one or more additional bulky
functional groups that determine compound selectivity towards a particular CA
isoform. Such compounds have been designed to not fit the active site cavity
of every CA except the targeted isoform. In some cases, the fluorine-bearing
compounds reached thousand-to-million-fold selectivities and thus are expected
to exhibit much smaller side effects than the non-selective compounds.

11.1  para-Substituted Tetrafluoro Benzenesulfonamides

A wide range of compounds have been reported to inhibit the enzymatic activity of
CAs. Many of the classical CA inhibitors are primary benzenesulfonamides bearing
various substituents designed using the “tail approach” that targets hydrophobic or
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hydrophilic regions of CAs. Furthermore, it is known that the pK, of sulfonamide
amino group has to be reduced to increase inhibitor affinity towards CA [1]. The
pK, should be near the pH of the medium (=7.4) [1], while the pK, of unsubstituted
benzenesulfonamide is 10.1 [2]. The presence of electron-withdrawing substituents
on a benzene ring decreases the pK, of sulfonamide and increases affinity to CAs.

For this purpose we synthesized a series of benzenesulfonamides bearing fluorine
atoms immediately on the sulfonamide-holding benzene ring. The pentafluor-
benzensulfonamide was chosen as a starting reference compound. The synthesis
of pentafluorobenzenesulfonamide (compound 1) via amination of pentafluoro-
benzenesulfonyl chloride (purchased from Alfa Aesar) with aqueous ammonia
was performed. The synthesis of pentafluorobenzenesulfonamides from appropriate
sulfonyl chloride has been previously reported in the literature [3]. However,
this path yielded substantial amounts of disulfonimide that was obtained as a
by-product. We found that the formation of imide can be avoided by keeping the
reaction medium near neutral pH. The formation of imide is due to low pK, of
pentafluorobenzenesulfonamide. Deprotonation of sulfonamide occurs in the basic
medium and deprotonated sulfonamide reacts readily with the starting material—
sulfonyl chloride. The starting compound pentafluorobenzenesulfonamide readily
underwent nucleophilic substitution reaction and formed the 4-substituted-2,3,5,6-
tetrafluorobenezenesulfonamides [4]. The 4-substituted-2,3,5,6-tetrafluorobenzene-
sulfonamides 2-24 were obtained from compound 1 by using the appropriate
nucleophile in ethanol, methanol, or DMSO in the presence of E;N or K,CO,4
(excess of nucleophile was used in several cases instead of the mentioned bases)
(Fig. 11.1). The compounds bearing SO,R groups were synthesized by oxidation of
appropriate thiol derivatives.

The spectral elucidation of purified products showed that substitution occurred
in the para position. In the '3C NMR spectra of isolated products there were
triplets for carbons (C—SO,NH,, C—R) due to the coupling of two identical
fluorines to ortho carbons and the coupling constants of 14-21 Hz. The two doublets
of doublets occurred for two pairs of carbons. The fluorine coupling to directly
substituted carbons (ipso) was very large and the coupling constants were 228—
258 Hz. The '3C NMR (DMSO) of 2,3,5,6-tetrafluoro-4-[(2-hydroxyethyl)sulfonyl]
benzenesulfonamide is given as an example in Fig. 11.2. In the '°F NMR spectra
of isolated products there were two sets of signals because of two pairs of fluorine
atoms.

The para-substituted tetrafluoro benzenesulfonamides have exhibited extremely
high affinity to some CA isoforms, primarily to CA I, that was a non-desired target
for most therapeutic applications. Therefore, it was considered that the substitution
of one or two fluorines with groups that would recognize protein surface pockets
of desired targets such as CA IX could yield selective inhibitors for the desired CA
isoforms.
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Fig. 11.1 A general scheme shows the synthesis path and the diversity of substituents yielding
the para-substituted tetrafluoro benzenesulfonamides. Compound synthesis has been previously
described in [4]

11.2 ortho-para-Substituted Trifluoro Benzenesulfonamides

The 4-substituted-2,3,5,6-tetrafluorobenzenesulfonamides can be subjected to fur-
ther aromatic nucleophilic substitution reactions. A series of 2,4-substituted-3,5,6-
trifluorobenzenesulfonamides (25a—g and 26a—o), 3,4-substituted-2,5,6-trifluoro-
benzenesulfonamides (27a-f, h, k; 28a—k, p—s), and 3,4,5-substituted-2,6-difluoro-
benzenesulfonamides (29dd, at, au; 30bb) were synthesized (Fig. 11.3) [5, 6].

The 2,3,5,6-tetrafluoro-4-[(2-hydroxyethyl)sulfonyl]benzenesulfonamide (2)
and 2,3,5,6-tetrafluoro-4-[(2-phenylethyl)thio]benzenesulfonamide (3) were
chosen as main substances for aromatic nucleophilic substitution reactions
occurring in the ortho position. Some other compounds bearing propylthio-, [2(4-
hydroxyphenyl)ethyl]thio-, or simply hydrogen were investigated as substrates for
aromatic nucleophilic substitution reactions [5]. Also 4-(2-mercaptoethyl)benzoic
acid derivative was involved in aromatic nucleophilic substitution reactions [7].
Here we explain the synthesis of the majority of compounds, bearing particular
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Fig. 11.2 The 13C NMR (DMSO) spectrum of 2,3,5,6-tetrafluoro-4-[(2-hydroxyethyl)sulfonyl]
benzenesulfonamide (4)

para-substituents (compounds 2 and 3). Reactions of compounds 2 and 3 with
various nitrogen-centered nucleophiles were performed in DMSO in the presence
of Et;N. The ortho substituted (relative to the sulfonamide group) products 25a-g,
26a—0 were obtained. The formation of ortho substituted products is due to
sulfonamide group ortho-directing ability.

The spectral elucidation of purified products showed that the ortho substi-
tution occurred [5, 6]. In the '3C NMR (CDCl3, DMSO) spectra of isolated
products 25a—g, 26a-o, there were triplets for methylene groups (SCH,CH,Ph,
SCH,CH,OH) at 35-37ppm due to the coupling of two identical fluorines to
carbon and the coupling constants of 2—4 Hz. These fluorines are in the ortho
position relative to SCH,CH,Ph, SCH,CH,OH groups. The substituents which
appeared from incoming N-centered nucleophiles exhibited similar C—F couplings.
The signals of carbons (N—C) appeared as doublets due to one fluorine coupling to
carbon at 40—-60 ppm with the coupling constants of 10—12 Hz. The H, C HETCOR
spectrum of compound 25b (VD12-09) confirmed our assignment of carbon signals
(Fig. 11.4). In 13C NMR (DMSO) spectra, the triplet at 36.86 ppm belongs to the
carbon of group SCH,CH,OH and the doublet at 55.65 ppm belongs to the carbon
of fragment NHCH. Additional valuable information about the substitution profile
can be obtained from the '3C NMR spectra. The '3C NMR (DMSO) spectrum
of 2-(cyclooctylamino)-3,5,6-trifluoro-4-[(2-hydroxyethyl)thio]benzenesulfonami-
de (25b, VD12-09) is given in Fig. 11.5 as an example. Carbons directly substituted
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Fig. 11.3 A general scheme shows the synthesis path and the diversity of substituents yielding the
meta- or ortho-substituted fluoro benzenesulfonamides. Compound synthesis has been previously
described in [5, 6]

with fluorines (ipso carbons—C3, C5, C6) possess large coupling constants of
240-250Hz and appear as a doublet (C3) at 148.27 ppm and doublet of doublet
of doublets (C6, C5) at 144.74 and 141.64 ppm. The doublet at 148.27 ppm we
assign to C3 because there are no fluorine atoms in the neighborhood. The carbon
C2 appears as a doublet at 132.13 ppm due to F coupling to the ortho-position with
the coupling constant of 14.5 Hz. The doublet of doublets at 119.26 and 118.25 ppm
can be assigned to carbons C1 and C4. The carbon C4 appears as almost a triplet
due to two fluorines in the ortho position.

In the '°F NMR spectra of isolated products, there were three sets of signals
because of three fluorine atoms. Furthermore, the ortho substitution for compound
25b (VD12-09) was demonstrated by X-ray structures of CA crystals soaked with
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Fig. 11.5 The !3C NMR (DMSO) spectrum of 2-(cyclooctylamino)-3,5,6-trifluoro-4-[(2-

hydroxyethyl)thio]benzenesulfonamide (compound 25b, VD12-09)
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this inhibitor. The position of the substituent was well resolved in the electron
density of the compound bound in active centers of CAs.

11.3 meta-para-Substituted Trifluoro Benzenesulfonamides

The 4-substituted-2,3,5,6-tetrafluoro benzenesulfonamides bearing fully oxidized
sulfur functional groups in the para position can be handy in further aromatic nucle-
ophilic substitution reactions, but in this case the substitution reaction occurs in the
meta position (relatively to the sulfonamide group). Reactions of 2,3,5,6-tetrafluoro-
4-[(2-hydroxyethyl)sulfonyl]benzenesulfonamide (4) and 2,3,5,6-tetrafluoro-4-[(2-
phenylethyl)sulfonyl]benzenesulfonamide (5) with various nitrogen-centered nucle-
ophiles were accomplished and the meta substituted products 27a—f, h, k; 28a-k, p—
s were obtained (Fig. 11.3) [5,6]. The groups SO,CH,CH,Ph and SO,CH,CH,OH
exhibit stronger electron-withdrawing properties than SO,NH, and direct nucle-
ophile in meta position according to SO,NH, group. Reactions of compounds 4
and § with various nitrogen-centered nucleophiles were carried out in DMSO in
the presence of Et;N. The compound 4 bearing (2-hydroxyethyl)sulfonyl “tail” was
sensitive to such bases as Et;N or K,CO; and instead of these bases the equivalent
of nitrogen-centered nucleophile was used.

The spectral elucidation of purified products led us to conclude that the
nucleophilic substitution for the compounds bearing (2-phenylethyl)sulfonyl
and (2-hydroxyethyl)sulfonyl “tails” took place at the meta position. In the 13C
NMR spectra of isolated products, there were doublets for the methylene group
(SO,CH,CH,Ph and SO,CH,CH,OH) at 53-62 ppm with the coupling constants
of 4-2 Hz. The splitting was due to the coupling of one fluorine atom to carbon. This
fluorine is in the ortho position relative to SO,CH,CH,Ph and SO,CH,CH,OH
groups. This splitting was observed just for minority of compounds recorded
using the 300-75 MHz spectrometer. However, when some compounds which
did not show such splitting were repeatedly recorded with the 400-100 MHz
spectrometer, then the splitting appeared. The substituents which appeared from
incoming N-centered nucleophiles similarly to ortho substituted compounds exhibit
C—F couplings. The signals of carbons (N—C) appeared as doublets (due to one
fluorine coupling to carbon) at 34—66 ppm with coupling constants 11-13 Hz. H,
C HETCOR spectrum of compound 27b (VD11-4-2) confirmed our assignment
of carbon signals where the doublet at 60.03 ppm belongs to carbon of group
S0O,CH,CH,OH and the doublet at 55.91 ppm belongs to the carbon of fragment
NHCH (Fig. 11.6). Furthermore, valuable information about the substitution profile
can be obtained from the 13C NMR spectra. 13C NMR (DMSO) of 27b (VD1 1-4-2)
as an example is given in Fig. 11.7. Carbons directly substituted with fluorines (ipso
carbons—C2, C5, C6) possess large coupling constants 247-254 Hz and appear as a
doublet (C2) at 144.54 ppm and a doublet of doublet of doublets (C5, C6) at 146.06
and 137.16 ppm. The doublet at 144.54 ppm can be assigned to C2 as none of the
fluorine atoms exists in the neighborhood. The carbon C3 appears as a doublet
at 135ppm due to F coupling to the ortho-position with the coupling constant
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Fig. 11.7 The 13C NMR (DMSO) spectrum of 3-(cyclooctylamino)-2,5,6-trifluoro-4-[(2-

hydroxyethyl)thio]benzenesulfonamide (27b, VD11-4-2)

of 13Hz. The doublet of doublets at 127.57 and 117.15ppm can be assigned to
carbons C1 and C4. Carbon C1 appears as almost a triplet due to two fluorines in

the ortho position.

In the 'F NMR spectra of isolated products there were three sets of signals
because of three fluorine atoms. Furthermore, the meta substitution for compounds
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27b, g, h, and 28i was demonstrated by the X-ray structures of CA crystals soaked
with these inhibitors. The position of the substituent was well resolved in the
electron density of the compounds bound in the active centers of CAs.

The 3-substituted compounds bearing (2-phenylethyl)sulfonyl and (2-hydroxy-
ethyl)sulfonyl “tails” are activated towards a nucleophilic attack and thus the
3,5-substituted compounds 29dd, at, au; 30bb were obtained [5]. The second
nucleophilic substitution occurred in the meta position again. Such substitution
profile is confirmed primarily by the '°F NMR spectra. We observe one singlet
in 1F NMR spectra for 3,5-substituted compounds bearing the same substituents
at positions 3 and 5. Also, the '3C NMR spectra verify di meta substitution. This is
particularly visible in '3C NMR spectra of compounds bearing the same substituents
at positions 3 and 5. There are two symmetric carbons directly substituted with
fluorines and in the '3C NMR spectra we observe one signal which possesses a
large coupling constant of 244-247 Hz. The carbon substituted with the sulfonamide
group appears as a triplet due to two identical fluorines in the ortho position with the
coupling constant of 16 Hz. The carbon substituted with the (2-phenylethyl)sulfonyl
and (2-hydroxyethyl)sulfonyl groups appears as a triplet due to two identical
fluorines in the meta position with the coupling constant of 3—5 Hz. The symmetric
carbons substituted with amines appear as a doublet of doublets due to two fluorines
in the ortho and para positions with the coupling constants of 10 and 6 Hz.

11.4 Conclusions

Synthesis routes, purification techniques, and the analytical methods of the final
obtained products have been described for tetrafluoro para-substituted benzenesul-
fonamides, trifluoro para and meta or ortho-substituted benzenesulfonamides. The
fluorine atoms on the ring adjacent to sulfonamide group were essential for increase
in acidity of the compounds by electron withdrawing, thus making the compounds
bind with greater affinity to carbonic anhydrases.
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Abstract

Rational design of pharmaceutically active small molecules is usually based on
a paradigm where one small molecule targets a single protein molecule and this
way exhibits its medically relevant effect. This paradigm has recently changed
toward the idea that design to affect several targets instead of one can provide
superior therapeutic effect. Here we provide a series of examples where carbonic
anhydrase inhibition may or may not be the main function of the drugs and
dual targeting may have additional advantages. Inhibitors of COX-2, such as
valdecoxib, are also good inhibitors of CAs due to the presence of sulfonamide
moiety that may not be crucial for the binding of COX-2. Dual inhibitors of
matrix metalloproteinases (MMPs) and CAs are also discussed.

12.1 Introduction

Diseases are complex biological processes. In the 1970s of the twentieth century, the
main strategy for drug design was monotherapy. This strategy—one ligand (key)
compound might fit and operate to a single target (lock)—has failed mainly for
one reason. Most diseases are molecularly complex and develop via dysregulation
of more than one target enzyme and they are more difficult to “unlock.” When
technological advances in genomics and high-throughput screening (HTS) devel-
oped during the last 2 decades, “dirty drugs” paradigm has changed. Fifteen years
ago it was stated that balanced modulation of several targets can provide superior
therapeutic effect [1]. At the early stages authors proposed the term “designed
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multiple” (DM) ligands. Shifting from the single to the multitarget paradigm in drug
discovery will discover a route to solution of problems with complex diseases [2].

In fact, there are two distinct approaches: rational design of pharmacophores
and screening of compound libraries of known drugs. Pharmacophore combination
approach would lead to search for cleavable conjugates. For example, nitric oxide
release functionalities for ibuprofen [3] or conjugated pharmacophores, and of
thrombin inhibitor linked to antithrombin III-mediated factor Xa [4].

As arule, these active compounds are larger in molecular size and are more com-
plex. Alternative structures are highly integrated, because proteins are much more
similar and inhibitors have closer structural similarities, for example, angiotensin-1
(AT7) and endothelin-A (ET 4) receptor DM ligands [5]. Already in 2004 Morphy
[1] proposed ten aspirations for DM ligands: similar targets; multiple lead gener-
ation approaches; clear in vitro and in vivo relationship; “designing in” activities;
structure—activity relationship (SAR) should indicate places of overlapping; good
physicochemical and pharmacokinetic properties; common functional activities;
metabolites should be the same in vitro profile or be inactive; ligand and protein
models; and a single enantiomer should be responsible for all desired activities.

With more complex diseases like cancer, inflammation, cardiovascular and
central nervous system (CNS) diseases good results with monotherapy approaches
are difficult to achieve. In some cases the usage of several drugs so far is the
best choice. With the development of personalized medicine in the nearest future,
polypharmacology may be the solution of a problem partly. Better way to solve
the problems is the use of the proteochemometrics (PCM) [6], a method which
enables to explore ligand—ligand, protein-ligand, and protein—protein interactions
by the usage of target, ligand, and ligand—target descriptors. In addition, advances
in the current development of hybrid anticancer drug discovery have been reviewed
[7] and provided a clear view of future directions.

12.2 Known Drugs as CA Inhibitors

Carbonic anhydrase (CA) is a naturally abundant and a very important enzyme
regulating a very simple reaction—interconversion of carbon dioxide to bicarbonate
anion [8]. Due to the presence of CA, this reaction is one of the fastest of proton
exchange enzymes. In humans 15 isoforms of CAs are located in different parts
of cells—cytosol, mitochondria, and membranes—and may be applied as good
targets for treatment of different diseases. Thus, regulation of cytosolic CA II may
be helpful for the treatment of glaucoma, while membrane proteins CAIX and
CA XII—for the treatment of different forms of cancer.

12.2.1 Inhibitors of COX-2

The first group of compounds checked as dual inhibitors were related to known
drugs, which were tested on CA activity. Inhibitors of COX-2, non-steroidal anti-
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inflammatory drugs (NSAIDs), have been applied quite often. Tricyclic “coxibs”
differ and possess methyl sulfone (rofecoxib) and sulfonamide (celecoxib and
valdecoxib) moieties. These structural differences are responsible for inhibition of
activity of CA isoforms CAI, CAIl, CAIV, CAIX, and CA XII. Thus, inhibition
of CAII by celecoxib (Celebrex), but not rofecoxib (Vioxx), could be responsible
for diuretic effect that could counteract renal hypertension induced by COX-2
inhibitors. This explains why patients treated with Vioxx, but not celecoxib, demon-
strate increased incidence of hypertension and edema. Polmacoxib (CG100649) is
an NSAID, approved in South Korea in February 2015 to treat osteoarthritis. It
characterizes with long life in plasma and whole blood (half-life of 100-160h) [9].
It seems that inhibitor sulfonamide moiety is responsible for CA inhibition, also
stabilizes the inhibitor, and reduces cardiovascular risks.
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This dual CA-COX-2 activity may help to explain differences in clinical obser-
vation between sulfonamide and methyl sulfone COX-2 inhibitors [10]. Moreover,
activity of CAII, CAIX, and CA XII may be critical for development and invasion
of cancer cells.

12.2.2 H*K*ATPase

Changes in ion flows mainly are regulated by H*K* ATPase inhibitors and omepra-
zole (HPI-01) is a selective and irreversible proton pump inhibitor (HPI). It
suppresses stomach acid secretion in the final step of production by specific
inhibition of the H*K*ATPase system. It was shown that omeprazole has dual
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mechanism of action: besides the known H*K* ATPase inhibition, it showed gastric
mucosa CA inhibition [11]. These both enzymes may be functionally coupled.
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This mechanism of action (antisecretory and vasodilating), which does not
occur in other therapies, may explain the greater effectiveness of substituted
benzimidazoles.

12.2.3 Calcium Channel Blockers (CCB)

Verapamil and amlodipine are two famous generic calcium channel blockers
(CCBs), both are used for the treatment of high blood pressure and both are in the
list of WHO Essential Medicines. Verapamil (CCB-01) has been used since 1981
and amlodipine (CCB-02) has been used since 1990 and it was assumed that both
inhibit vascular smooth muscle CA I activity in vitro and in vivo in a dose-dependent
manner [12].
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These data suggest verapamil and amlodipine dual mechanism of action: the
former consists of action on calcium channels and the latter inhibition of smooth
muscle CAI. Consecutive pH increase might be an additional factor involved in
intracellular influx through calcium channels.

12.3 Modification of Known Drugs

The second group of compounds checked as dual inhibitors were also related
to known drugs, which were modified chemically and checked as potential CA
inhibitors. Thus, antifolate methotrexate (MTX) is one of the oldest anticancer drugs,
based on the blockage of folate pathways by inhibiting dihydrofolate reductase
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(DHFR). Some new hybrid compounds as dual inhibitors for DHFR and CAs were
developed [13]. Pteridine and sulfonamide fragments were selected as key moieties
and were combined in the same molecular entity.
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At the beginning MTX molecule was simplified and a spacer (NH) was used the
same way as in the structure DHFR-01. Structural changes in the spacer improved
CAIX/CATI selectivity up to two orders (compounds DHFR-02 and DHFR-03).
Unfortunately activity against DHFR is weak (low micromolar range) in comparison
with the basic structure MTX. Antiproliferative activities against two cancer cell
lines (A549 and PC3) were in the millimolar range due to deficiency of inhibitor
transport inside the cancer cells.

12.4 New Dual CA Inhibitors in New Classes of Compounds
The third group of compounds used as dual inhibitors are recognized as active

compounds for one enzyme system and new materials for CA inhibition or hybrid
materials where pharmacophores for both activities are coupled in a one molecule.
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The most attempts for finding inhibitors in this area are devoted to MMP-CA dual
inhibition and STS-CA dual inhibition.

12.4.1 Matrix Metalloproteinase (MMP)

PO3H2
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P03H2

MMP-14 MMP-15 MMP-16

P stz PO3 Ho
P03H2 P03 Ha
02N

MMP-17 MMP-18

MPP-2 inhibitor activity was shown in the class of bisphosphonic acid derivatives
(compounds MMP-14 to MMP-18) [14]. But Cl-derivative (MMP-17) exhibited
more visible MMP-2 selectivity, which is connected with successful treatment of
patients with debilitating bone metastases. Three years later the same bisphosphonic
acid derivatives were tested on binding to several CA isoforms (CA I, CAII, CAIX,
CAXII, and CA XIV) [15]. The best nanomolar dual inhibition against MMP-2 and
selected CA isoforms was shown for compounds with diaromatic functionality. This
class of compounds characterizes with some interesting selectivity—4-methoxy
derivative MMP-16 has nanomolar binding on all five tested CA isoforms, 4-
Cl derivative MMP-17 is active in submicromolar range only on CA XII, but
MMP-15 inhibited membrane-bounded isoforms CA IX and CA XII. Thienyl group
containing MMP-14 showed the same inhibition profile as parent phenyl isosteric
derivative MMP-15.

Aminoalkylcarbamoylphosphonates MMP-19 to MMP-21 inhibition of MMPs
and CAs in some cases showed submicromolar binding [16]. Changes in chiral
center geometry (MMP-20 vs. MMP-21) did not make noticeable changes in
CA’s submicromolar binding or did make small changes in MMP micromolar
binding.
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Chiral phosphonates (R-MMP-01 and R-MMP-02) have the potential as dual
inhibitors of selected isoforms of MMP and CA, both involved in tumor formation,
invasion, and metastasis [17]. (R)-MMP-02 is presenting the best isoform-selectivity
toward CA IX. Thus, (R)-MMP-01 has IC50 93 nM for CA IX, 475 nM for CA XII,
2.3nM for MMP-2, and 0.4nM for MMP-8. (R)-MMP-02 has IC59 84nM for
CAIX, 6220 nM for CA XII, 1.5 nM for MMP-2, and 1.4 nM for MMP-8. MMP-03
has ICsp 527 nM for CAIX, 8862 nM for CA XII, 6.0nM for MMP-2, and 24 nM
for MMP-8. All three inhibitors are not affecting CA isoforms I and II. Biaryl chiral
phosphonates ((R)-MMP-01 and (R)-MMP-02) are more active than corresponding
hydroxamic acids (MMP-03).
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Some sulfonylated hydroxamates proved to be potent dual CA-MMP inhibitors.
Only 2 compounds (MMP-04 and MMP-05) have a better binding to CAIX than
CAT and CAII in the micromolar range [18].
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Introduction of sulfamoylphenylethyl (SPE) moiety (compounds MMP-06 to
MMP-09) led to increase of activity to all MMPs isoforms [19]. At the same time
selectivity of MMP-08 to cancer-related MMP2 was decreased. These best results
were obtained for compound MMP-09, where besides high MMP and CA binding,
additional high activity to TACE (ICsp 55 nM) was observed.
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Thus, SPE moiety in iminodiacetic scaffold maintains MMP inhibitory potency
and also provides good activity for CA Il and CA IX, at the same time showing good
selectivity against CA L.
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New hydroxypyrimidinones containing two Zn'-binding groups (hydroxamate
and sulfonamide) exhibited CA binding selectivity in low nanomolar range [20].
Hydroxypyrimidine fragment itself did not show good CA inhibition, but more
simple sulfonamides acted as MMP inhibitors.

12.4.2 Steroid Sulfatases (STS)

Steroid sulfatases (STS) is a key therapeutic target for treatment of estrogen-
dependent tumors. This enzyme catalyzes hydrolysis of steroid sulfates, which is
the main source of estrogens in tumors [21].

Several groups investigated CA inhibitory properties of the steroid sulfatase
inhibitors (STSIs) on novel therapies for hormone-dependent tumors [22,23]. Some
of them are derivatives of natural coumarin sulfamates or terpene sulfamates.
Their CA1I inhibition capacity ICso possesses 290nM (STS-01), 9nM (STS-02;
EMATE), 17 nM (STS-03; 667COUMATE), and 15 nM (STS-04), respectively.
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EMATE (STS-02) showed non-specific strong nanomolar binding activity on
three CA isoforms. X-ray crystal structure of CA II with EMATE showed very short
(1.78 A) bond between Zn ion and the coordinated nitrogen in sulfamate moiety
[24]. Steroidal scaffold part of the inhibitor interacts with the hydrophobic part
of the CA active site accommodating several water molecules not present in the
uncomplexed enzyme, which may explain very high affinity. In addition EMATE
was found to be a potent CA IX inhibitor [25]. STS-03 (Irosustat) was developed
and as the first STS inhibitor has reached Phase II clinical trials for the treatment
of breast cancer to overcome some EMATE’s side effects. It was terminated from
Phase II studies in 2016.

Interesting approach of administering an STS inhibitor with aromatase inhibitor
in dual aromatase—steroid sulfatase inhibitor (DASI) was proposed by Lloyd group
in the UK [26]. They have used triazole moiety as pharmacophore in this design
and proposed two structures STS-05 and STS-06 as perspective DASI inhibitors.
Introduction of bromine in molecule STS-06 cardinally increased by 1-2 orders
steroid sulfatase and aromatase affinity, keeping CA inhibition affinity in the same
order. Both compounds were more stable than reference 667COUMATE. Thus,
binding of sulfamate-based drugs to CA II could be a general method for increasing
their stability.
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It is known that hormone-dependent breast cancer (HDBC) is more efficiently
treated with dual inhibition of aromatase and steroid sulfatase. Introduction of
aromatase pharmacophore into biphenyl STS inhibitor led to new DASIs [27]. From
differently combined biphenyl and triazole structural fragments in biphenyls STS-
07 and STS-08 were found to be the most potent as aromatase (ICsp 2.0 and 0.5 nM)
and STS (ICsp 35.0 and 5.5nM) inhibition, correspondingly. Chlorine function
in STS-09 increased binding capacity for both enzymes. Compound STS-09 is
nonestrogenic and potently inhibits CA II (IC5p 86 nM) to be sequestrated into CA 11
in erythrocytes.

12.4.3 15-LOX

Overexpression of 15-LOX is related with some specific carcinomas (pancreatic,
gastric, and brain). Similarly CAII is expressed in pancreatic, gastric carcinomas
and brain tumors. Some thiazole carboxylates (15-LOX-01 and 15-LOX-02) showed
dual inhibition, which consists of moderate 15-LOX binding activity (ICs 0.12 to
0.69 um) and weak bovine CA II inhibitor activity (ICsp 1.26 to 2.93 um) [28].
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Thus, dual inhibitors of CAII and 15-LOX are perspective for anticancer drug
discovery.
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12.4.4 NSAID-CA | Hybrids

Two different fragments (aromatic sulfonamides or coumarins) of CA inhibitors
were used to make low molecular weight hybrid compounds to improve existing
NSAIDs. Increased stability of these compounds, to reach the target tissues
unmodified, would open new perspective in the treatment of inflammation [29]. CA
inhibitor fragment was chosen as 6- or 7-substituted coumarins. All tested NSAID-
CATI hybrids coming from 8 well-known inflammation drugs—indomethacin,
sulindac, ketoprofen, ibuprofen (NSAID-01 and NSAID-02), diclofenac, flurbipro-
fen, ketorolac, and naproxen—were stable.
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7-Coumarin hybrid with ibuprofen NSAID-02 showed potent and persistent
antihyperalgesic effect up to 60 min after administration [30]. Among synthesized
hybrid compounds in the series of aromatic sulfonamides NSAID-03 and NSAID-04
showed potent antinociceptive effects lasting up to 60 minutes after administration
[31]. The antihyperalgesic activity was assessed by tests using in vivo rheumatoid
arthritis (RA) model.

HaNO2S HoNO,S
NSAID-03 NSAID-04

Majority of the hybrids were effective in inhibiting CAT and CAII as well as
RA overexpressed CAIX and CA XII isoforms with K; values in low-medium
nanomolar range.
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12.4.5 Prostaglandin F Receptor (FP)

A number of prostaglandin PGF2« analogs were approved in the USA for treatment
as antiglaucoma agents. Alternative approach is connected with CAII inhibition.
Dual pharmacology of prostaglandin F receptor (FP) agonist together with CA Il
inhibitor may be the best solution in glaucoma treatment. So far the best ligand for
this purpose is cyclopentane derivative FP-01 [32], exhibiting high CA inhibition
value and weak potency as an FP agonist.

5L

O\/\/\/\/ O\A @S%NHz

PGF2a FP-01

The a-chain functionality is likely necessary for potent FP antagonism. Modifi-
cation of w-chain with triazole fragment indicates that weak FP agonist activity can
be reached in tandem with high CA II inhibition.

12.5 Future Prospects

Epigenetics is playing the most important role in the regulation of natural com-
pounds. So far only two articles [33,34] are reviewing the new concept of multitarget
epigenetic drugs for anticancer treatment where one of the enzymes is from field
of epigenetics. Only in the recent 5 years some publications in the field of cancer
epigenetics showed a connection with carbonic anhydrases. Thus, for the first time
were shown tumor-suppressive role of CAIV in colorectal cancer (CRC) [35],
and the mechanisms involved in cell cycle arrest and apoptosis induction. The
CAIV hypermethylation may serve as a biomarker for predicting occurrence of
CRC. In addition, CA VIB is essential for host defense against Listeria monocy-
togenes infection by epigenetically promoting interleukin-12 (IL-12) expression
both in vitro and in vivo [36]. Mechanistically, CA VIB selectively interacts with
arginine N-methyltransferase (PRMTS), which reduces symmetrical methylation of
H3R8Me2sat IL-12 promoters.

Natural products, recently found as EZH2 inhibitors [37], are mainly multitarget
ligands and are in the most comprehensive source of new drug searches [38]. We
propose a new concept of multitarget epigenetic drugs for anticancer treatment
and offer to check a sort of dual inhibitors, where both of them are influencing
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epigenetic reactions—phosphorylation, methylation, or acetylation and binding to
CA to improve molecule stability.

12.6 Conclusions

Multitarget paradigm in drug discovery for treatment of complex (cancer, inflam-
mation, cardiovascular, and CNS) diseases may be effective only in the cases with
appropriate drug targets. Choice of carbonic anhydrases as a one target for dual
inhibition has perspective future, because they are changing some properties of
known drugs, including increased stability and longevity in the host organism. This
strategy may be useful in construction of new drugs or making changes in the known
drug structure, resulting in a decrease of some bad side effects. Alternative route in
a new drug design is an addition of next appropriate pharmacophore to the existing
CA inhibitor. This method may provide a way to the next generation of hybrid
anticancer drugs.
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The structures of human carbonic anhydrases (CA) have been fairly well char-
acterized, with approximately 1000 structures deposited to the PDB. However,
most of the structures are of human isoform II. So far only 10 out of 12 active
human CA isoforms have been solved by X-ray crystallography. Mitochondrial
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of catalytically important water molecules in the active site thus deepening our
knowledge of the catalytic mechanism. They have also demonstrated that the
amino group of sulfonamide is in a deprotonated state when bound to the Zn ! of
CA. Numerous structures of inhibitors bound to various CA isoforms have helped
to design inhibitors that would exhibit high affinity and significant selectivity
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13.1 X-ray Crystallography of Proteins

Protein crystallography along with nuclear magnetic resonance (NMR) spec-
troscopy and cryo-electron microscopy (Cryo-EM) allows the determination of
the atomic coordinates of biological macromolecules. In protein crystallography
the coordinates of atoms are obtained processing the X-ray scattering pattern
of the crystal. Short X-ray wavelengths (0.8 A to 1.54 A) used in the protein
crystallography are comparable with the interatomic distances (1 A to 2 A) in protein
molecules. In a typical data collection experiment the protein crystal is usually
cooled to 100K, placed on rotating goniometric head and exposed to the focused
X-ray beam, and scattering pattern is captured by a detector.

Protein crystals, like inorganic and small molecule crystals, are made of identical
repeating blocks that are called unit cells. Each unit cell contains one or several
macromolecules that could or could not be related by symmetry operators. Pro-
tein crystals usually contain 40 % to 70 % solvent that occupies space between
macromolecules. This feature makes protein crystals rather delicate but high solvent
content makes it possible to introduce desired small molecules into protein crystals
by soaking. This feature is used widely in the crystallographic studies of carbonic
anhydrases complexed with various ligands.

The X-ray diffraction pattern and the scattered intensities provide information
on the unit cell, the symmetry of the molecules packed in the crystal, and is
characteristic for the symmetry of the crystal. The detectors are able to record
the scattered intensities, whereas the phase information of the diffracted X-rays
is lost. This is referred to as a phase problem, and there are many methods in
modern protein crystallography to address this problem. There are two principal
ways to obtain phases: molecular replacement method that calculates initial phases
from a previously determined structure of the same or similar protein, and the
introduction of few strongly scattering heavy atoms into the protein crystal and
comparing modified and native datasets. Nowadays the most popular way to the
ab initio phasing is to use anomalous scattering at the wavelengths that are close
to the absorption edge of X-rays by heavy atoms (SAD or MAD from single- or
multi-wavelength anomalous dispersion), which is possible at the tunable X-ray
synchrotron beam lines. A popular way to introduce anomalous scatterer into the
protein is in vivo labeling using Se-methionine substituting methionine.

Protein crystallography is a main source of our knowledge about the protein
structure at atomic resolution. The fraction of protein structures obtained by NMR
spectroscopy and Cryo-EM is still rather small in the Protein Data Bank (PDB),
but these methods are indispensable because they provide structural information on
proteins or protein complexes that could not be crystallized, such as intrinsically
disordered peptides or large multiprotein complexes. Currently there are 150 000
protein structures determined by crystallography, NMR, and Cryo-EM in the PDB
[1] making an immense impact on our understanding of protein function and the
development of structural bioinformatics.
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The PDB database is not just a comprehensive open access collection of protein
structures, but also provides other information including statistics on data collection
and structure refinement. The most important of these parameters is the resolution
of the structure. At the high resolution 1A or better, the hole in benzene ring is
visible and carbon atoms are separated while at resolution greater than 3.5 A it is
difficult to even distinguish between amino acid side chains. Recently, on-line tools
calculating electron density map have been made available [2]. The quality of the
electron density map depends on resolution of collected data. During the refinement
of the initial model, calculated phases reveal electron density corresponding to the
structural fragments absent in the initial models (ligands, water molecules, etc.)
(Fig. 13.1). It is important to examine the electron density of the corresponding part
of the protein or ligand before making far-reaching conclusions.

The quality of the protein model during refinement can be tracked by R-factors
parameters. The Ry, parameter reflects the agreement between a diffraction
pattern derived from the protein model and the observed diffraction data. The goal

P

Fig. 13.1 Improvement of the electron density in the active site of CA II. The difference electron
density map (F,ps — Feaic) is contoured at 3.0 o. (a) The initial difference electron density map
after molecular replacement containing no Zn atom. (b) The initial model refined, the zinc ion is
included into the model, small peaks in active site could be interpreted as solvent molecules. (c)
Addition of solvent molecules resulted in high quality electron density of the sulfonamide ligand
bound in the active site. (d) The chemical structure of ligand which was built in the electron density
(PDB ID: 4QILY)
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is to produce a model PDB coordinate file that best accounts for the observed
diffraction data while obeying the restrictions of chemical geometry (bond lengths,
angles, torsion angles, etc.). The protein models obtained for high resolution
structures usually are of better quality in terms of accuracy and geometry restraints.
Hence, for low resolution structures correct restraints are very important, because
the electron density does not provide enough details and the protein chain has some
degree of conformational freedom. The rule of thumb in a correctly solved structure:
Rcryst in percent corresponds approximately to the resolution of the structure
multiplied by 10. The Ry,.. parameter is also important showing the discrepancy
between crystallographic model and refinement bias. It is the same parameter
reflecting errors in the structure as R.,ys;, but it is calculated using a small portion
(5% to 10 %) of reflections that are excluded from the refinement of the model. In
an ideal case at high resolution both R-factors are close to each other. In reliable
structures the difference between Rc;ys; and Ry, is less than 5 %. High Repyg,
values, however, do not necessarily reflect poor crystallographer’s performance
as there could be also some experimental reasons for the poor agreement. Many
proteins contain disordered regions, even whole subunits in multisubunit complexes
could be poorly resolved or the diffraction data could be noisy, the crystal could
have high mosaicity (disorder) (Fig. 13.2).

A

Fig. 13.2 The quality of electron density of ligands in the active site of CA in crystal structures
that have similar (=2A) resolution and certain problems with overall completeness of the dataset
or conformational mobility of ligand. (a) Ligand VD11-4-2 in CAXII is bound in a single
conformation, the ligand is well-ordered despite the low overall completeness of the dataset—
75 % (PDB ID: 4QOL). (b) Ligand E52 bound to CA II demonstrated alternate conformations of the
pyrimidine ring, whereas the chlorinated benzene ring is in the same position due to interactions
of chlorine substituent in the hydrophobic pocket. Thus the electron density seems to be highly
incomplete. (c¢) Electron density of a ligand E35 bound in CAIV (PDB ID 5IPZ). The overall
completeness of the dataset was 85 % but resulted in only partial electron density of the ligand
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13.2 Neutron Crystallography

The positions of hydrogen (H) atoms in macromolecules are difficult to visualize
using X-ray crystallographic techniques, even when atomic resolution (< 1.0 A)
diffraction is obtained. This is because the interpretation of the electron density
maps when assigning the positions of H atoms of water molecules with high

(>20 10\2) thermal parameters can be ambiguous [3]. However, neutron crystal-
lographic data at medium (~2.0 A) resolution can complement medium-to-high
resolution (~2.0 to 1.0 A) X-ray crystallographic data and allow the placement and
analysis of key H atoms [4-8].

The two methods are therefore very complementary, requiring the same experi-
mental setup, with the difference being that neutrons are used instead of X-rays. This
complicates the experimental setup, which includes generating the neutron beam
and the design of detectors to record the diffraction pattern. Also as neutron beams
have less flux than traditional X-ray sources, the crystals have to be larger and it
takes considerably more time and is expensive to collect the complete diffraction
data.

Neutron scattering can provide the position of H atoms, as H has a neutron-
scattering length (—3.7 x 10~!13 m or —3.7 fm) similar in magnitude but opposite in
sign to other atoms found in proteins (O, 5.8 fm; N, 9.4 fm; C, 6.6 fm; S, 2.8 fm) and
they can be detected. Also, deuterium (D) has a positive scattering length (6.7 fm)
compared to protium (H) and a significantly smaller incoherent neutron-scattering
cross-section (2.0 barns vs. 80 barns for H), and therefore the signal-to-noise
diffraction data can be greatly improved in neutron scattering when D atoms are
substituted instead of H atoms.

In contrast to neutrons, the diffraction of X-rays depends on the number of
electrons and since as H and D are relatively electron-poor, compared to heavier
atoms found in proteins, they diffract very weakly and appear practically invisible
in X-ray crystallography. In neutron crystal structure the H atoms are typically
exchanged by D atoms. These factors taken together make it much easier to locate D
or H in resulting nuclear density maps in neutron compared to X-ray crystallography
[9]. Therefore neutron crystallography can readily provide information on the
protonation states of amino acid residues, ligands, and the nature of bonds involving
hydrogen [10]. Neutron crystallography can also be used to identify H atoms
that are exchanged with D and the extent of this replacement, thus providing a
tool for identifying isotopically labeled structural features, for studying solvent
accessibility and macromolecular dynamics, and for identifying minimal protein
folding domains [11].

Neutron crystallography is also useful for studying the hydration of macro-
molecules, especially when it is combined with X-ray crystallography in joint
(X-ray and Neutron) refinement procedures. In X-ray crystallography, the electron
density maps depict water molecules as a spherical density peak corresponding to
the position of the oxygen (O) atom. However, in neutron-scattering density maps,
due to the strong scattering contribution from D, the density associated with D,0
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may no longer be spherical but rather shaped to indicate the position of the D atoms.
It can often be difficult to interpret these extended neutron-scattering density peaks.
However, we have found that using both X-ray and neutron data together can greatly
help in this interpretation, by allowing placement of the O atom and the subsequent
interpretation of the extended neutron-scattering density peak as either one or two D
atoms. For this kind of analysis it is ideal to have neutron data to 2.0 A or better. Both
the ability to accurately place and orient D,O and viewing the resulting hydrogen
bonded patterns they participate in can give enormous advantages in understanding
how enzymes work [7].

13.3 Protein Crystallography and Drug Design

Role of crystallography in the structural biology and bioinformatics has been
critical for our understanding of biology. Also, since the introduction of the third
generation synchrotron beam (X-ray source) lines that made possible collection of
full dataset from the crystal in minutes [12] and recent methodical advances of
protein crystallography, this method became to be routinely used not only in the
fields of pure scientific research, but also as part of the drug design workflow. Two
approaches of ligand design rely on the high throughput crystallographic studies:
structure-based [13, 14] and fragment-based drug design [15].

In these studies protein crystallography is evaluative because it allows to
visualize a selection of compounds bound to the protein of interest and aid in the
design of next generation inhibitors. Also crystallographic results can be used for
training of computer algorithms that can aid chemists to predict chemical structures
of putative inhibitors [16].

Therefore protein crystallography has played an important role in pharmaceutical
research, namely in the structure-based drug design [17]. Visualization of the ligand
bound in the active site of a target protein is an evidence of the binding by itself,
and analysis of the interactions between the protein and ligand helps to understand
the binding mechanism. On the other hand, concentration of the protein used in
crystallization is of a millimolar range and even very weakly bound ligand can be
observed in the crystal structures. Crystallography cannot provide information on
the binding affinity of the ligand but provides the structure of the binding pocket.
The crystal structure is a static view of a bound ligand, therefore it is not necessarily
the only possible conformation of the compound of interest, showing only its
energy-minimized orientation. Analysis of several crystal structures or comparison
of the ligand binding between subunits if those are present in the asymmetric cell
often reveals several alternative binding modes. Alternate conformations of the
ligands and protein side chains are also detected.

Recent advances in protein crystallography have allowed to determine a crystal
structure in a less than an hour using automated computation pipelines linked to fast
data collection at modern synchrotrons. The main limitation for the use of protein
crystallography is the difficulties associated with the crystallization of a protein and
improving of the diffraction quality of crystals. Not all proteins can be crystallized
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within reasonable time and available resources. However, if the crystals of a target
protein diffract good enough to see and identify the bound compound of interest,
protein crystallography is a useful tool for such drug design project.

13.4 Crystal Structures of Carbonic Anhydrase Isoforms

The first X-ray crystal structures of CA reported in 1970s were the structures o-
CA isoforms of CATI and CAI purified from human erythrocytes [18-21]. CA1
crystals usually form the P21212; symmetry and contain two protein subunits in
the asymmetric unit. There are 29 crystal structures of CAI in PDB with bound
inhibitors [22-29]. The active site of CAI does not differ much from CAII, and
this may be the reason why this isoform is not well represented in the PDB. Both
isoforms are very similar in tissue location and specific catalytic activity being blood
CAs. Crystals of CA I are usually of very good quality, but are not in use for soaking
with inhibitors due to the fact that in the crystal the entrances into the active site are
blocked by crystallographic packing by neighboring subunits (Fig. 13.3). Therefore
in the case of CAT the pre-mixed complexes of CAT with inhibitors have to be
prepared prior to crystallization [26,28,29]. Since the active site of CA T is similar
to CATI, inhibitors that bind with high affinity to CA II usually also bind with high
affinity to CA L

CA 11 is by far the most represented CA isoform in PDB (with approximately 700
structures in PDB). The first crystal structure of CA II was published in 1972 [19,30]
along with CA 1. The protein crystallized usually in P21 (such symmetry is one of
the “most common” between proteins). Variations in CA II crystal form (P212121,
P1, and C2) have been described in several studies [27,29,31-36]. CA Il is not only
the model protein for the CA inhibition studies, but CAII crystal structures were
also used in numerous theoretical studies of protein—ligand interactions as well as
in elucidation of the mechanism of CO, hydration catalyzed by CAs.

The crystal structure of CAIII was first described in 2005 [37]. The enzyme
possesses much lower specific activity than CAII and other highly active CA
isoforms. The crystal structure revealed that Phe198 could be the main reason for
the lower activity of CA III and this hypothesis was tested by mutation of Phe198 to
leucine (numbered according to CA II). The resulting mutant protein was 10-times
more active than the wild-type CAIII. The proton transfer pathway was analyzed
further [37,38] and when Lys64 was replaced by His64 in CA 111, the enzyme almost
reached the level of CAII activity.

Membrane-bound CATIV is located outside the cell and is also one of the
most active human CA isoforms. Twelve crystal structures of this isoform are
available currently in the PDB. The first structure of the secreted domain of CAIV
was published in 1996 [39]. The protein is monomeric and stabilized by two
intramolecular disulfide bonds. Among other structural features unique for this
isoform is the positive surface potential at the C-terminus. This is connected with
the membrane anchor of the enzyme. Crystals of CAIV diffract to the medium
resolution 1.7A to 2.8 A. The loop formed by residues 126-138 is disordered
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Fig. 13.3 Crystal structures of CAI and CA XIII illustrate how protein packing in the crystal
blocks the entrance of an inhibitor into the active site. The protein-ligand complexes can be
obtained only by co-crystallization or by use of crystals with other packing mode of protein
molecules that would allow soaking. Zinc atoms are shown as magenta spheres. (a) Two
neighboring molecules in the crystal structure of CAT crystallized in the P212;2; symmetry.
The entrance into the active site cavity is blocked by crystal packing, subunits block the entrance
preventing the diffusion of inhibitor VD12-05, shown as ball-and-stick, into the active site (PDB
ID: 4WR7). (b) Two crystallographically related protein molecules of CA XIII crystallized in the
P4,2,2 symmetry when the subunits partially block the entrance into the active site cavity (shown
with yellow arrow). Such packing of CA XIII molecules is not presented in the PDB database

or demonstrates varied conformations in different crystal structures, allowing the
binding of larger inhibitors by this isoform as compared to other CA isoforms
[40,41].

The dimeric secreted isoform CA VI is represented in PDB by a single crystal
structure of the catalytic domain [42]. The intramolecular dimer formed by CA VI
is stabilized by a disulfide bond that is characteristic for membrane-bound CA
isoforms. The dimerization interface of CA VI differs from CAIX and CA XIIL
Surprisingly, magnesium ion forming an octahedral coordination pattern was
present in the active site instead of zinc.

Only three crystal structures of CA VII are present in PDB containing clinical
drugs ethoxzolamide and acetazolamide bound in the active site. An intramolecular
disulfide bond (Cys54—Cys178) was present in the structure of CA VII with
acetazolamide [43]. Recently, ordered water network has been analyzed in CA VII
crystal structure [44] and compared with CAII.
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CA VIII represents an inactive isoform, also referred to as CARP (CA-related
proteins), and only one crystal structure has been published of this isoform [45].
This CA demonstrates an extensive negatively charged surface, absent in other CA
isoforms. The cavity of the active site is narrow compared to other structurally
characterized isoforms due to the presence of arginine and isoleucine side chains.
The residue Argl16 structurally coincides with His94 in CATI, whereas Ile224
replaced Thr200 in CA II. A chlorine atom was found in the position that is normally
occupied by the zinc in enzymatically active CA isoforms.

Since the membrane-associated CA IX has been shown to be associated with
certain tumors [46], the protein has attracted significant attention from crystallogra-
phers. The first crystal structure of the catalytic domain was determined in 2009
[47]. The catalytic domains of CAIX form a homodimer like other membrane-
bound CA isoforms, but the structure revealed that dimerization mode of CAIX
differs from CA XII.

The interest to crystallographic studies of CAIX in connection with search of
isoform-selective inhibitors resulted in design of engineered CA II forms that could
“mimic” the active site of CAIX. Six amino acids in the active site cavity differ
between these isoforms (Table 1 in Chap. 14), and the proposed mimics have 2—
8 mutations [48-56]. On the other hand, significant progress was made in the
optimization of CAIX expression system [57] and its crystallization as described
in Chap. 14.

CAXII is another dimeric membrane-bound isoform and its overexpression is
also associated with various cancers. The crystal structure of the catalytic domain
was first published in 2001 [58]. The protein is a dimer, linked through the disulfide
bond Cys23—Cys203. The main difference of the active site of CA XII from other
CAs is the absence of phenylalanine within the active site, instead it has an alanine at
the equivalent 131 position. The absence of this bulky hydrophobic side chain makes
the CA XII active site more spacious, providing ligands the possibility to adopt more
conformations upon binding. This feature makes CA XII a very interesting reference
protein in search of the CA IX isoform-specific inhibitors [29, 33, 36, 56, 59, 60]. A
mimic of CA XII was made by introducing several point mutations in CAII for
comparison of ligand binding in the mimic protein, CA II and CA XII [56].

CA XIII is a monomeric isoform that is located in the cytosol and is expressed
in several human tissues. The CA XIII preferred crystallization space group is
P2y or P21212;. Crystal structures of unliganded CA XIII and its complex with
acetazolamide were the first crystal structures [61] of CA XIII. Twelve crystal
structures of this enzyme have been published as a part of comparative studies in
the designing of isoform-selective inhibitors [28,33, 36,59, 60, 62].

The last discovered human CA was the membrane-associated CA XIV. The
extracellular domain of this human enzyme was crystallized in complex with
acetazolamide [63]. The protein is monomeric and contained an intramolecular
disulfide bridge. As the baculovirus expression system was used for crystallization,
the protein contains pentasaccharide N-linked to Asn195m that was clearly visible
in the electron density. The disulfide bond supports the loop containing Thr199.
Similarly to other CA isoforms the active site cavity also is divided into two regions:
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hydrophobic part formed by residues Ala91, Vall21, Leul31, Alal35, Leul4l,
Vall43, Leul98, Val207, and Trp209 and the hydrophilic part formed by Tyr7,
His60, Asn62, His64, Thr65, GIn67, and GIn92. The second published crystal
structure of CA XIV was the complex with biphenyl-contained inhibitor [64].

13.5 Structural Studies of Carbonic Anhydrase Catalytic
Mechanism

The crystal structures revealed that human CAs are similar not only at the level
of primary sequence, but share a similar fold. All human CAs, including the
membrane-associated isoforms, have similar catalytic domains made of 10-stranded
B-sheet as the main structural element. Three conserved histidine side chains
coordinate the Zn™ in tetragonal coordination sphere (His94, His96, and His119
in CAII). The fourth ligand of the zinc is a water molecule or hydroxide ion.
Conformations of histidines are stabilized by aromatic residues located in the
“secondary coordination sphere” and mutations of these residues influence the
affinity of CAII to zinc or other metal ions [65-67].

Catalytic reaction mechanism of human CA II was elucidated in great detail with
the help of numerous crystal structures of CAI and CAII. Crystallography was
combined with mutational analysis aimed to clarify the roles of particular residues.
The zinc can be removed from CAII but the stability then significantly decreases
[68]. Zinc has been replaced by other metals, such as copper, cobalt, and nickel
[69,70], the protein could accommodate metals with different coordination sphere.
Replacement of Zn-coordinating histidines also caused the distortion of the stability
and catalytic properties of CAII [71-75].

The protein (CAII) active site contains one wall that is highly hydrophobic to
help the binding of CO, and the opposite wall is hydrophilic to alleviate HCO5
binding thus making the catalytic reaction most efficient. The limiting step in the
hydration of CO, by CA is the regeneration of the zinc-bound water to hydroxyl
which assumed the transfer of the proton from the protein side chain to bulk solvent.
The most probable candidate residue for the role of proton donor, discovered in the
crystal structures of CA II, was His64 and this hypothesis was tested and proven by
crystallographic characterization of the His64 mutant CA II [76-85].

Neutron crystallography has also added to our understanding of the CA catalytic
mechanism [86-90] as neutron crystallography allowed the visualization of proto-
nation state of the active site side chains and water molecule H atoms. This is due
to the fact that neutrons are directly interacting with atomic nuclei, and not with the
electrons, as X-rays do.

The bicarbonate ion as a product of CO, hydration reaction was found as a zinc
ligand in several CA I and CA II crystal structures [91-95]. The CO, bound in CA I
was seen in CO,-pressured and cryo-cooled crystals [96-100].
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Small inorganic anions inhibit CAII and are therefore often seen in the crystal
structures: acetate [101,102], azide and bromide [103], and sulfide and nitrate [104].
The SCN™ at pH 8.5 displaced the deep water [105].

Small organic molecules that do not contain sulfonamide group were also found
bound to zinc occupying the substrate position, among them triazoles [106] and
dithiocarbamates [107, 108]. In contrast, hydroxybenzoic acid and phenol-based
inhibitors described in [109], as well as other zinc-binding groups, like polyamines
[110] were found bound to Zn-bound water without direct contact with the metal.

13.6 CA Crystallography in Protein Biophysical Studies

Human CAs, especially CAI, CAII, CAXII, and CAXIII, are good examples
of proteins that can be readily crystallized and diffract X-ray to high resolution
[111, 112]. The robustness of good quality of CAII crystals has been exploited to
visualize various bound ligands [35, 113].

There are hundreds of high quality crystal structures of CAII complexed
with benzene- or heterocyclic-sulfonamides bearing various tails and substituents.
Compounds can be divided into a series that differ minimally from each other.
Comparison of crystal structures of CA with homologous ligands has resulted in
numerous studies aimed to understand and explain parameters of binding with
structural details. Such series have also been used for software training used in drug
design, like the “Combinatorial small molecule growth algorithm” [16, 114].

The CATI crystal structures of ultra-high resolution [112, 115, 116] have been
described. A comparison of several high resolution structures of CA II was used to
reveal variable parts of otherwise very robust protein [111]. Analysis of numerous
CATI crystal structures revealed that active site cavity can contain various small
molecular weight ligands bound to zinc or zinc-bound water/hydroxyl. These
observations were used in the publication, where Hofmeister series was correlated
with crystal structures of four inorganic anions in CAII [117].

Numerous crystallographic and thermodynamic studies investigated the depen-
dence of sulfonamide-based ligand with CA II on substituent structure. For example,
the hydrophobic effect was studied in a series of benzenesulfonamides with
fluorinated and aliphatic tails [118-122].

Crystallization of sulfonamide derivatives can also be used for visualization of
various interesting compounds, like synthetic foldamers interacting with protein
surfaces [113]. These synthetic protein analogs also could oligomerize when bound
to CA. Another example was the crystal structure of Xe-caging agent cryptophane
[123].

Interesting attempt to use CAII in zinc biosensors was presented in [124,
125]. The fluorophore dansylamide was bound hydrophobically in the active site.
Fluorescein-containing compounds were also crystallized in CAII [126], aimed
to detect hypoxic tumors. In the complex of a bifunctional compound a complex
with Xe was used for the detection by hyperpolarized '**Xe NMR [127]. Another
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example is the crystal structure of fluorescein-derivatized aryl-benzenesulfonamide
with CA1I, as part of zinc biosensor [125].

13.7 Structures of Carbonic Anhydrase-Inhibitor Complexes

Most crystal structures of CAs address a problem of recognition by small molecular
weight inhibitors. By far the largest part of inhibitors are primary sulfonamides and
the largest number of structures are of isoform CAII (Fig. 13.4). Other isoforms
are represented by significantly lower number of crystal structures and there are no
structures deposited to the PDB of isoforms CA VA, CA VB, CA X, and CA XI. The
isoforms CA IV, CA XII, and CA XIII are represented by complexes with inhibitors
allowing to compare ligand binding in the active site of several isoforms in search
of isoform-selective inhibitors.

Currently, one of the main goals in CA research is the search of CAIX-
selective inhibitors, because it plays a central role in the development of hypoxic
tumors [128]. Another direction is the search of selective inhibitors for ubiquitous
CAI and CATI isoforms, targets of anti-glaucoma, anti-obesity, anti-epileptic
drugs that could be used against other disorders [70, 129—131]. Numerous studies
combining inhibition measurements with the crystallographic description of various
compounds have been performed by Supuran group. These include a search for
inhibitors of CA 11, isoform-selective inhibitors as promising anti-cancer agents, and
anti-bacterial compounds as selective inhibitors of bacterial CAs. The group has also
investigated crystallographically a great variety of non-sulfonamide (non-classical)
compounds that bind to CA, reviewed in [53, 132, 133].

“Classical” CA inhibitors include sulfonamide derivatives and their isosteres:
sulfamates and sulfamides [134]. Most ligands reported in the literature are based
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Fig. 13.4 The number of crystal structures of human CA isoforms in PDB database
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on the primary sulfonamide group. There are also sulfamide-based compounds
represented by anticancer steroid and non-steroid drugs [135-137]. It was found that
some buffer components and amino acids could stimulate CA activity increasing the
efficiency of the proton-shuttle mechanism [116, 138—141].

The main difficulty in designing isoform-specific inhibitors of human CAs is the
active sites which are highly similar in amino acid composition. Many compounds
have been screened in search of leads that would bind weakly to the ubiquitously
expressed CAII and CAT but strongly to CAIX. The CAIX-specific compounds
have been used not only for the inhibition of CA IX isoform, but also as markers
of hypoxic tumors or as sensibilization agents [142—145]. Benzenesulfonamide
with positively charged para-substituent has been tested for anti-tumor activity
and crystallized in CAII [146]. Such modification prevented the transport of the
compound across the cell membrane. The usual approach in search of isoform-
specific CA inhibitors includes the scanning series of homologous compounds
according to the inhibition or binding to several CA isoforms and analysis of the
binding within the active site of one or more isoforms, usually CAII [143, 147-
150].

We have attempted to correlate binding thermodynamics with the structural
details of compounds bound in the active sites of several CA isoforms. One
investigated group of CA inhibitors were 2,4-, 3,4-, or 4-substituted fluorinated
benzenesulfonamides [28,29, 33,56, 151].

The crystal structures of para-substituted fluorinated benzenesulfonamides
bound in CAI, CAII, CAXII, and CA XIII have been described in [59] and
[29]. These compounds have high selectivity towards CA 1. Positions of ligands
in different isoforms were compared and two main orientations of the benzene ring
were described. Positions of benzene ring in CAT and CA II were different. These
studies were continued with meta- and para-substituted compounds bound in CA I,
CAXII, and CA XIII [33].

Several designed compounds demonstrated unusually high affinity towards
CAIX, especially the ortho- and meta-cyclooctyl-substituted para-substituted flu-
orinated benzenesulfonamides, VD12-09 and VD11-4-2, respectively [56]. The
structures of VD11-4-2 bound to several CAs that are compared with compound
VD12-05 that does not possess a second meta-substituent are shown in Fig. 13.5.
The structure of VD11-4-2 bound to CA IX is described in the next chapter. High
selectivity of these compounds towards CA IX could be inferred from the good fit
of the cyclooctyl group to the hydrophobic pocket of CA IX. The binding to CAIX
was modeled by multiple mutations of CA II making it to resemble the active site
of CAIX. A similar CA XII mimic was also constructed to compare the switch
of the ligand binding mode between CAII and CA XII isoforms. The binding of
both compounds in the CA IX mimic was different. The CA XII mimic based on
published data [56] was concluded to be a good “working” model of CA XII.

In contrast, the binding constants of VD11-4-2 to CA IX and its mimic differed
substantially. Therefore, the crystal structures of CA IX mimic should be used with
care when trying to mimic actual CAIX. In conclusion, it was stated that it is
not enough to design a single para-substituent to achieve the desired selectivity
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VD11-4-2 VD12-05

CAl

CA Xl

CA Xl

Fig. 13.5 Positions of compounds VD11-4-2 (left column) and VD12-05 (right column) in the
active sites of CAI, CAIl, CAXII, and CA XIII isoforms. Hydrophilic amino acid surface is
depicted blue and hydrophobic—yellow. Compounds are drawn as pink sticks, water molecules—
as red circles. The structures are drawn with Pymol
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for CAIX, but at least two substituents, ortho-/para- or meta-/para-, are needed.
Selectivity and high affinity should be balanced and it is always a compromise.

In [33] the binding modes of three para-meta-trifluorobenzenesulfonamides,
VD11-28, VD10-39a, and VD12-25-2 in the active sites of CAII, CA XII,
and CAXIII were analyzed crystallographically. Two compounds, VD10-39a
and VDI11-28, showed variable binding modes in the three tested isoforms.
In contrast, VD12-25-2 has a bulky and rigid meta-group [(1R,2S)-2-hydroxy-
1,2-diphenylethyl]Jamino which was found in all crystal structures towards the
hydrophobic pocket of the active site. In one of alternate conformations, the
substituent displaced Phel33 of CA XIII. The sulfonyl linker made H-bonds with
the hydrophilic part of the active site, namely with Asn37 structural counterparts
(Lys69 in CAXII and Asn69 in CA XIII). This compound was selective towards
CAXIIL

In another study, benzenesulfonamide groups differed by the presence of chlorine
in the position 2 of the benzene ring [59, 62, 152-154]. Structures of three
indapamide-like compounds bound to CA II were presented in [154]. All these com-
pounds are meta-substituted 2-Cl-benzenesulfonamides. The presence of chlorine
usually fixed the position of benzene ring (that is similar to that of indapamide and
chlorthalidone) and the meta-substituents defined the higher affinity of synthesized
compounds.

The selectivity and binding properties of meta- and para-substituted 2-Cl-
benzenesulfonamides were compared with meta- and para-substituted benzene-
sulfonamides in [153] and [60]. Their binding to CAIIl, CAXII, and CA XIII
was analyzed crystallographically. The para-substituted compounds demonstrated
higher affinities, but the meta-substituted compounds containing Cl were usually
more selective between isoforms. The full matrix of four tailgroups combined with
four variants of benzenesulfonamide scaffolds was analyzed crystallographically
and thermodynamically in [62].

13.8 Neutron Structure Demonstrated the Deprotonated State
of Bound Sulfonamide

Neutron diffraction studies by visualizing the positions of H(D) atoms have provided
crucial information on the protonation state of the NH, group in the sulfonamide.
The second deuterium is not visible in the neutron structures showing both
acetazolamide and ethoxzolamide bound to CAII (Fig. 13.6). This evidence that
is essential to confirm the amino group becomes deprotonated in order to bind the
Zn'l of CA.

The neutron structures were important to demonstrate the positions of all
water molecules involved in the catalytic mechanism [90, 100]. Positions of water
molecules are visible by X-ray crystallography, but the positions of H atoms and
thus the orientation of waters are visible only in the neutron diffraction structures
[90]. It is also important to visualize water molecules occupying the active site both
in the absence and in the presence of the inhibitor compound. This difference in
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Fig. 13.6 Neutron diffraction studies have demonstrated the positions of deuterium atoms thus
enabling visualization of the orientation of water molecules (a) and the absence of the second
proton in the NH, group of the bound sulfonamide group of ethoxzolamide (EZA, EZM) (b) and
AZM (c and d). (a). Orientations of water molecules drawn with Pymol based on PDB 4g0c,
AZM are bound to CAIIL (b). There is no density at the position where the second deuterium
(protium) is supposed to be in the NH, group if it was protonated [90]. (¢). The electron density
of acetazolamide (AZM, PDB 4g0c) is shown in gray mesh, neutron density shown in yellow. The
Zn' is shown as a pink sphere. (d). Different orientation of AZM to show the absence of the second
proton in the NH, group of sulfonamide. Reprinted with permission from [90] (b) and [88] (c)

the solvation pattern may yield answers of the energetics and recognition by the
compounds of the protein active site.

13.9 Conclusions

Structural studies showing the position of every atom in the CA—inhibitor complex
provide essential information for our understanding of the recognition between the
CA protein and a sulfonamide inhibitor. X-ray crystallography shows the positions
of all atoms except hydrogens, while the application of neutron diffraction fills this
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gap and enables visualization of deuterium atoms thus providing the orientations
of water molecules in the active site and demonstrating that the amino group of
sulfonamide is in a deprotonated state when bound to the CA.
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Inhibitor Complexes with CA IX That Plays

a Special Role in Cancer

Kaspars Tars and Daumantas Matulis

Abstract

Carbonic anhydrase IX (CA IX) is an isoform of CAs that is highly overexpressed
in numerous human cancers and found essentially only in the stomach in healthy
humans. Therefore, it is considered to be a target both for cancer therapy and
cancer diagnostics. The CA IX is primarily found on the surface of cancer cells,
it acidifies the environment and alleviates the progression of metastases. To
rationally design inhibitors of CAIX that would bind and inhibit the enzyme
with high affinity but at the same time would not bind or bind weakly to the
remaining 11 catalytically active CA isoforms is a difficult task that requires a
high-resolution crystal structure of the enzyme and its complexes with inhibiting
compounds. Oppositely to many CA isoforms, the CAIX enzyme has proven
to be very difficult to crystallize. Only several crystal structures of the enzyme
have been previously described. Here we describe the crystal structures of
CAIX with a series of inhibitors that bear fluorine for increased affinity and
a hydrophobic moiety that makes it highly selective for CAIX. The crystal
structures describe how the compounds recognize the enzyme and provide clues
to the structure—thermodynamics correlations that are necessary for compound
design with desired binding properties.
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14.1 Introduction

Carbonic anhydrase IX (CAIX) is one of the twelve enzymatically active CA
isoforms found in human organism. CAIX is a trans-membrane protein, rarely
found on a surface of normal cells and limited to the tissue of gastrointestinal tract
[1], but frequently overexpressed in human hypoxic tumors. Cells of many solid
tumors are facing hypoxic conditions and therefore are developing various strategies
to adopt their metabolism. Under hypoxic conditions, the cells obtain most of their
energy from glycolysis, resulting in accumulation of pyruvate and lactate—organic
acids, which are lowering intracellular pH. Produced hydrogen ions may react with
bicarbonate, forming carbon dioxide, which escapes the cell and again is converted
to bicarbonate and proton. The net result is that the intracellular pH is maintained
within physiological range, but extracellular space gets acidified. In order to enhance
the conversion of carbon dioxide to bicarbonate, hypoxic cells tend to overproduce
the membrane-associated carbonic anhydrases. Notably, CA IX is overproduced in
many hypoxic tumors including renal cell carcinoma [2], breast cancer [3], and
numerous others. Furthermore, high expression of CA IX generally correlates with
poor prognosis and is related to a decrease in the disease-free interval following
successful therapy [4]. Apart from its role in pH regulation, CAIX modulates
tumor growth, survival, and malignancy by several other mechanisms which do
not seem to be directly related to enzymatic activity. These include interference
with the Rho/ROCK signaling pathway [5], and binding to beta-catenin, resulting in
weakening of intercellular contacts [6].

14.2 Utilization of CA IX as Anti-Cancer Therapeutic Target

Specific presence of CAIX on the surface of tumor cells can be targeted in two
distinct ways [7]. First, enzymatic activity of CAIX can be inhibited, thereby
reducing the fitness of tumor cells in hypoxic environment. Second strategy is to
use CAIX as a cancer cell-targeting molecule. This can be accomplished either
by targeting toxic or radio-labeled compounds or marking the CA IX- expressing
cells for attack by immune system. For example, specific anti-CA IX antibodies
can mediate cancer cell destruction by antibody-dependent cell-mediated cytotoxi-
city (ADCC), complement-dependent cytotoxicity (CDC), and antibody-dependent
cellular phagocytosis (ADCP) [8]. Several monoclonal anti-CA IX antibodies have
been shown to reduce tumor size in animal models. Anti-CAIX monoclonal
antibody girentuximab (known also as G250) displayed promising results in Phase I
and Phase II clinical trials [9] but failed to display significant benefit in Phase I1I
trials [10]. A less well-explored strategy is the induction of auto-anti-CAIX
immune response. One study demonstrated that dendritic cells, presenting CA IX,
are efficient anti-cancer vaccine candidates in animal models [11]. In this case, the
cancer cell destruction was achieved by T-cell mediated CA IX-specific inhibition
of tumor growth rather than by any mechanism involving antibodies.
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Specific CAIX targeting is not restricted to the use of anti-CAIX antibodies.
The CA IX-targeting peptides have been obtained by phage display [12-14].
Furthermore, it is possible to use CA inhibitors as targeting molecules by fusing
them to toxic compounds [15, 16] or nanoparticles [17].

14.3 Structure of CA IX and the Properties of Non-Catalytic
Domains

CAIX is a multi-domain membrane protein, containing extracellular, trans-
membrane, and intracellular parts [18] (Fig. 14.1). The first 37 residues consist
of the signal peptide, which is absent in the mature protein. Extracellular part
is composed of the N-terminal proteoglycan-like domain (PG), followed by the
catalytic domain. After a short linker region, there is a single trans-membrane helix,
followed by a short intracytoplasmic (intracellular) tail.

While the catalytic domain and trans-membrane helix fulfill the obvious func-
tions of catalytic activity and membrane anchoring, the exact biological roles of
the other parts of the protein are less well defined, although several functions have
been attributed to both PG and intracellular domains. Residues 53 to 111 of the PG
domain display sequence homology to keratan sulfate region of aggrecan, which is
a part of proteoglycan assembly, hence the name “proteoglycan-like domain” [18],
although the presence of carbohydrate units has never been observed in the CAIX
PG except for a single O-glycosylation site at Thr78 [19]. The PG domain has a
remarkably high content of negatively charged residues (35 out of 99) and contains a
6-fold tandem repeat of consensus sequence GEEDLP. Structurally, the PG domain
seems to belong to the intrinsically disordered proteins, possibly with some regions
adapting polyproline II-type helix conformation [20].

The PG domain appears to have several functions. First, it plays a role in cancer
cell adhesion, spreading, and migration [21]. The PG domain has also been shown
to influence the catalytic activity of the enzyme. It has been demonstrated that the
enzyme without PG domain is roughly 2 to 3 times less active compared to the full-
length enzyme [19]. Furthermore, the addition of recombinant PG domain to PG-
less CAIX also enhances the enzymatic activity [20]. The presence of PG domain
also shifts the optimum pH value for the enzyme from 7.0 in the PG-less variant
to 6.5 in the full-length protein, therefore making CA IX more efficient in acidic
environments, typical for hypoxic cancer tissue [22]. The mechanism for PG domain
action on the catalytic activity is unclear, but, judging from the structure of catalytic
domain, the PG domain lies at the border of the active site, and it is thought that
the negatively charged residues of PG domain might interact with the positively
charged residues lining the active site of the catalytic domain [23]. More recently
it has been demonstrated that the PG domain has yet another function—it mediates
the facilitation of lactate transport in cancer cells [24].

The intracellular domain is very short, comprising just 26 residues. No direct
experimental data is available regarding its structure, but modeling studies suggest
that the intracellular part is in helical conformation [25]. The intracellular tail has
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Fig. 14.1 The structure of CA IX. (a) Domain organization and covalent structure of CA IX dimer.
Signal peptide (SP) is absent in mature protein. PG proteoglycan-like domain, CA catalytic domain
of carbonic anhydrase, L linker region, TM trans-membrane helix, /C intracytoplasmic tail. Inter-
and intra-monomer disulfides, two glycosylation sites, and three phosphorylation sites are shown
along with the respective residue numbers. Residues are numbered as for mature protein, excluding
signal peptide. (b) Three-dimensional model of CAIX, based on known structure of catalytic
domain and predicted trans-membrane helix. Coloring of domains is the same as in panel (a). The
catalytic zinc ions are shown as gray spheres. Sugar moieties at N309 are shown as stick models

three phosphorylation sites—T406, S411, and Y412. The first two seem to regulate
the enzymatic activity of CAIX, while the last one is involved in EGFR-induced
signal transduction to PI3/Akt kinase pathway. The intracellular tail has also been
shown to interact with cullin-associated NEDDS8-dissociated protein 1 (CANDI). It
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appears that CANDI is stabilizing the CAIX structure, since the cells with lower
CANDI1 expression also have lower CA IX content [25].

14.4 Structure and Function of the Catalytic Domain of CA IX

Due to technical challenges of the work with trans-membrane proteins, most in
vitro inhibition and structural studies of CAIX have been limited to the use of
catalytic domain, which can be produced in soluble form and retains at least a part
of the catalytic activity of full-length CAIX [19,26]. The CAIX in its physiological
form makes a homo-dimer, where the catalytic domain is making all known inter-
dimer interactions. Both catalytic domains are linked by a single disulfide bond,
but the dimeric structure is also retained in the absence of the covalent linkage, as
demonstrated by the site-directed mutagenesis, where the disulfide-forming cysteine
was replaced by a serine [23].

The carbonic anhydrase XII (CA XII) is also a dimer in its physiological form.
However, the dimer-forming interface of CA XII is completely different from that
of CAIX [23]. As of now, it remains unknown if the dimerization of CA IX has any
biological function, such as the cross-talk between both active sites.

The catalytic domain of CAIX is homologous to other human CAs, being 34%
identical to that of CAII. Despite the relatively high similarity to CAII and other
“easy-going” carbonic anhydrases, the catalytic domain of CAIX is notoriously
difficult to produce in soluble form and crystallize, which is often the case for
mammalian non-cytosolic proteins. To circumvent this problem, a number of CA IX
active site mimics have been reported earlier, based on CAII scaffold, but with
active site residues to some extent representing those of CA IX [27,28]. However,
none of the active site mimics is a perfect model for drug design. In the best available
mimic, all active site residues along with several nearby residues were converted to
those of CAIX and the resulting 3D structure of the active site was indeed very
similar to that of CAIX [27].

However, later structural studies with inhibitors revealed that in some cases
there are modest, yet significant changes in the exact positions of bound inhibitors
among CAIX and CAIX mimic structures [29]. The first successful structure of
the catalytic domain of CAIX was obtained from the enzyme produced in insect
cells [23]. Apart from the lack of intracellular, trans-membrane, and PG parts, the
protein had an additional change—a cysteine, able to form the intra-dimer covalent
disulfide bond was mutated to serine, resulting in a substantially higher resolution.
The overall structure of CA IX catalytic domain is very similar to that of other alpha
class CAs, forming an «-B-o sandwich, where 10-stranded anti-parallel B-sheet
forms the protein core (Fig. 14.2). The secondary structure elements of the catalytic
domain of CAIX are essentially the same as in CAII and even most of the loop
structures are quite similar. Largest differences are found in a hairpin loop region,
which forms the inter-monomer interface in CA IX dimer, in part accounting for the
fact that CA IX can form a dimer, but CA II cannot.
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Fig. 14.2 Comparison of overlaid catalytic domain of CAIX (green) and CAII (cyan) overall
structures. The biggest differences are found in the loop region (red for CA II and blue for CA IX),
involved in the dimer contacts in CA IX. The catalytic zinc ions are shown as gray spheres

Despite the obtained structure, the production of the catalytic domain of CA IX
in insect cell production system was rather challenging. Therefore, an alternative
system of production in Pichia pastoris was introduced, utilizing a cleavable N-
terminal MBP fusion protein tag [26]. The obtained protein was essentially the same
as in the insect production system, except that the asparagine Asn309 was replaced
with a glutamine to avoid potential overglycosylation problems, since Asn309 is
known to be glycosylated in insect cell production system.

14.5 Design of High-Affinity and Specific CA IX Inhibitors

Since human genome encodes twelve catalytically active CAs with a considerable
degree of homology, specific targeting of a particular CA is challenging. As
illustrated in Fig. 14.3 and Table 14.1, the active sites of human CAs are indeed
very similar. In fact, out of about 23 residues lining the active site, only six are
substantially variable among the CA isoforms. Therefore, to achieve meaningful
selectivity, the inhibitor must make contact with some of those six residues.

Furthermore, the residues which are different among isoforms are located
relatively far from the catalytic zinc ion. Therefore, small, zinc-binding molecules,
such as acetazolamide or ethoxzolamide, are unlikely to be isoform-specific and
distinguish between CA II and CA IX.

Like in many other CAs, the active site of CAIX is composed of polar and
hydrophobic sides (Figs. 14.3 and 14.4). It is thought that this is due to the extremely
different nature of CA substrate vs products. CO, is a hydrophobic gas, poorly
soluble in water, while HCO;  and H* ions are highly soluble in water. Therefore,
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Fig. 14.3 Comparison of the active sites of CAII and CAIX. The CATI residues are shown with
cyan carbons, while the CA IX residues—with green carbons. The catalytic zinc ion is shown as a
gray sphere. The residues, which are different between CA Il and CA IX are shown as thick stick
models and labeled in red. Approximate boundary between the polar and hydrophobic sides is
shown with a gray vertical line

the substrate enters via the hydrophobic side, while the product leaves via the polar
one. This property can be utilized in the design of specific “dual-tail” inhibitors,
interacting with both polar and hydrophobic parts of the active site.

Currently, a vast number of different CAIX inhibitors have been reported
belonging to many different compound classes, including sulfonamides, sulfamates
[30], sulfocoumarins [31], and saccharine derivatives [32] (see [33] and [34] for
reviews). However, most of the reported CA IX inhibitors are not highly isoform-
specific and many of them bind to CAI and/or CAII even better than to CAIX.
Nevertheless, one inhibitor, ureidobenzenesulfonamide SLC-0111, has reached
clinical trials (https://clinicaltrials.gov/ct2/show/NCT02215850). The SLC-0111 is
reported to exhibit K; = 45nM for CAIX and display 10-fold selectivity over
CAII [35]. In our opinion, the 10-fold selectivity is insufficient for the compound
to be considered truly selective and fully inhibit target isoform while leaving the
remaining eleven isoforms untouched. The 10 thousand-fold selectivity is required
to achieve 99% inhibition of the target while leaving 99% of the undesired isoform
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Table 14.1 Structural alignment of the amino acid residues in the active sites of catalytically
active human CAs

CA isoforms

e
=
=
=

Residue X1V

5/141
7/143
60/159
62/198
64/200
65/201
67/203
91/223
92/224
94/226
96/228
119/251
121/253
131/262
135/266
141/272
143/274
198/331
199/332
200/333
202/335
206/339
209/342
The residue numbers are shown for CA II/CA IX. Invariant Zn-coordinating histidines are shown

in italic. The main variable residues, different in some or many CA isoforms, that could be utilized
in the design of isoform-selective inhibitors, are shown in bold
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activity. It is really difficult to achieve when the inhibitor is supposed to inhibit only
one isoform such as CA IX but leaves all remaining isoforms active.

However, recently we have reported a series of sulfonamide based CAIX
inhibitors with substantially better affinities and selectivities [27,36]. For example,
inhibitor VR16-09 has K; = 160pM and more than million-fold selectivity
over CAIL The reported inhibitors have fluorinated benzenesulfonamide scaffold,
ensuring tight binding to zinc ion due to low pK, value of the sulfonamide group,
induced by strong electronegative properties of the fluorine atoms. Additionally,
there are two tails attached to the fluorinated benzene ring—one hydrophobic and
another polar which occupy the corresponding hydrophobic and polar parts of the
CAIX active site, ensuring high selectivity over other CA isoforms.

In the case of VR16-09, the selectivity of the compound is rather obvious from
the crystallographic studies (Fig. 14.4). The bulky 12-member carbon ring occupies
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Fig. 14.4 The binding mode of the compound VR16-09 in the active site of CA IX. (a) Chemical
formula of VR16-09, indicating the polar, hydrophobic, and zinc-binding parts of the molecule,
(b) the CAIX surface model, shown with carbon atoms in green, oxygens in red, and nitrogens
in blue. As it can be seen, the inhibitor (black carbon atoms) is occupying both the hydrophobic
and polar parts of the active site cavity. The Fo—Fc omit map is contoured at 3. (¢) The inhibitor
is making two contacts with residues which are different between CAII and CA IX. The Phel31
in CAII would collide with the carbon atom ring of VR16-09, while there is no collision with
the smaller valine residue in CA IX. The salt bridge of carboxyl group of VR16-09 is making a
charged interaction with Arg159, while the corresponding residue in CA Il is Leu that is incapable
of making the charged interaction

the hydrophobic part of the CA IX active site. Binding of the same 12-member ring
in CAII would be problematic due to the collision with Phel31. The benzoic acid
moiety of VR16-09 is making a CA IX-specific charged interaction with Argl59.
Therefore, VR16-09 is an example of successfully designed high-affinity dual-tail
CAIX inhibitor.

However, inhibitors with even higher affinities and selectivities may have to
be designed in the future to fully address the requirements for the affinity and
selectivity. Furthermore, to be a candidate for drug development, the compound
should possess various physico-chemical properties within the required range. Such
properties as compound solubility, octanol-water partition coefficient, resistance to
enzyme modification in human body, and many other would have to be optimized.
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14.6 Conclusions

High-resolution X-ray crystallographic structure of CAIX complex with bound
inhibitor VD11-4-2 and other similar inhibitors has explained the structural origins
of the selectivity when the compound binds to CAIX significantly more strongly
than to CAII. The cyclooctyl ring of the compound would not fit as easily in CA II
due to the presence of bulky Phel131, which is absent in CA IX. In addition, an ion
pair is formed between the carboxylic group of VR16-09 and Argl59 in CAIX,
where Leu60 is present in CA II.
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Abstract

The ability to model carbonic anhydrase (CA) receptor and its inhibitors in silico
is important because it can save valuable resources and help to rationalize the
mode of binding, and to design better inhibitors. In this chapter, we briefly
review the existing literature on molecular modeling of CA and its binders, with
a particular emphasis on molecular docking and quantitative structure—activity
relationship (QSAR) methods. We also demonstrate some of the difficulties
encountered when trying to model CAs.

15.1 Introduction

Carbonic anhydrases (CAs) (E.C. number 4.2.1.1) comprise an important class of
enzymes catalyzing reversible hydration of carbon dioxide to bicarbonate [1]. In
this chapter, our focus will be on selected aspects of computational modeling of
CAs. First, we will overview applications of molecular docking to study CA and
its inhibitors. Some issues encountered when docking into the CAs will also be
touched upon, such as the presence of the metal ion and the ligand rotamer problem.
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We will briefly overview the existing literature on molecular dynamics (MD) and
quantum mechanics (QM) calculations with CA as a target. Finally, the successes
and shortcomings of quantitative structure—activity relationship (QSAR) method
will be discussed.

15.2 Molecular Docking

Molecular docking, or simply docking, is a popular method of determination of the
optimal geometry of the ligand/protein complex. The idea of docking is based on
the intuitively simple “lock and key” theory suggested by Emil Fischer more than
120 years ago [2]. “Virtual screening” is a selection of compounds, active against
a certain receptor, from a large compound database, commonly by means of the
molecular docking. Docking and/or virtual screening are often used to analyze the
CA inhibitor interactions within the binding site, and to predict new and hopefully
better binders.

A search in Scopus database (https://www.scopus.com/) for articles containing
“carbonic anhydrase” together with “docking” or “virtual screening” in their title,
abstract, or keywords leads to 245 hits (end of March 2018). After a manual
examination of the list, it was reduced to about 200 papers directly dealing with
the molecular docking of the small molecules (ligands) into CA. It should be noted
that this list does not include papers in which CA is a part of a wide selection of
docking targets, and therefore not specifically listed in the abstract of keywords, for
example, when testing performance of docking programs and/or scoring functions
(e.g., GOLD [3], FlexX [4], and Glide [5]), or as a part of specially designed
ligand/receptor sets, such as Astex diverse test set [6].

Further analysis of the list of the 200 papers shows that docking into CA
receptor is becoming progressively more widely used in research: 11, 23, and
38 papers were published in 2011, 2014, and 2017, correspondingly. The first
relevant paper related to the development of the first molecular docking program
DOCK goes back to 1988 [7]. Probably the most usual application for the docking
procedure is the rationalization of the observed inhibition results. The examples
are too numerous so we will just mention several. Docking was used to investigate
binding to CA of 5-aryl-1H-pyrazole-3-carboxylic acids [8], bisindolylmethanes
[9], isatin analogs [10], indolin-2-one-based sulfonamides [11], carbohydrazones
[12], coumarin derivatives [13], and so on.

It would be interesting to analyze which docking programs were used the most.
In about 195 papers to which we had access and where the used docking program
was explicitly named, about 20 docking programs have been employed. AutoDock
[14] or its variants were used in 54 papers, followed by GOLD [3]—48 papers,
Glide [5]—46, MOE-Dock [15]—18, FlexX [4]—7, CDOCKER [16]—S5, and
DOCK [17]—S5 papers. It should be noted that some papers employ several docking
programs. Here we did not analyze the use of the scoring functions used to evaluate
docking quality, because the scoring functions usually have multitude of variants,
and they tend to develop much more dynamically than the docking engines. The
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frequencies of the use of the first three abovementioned programs are consistent with
the trends observed in the general docking literature [18]. Interestingly, MOE-Dock
[15] was used about three times more often when docking to the CAs compared to
the general use [18].

Comparing performances of the docking programs when dealing with CAs
is especially interesting, but the performance seems to be inhibitor dependent.
Tuccinardi et al. found that GOLD yielded better docked conformations compared
to AutoDock for a series of CA II sulfonamide inhibitors [19]. Mori et al. tested
four programs to dock to CA II a non-sulfonamide inhibitor, and found AutoDock to
perform best [20]. Kontoyianni et al. tested the performance of 5 docking programs
on many targets, including CA, and out of 25 CA dockings, only in 2 cases, one
using Glide, and the other using GOLD, the top ranked conformation (pose) was
characterized as being “close” to the experimental structure [21]. This shows that
the success of docking to CA is not guaranteed. Below, we will briefly analyze
some of the issues which are encountered during docking.

The most important CA isoforms contain a metal ion, usually zinc. Zinc ion
requires a special care in order to be able to use the receptor for any meaningful
computer simulations, including docking. For example, in the AutoDock program
the proper handling of Zn, named AutoDock47, force field, was implemented only
relatively recently [22]. This is especially important for sulfonamide inhibitors since
only the sulfonamide nitrogen is being ligated to the metal, but the sulfonamide
oxygens are similar to the nitrogen from the viewpoint of simple electrostatics and
therefore could confuse the docking algorithm. In Vdock docking program [23]
the proper coordination with zinc can be most easily ensured by fixing the ligating
atom in space by setting the dimensions of the translational box to zeros [24]. Other
docking programs deal with the metal ion issue in their own way, for example,
in GOLD program metal coordination is modeled by “pseudohydrogen bonding,”
and metals bind to H-bond acceptors. In addition, the ion can be set to a particular
coordination geometry, e.g., tetrahedral [25]. At any rate, some caution and a bit of
a common sense is required when docking, and probably some sort of validation of
the program using known structures as well. For example, in a paper by Suthar et
al., docking using AutoDock, apparently the version without the patch to treat the
zinc, missed sulfonamide ligation to zinc, which seems to be not likely [26].

It is important to use the correct structures when doing docking simulations (in
fact, any kind of simulations), and especially when validating simulation results.
For example, Hartshorn et al. pointed out that in the Protein Data Bank (PDB)
entry 1jdO0, the ligand rotamer is probably incorrect (cis amide instead of trans) [6].
This makes this particular ligand/protein complex slightly tainted when used for
validating the program or comparing docking program results. The rotamers in the
experimental structures could also be incorrect not only in the ligand but also in the
protein [27]. However, most often simulation errors arise not from the experimental
data but from the theoretical framework, e.g., force fields.

Sulfonamide derivatives are by far the most common inhibitors of the carbonic
anhydrases. The importance of the correct energy profile of the S—C dihedral angle
in the substituted sulfonamides to interpret the experimental results has been shown
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Fig. 15.1 Newman c
projection of the aryl
sulfonamide S—C torsion a
angle. Conformation a
corresponds to the average
dihedral angle for ortho
unsubstituted sulfonamides in b

CA; angle b is most often
found in unbound
sulfonamides; and angles b d

and ¢ are found in 2,3,5,6-
tetrafluorobenzenesulfonamides
bound to CAs in the Protein
Data Bank

[28,29]. A survey by Morkunaité et al. showed that in the PDB the majority of
carbonic anhydrases bound sulfonamides, where the sulfonamide is connected to
phenyl ring with H at ortho positions, the phenyl ring plane forms average 14.7°
angle with one of the S=O bonds, i.e., it is slightly off from being aligned with
S=0 (position a in Fig. 15.1) [30]. Interestingly, in most molecular (i.e., not bound
to receptor) sulfonamide X-ray crystal structures the phenyl plane is rotated in such
way so that p-orbital of the ipso carbon divides O=S=0 angle in half (position
b in Fig.15.1) [31, 32]. However, docking of the ligands parameterized using
CHARMm force field [33] had a strong tendency of aligning phenyl ring with S—N
bond which was clearly incorrect [30]. To overcome this, a constraint on the S—C
torsion was imposed during the docking. A more proper way to handle the problem
should involve the improvement of the force field parameters. Indeed, CGenFF force
field [34], which similarly to CHARMm is also compatible with CHARMM [35],
contains improved arylsulfonamide torsional angle parameters.

Another example of CA inhibitor rotamer problem is related to 4-substituted
2,3,5,6-tetrafluorobenzenesulfonamides. A quick PDB survey finds 14 structures
containing compounds belonging to this series, complexed with various CA iso-
forms. Some of the PDB entries have several chains; moreover, ligands in several
PDB chains have two alternative positions. Within these 14 structures there are 33
instances of tetrafluorobenzenesulfonamides bound to Zn. This includes molecules
bound to different chains, as well as their alternative conformations.

Seven conformations out of 33 are bound to Zn in the CA Il isoform. In the 4ww6
PDB entry one of the conformers is bound outside of the binding site; therefore,
this conformation is not included into this analysis. While the non-fluorinated
benzylsulfonamides tend to have the phenyl plane nearly aligned with S=0O as
illustrated vide supra, in 3 cases out of 7 the fluorinated phenyl ring is aligned
with S—N, and in the rest of 4 cases it is aligned with S=O (conformations ¢
and d in Fig. 15.1, correspondingly). Notably, probably due to the bulkiness of the
fluorines, S—N and S=O rotamers are somewhat tilted with respect to each other
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Fig. 15.2 Two superposed
CA I structures with different
tetrafluorobenzenesulfon-
amide rotamers (4ht0: pink
protein and purple ligand and
Slle: salmon protein and
orange ligand). Zinc is shown
as a grayish sphere. Possibly
important water molecule in
4ht0 (small red sphere) is
also shown

(Fig. 15.2). This is most likely due to the bulkiness of the fluorines, and this tilt
could be important for the drug design.

Examination of Fig. 15.2 shows that the conformations of protein sidechains
near the ligand are quite similar in both cases; therefore, answering a question
of why one rotamer is preferred over the other one is not trivial. Interestingly,
preliminary exploration of rotamer interaction energies with the protein using
CHARMM/CHARMm force fields for the S—N and S=O rotamers of 4ht0 ligand
shows a high energetic preference (by at least 10 kcal/mol, and mostly due to van
der Waals clashes) for the S—N rotamer. This raises a question of the reason of
the existence of the S=O aligned rotamer in 4ht0. The most rational explanation
would be the presence of the water molecule near the S=O rotamer, almost at the
same position where one of the fluorines of the S—N rotamer is situated. Probably
this water molecule, which makes a hydrogen bond with the sulfonamide nitrogen,
is forcing the phenyl plane into the S=O rotamer. Modeling of the S=O rotamer
in 4ht0 without the relevant explicit water molecule or without constraining of the
dihedral angle would be quite challenging. An even bigger challenge is predicting
which rotamer, S=0O or S—N, will be prevalent for a particular ligand. Because
of the apparent role of the water influencing the rotamer choice, it comes as no
surprise then that the rotamer preference can be directly correlated with the enthalpy
or entropy being the driving force for binding [36].

Interestingly, different CA isoforms show different rotamer preferences for this
series of ligands. Three ligand instances in CA I exhibit only the S=O rotamer, and
in five instances in CA XIII the ligand adopts exclusively the S—N rotamer. In the
case of CA XII, the situation is mixed: out of 17 instances, 10 and 7 belong to the
S—N and S=O0 rotamers, respectively. Moreover, different rotamers happen to be in
the same PDB (4ht2, Smsa, and Smsb). This behavior is puzzling especially since
hydrogenated analogs of these compounds (benzenesulfonamides) essentially have
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a preference for the S=0O rotamer (Fig. 15.1). Incidentally, in 4ww6 the ligand of
this series bound off-site (i.e., not bound to Zn) has the S=0 rotamer.

This analysis shows the importance of rotamers when targeting different CA
isozymes. It might well be that the rotamer preferences for the ligands could be
solved only when entropy and enthalpy interplay for a given ligand/receptor is fully
understood; therefore, these inhibitor/receptor complexes are good systems to test
proposed thermodynamic energy component calculation algorithms. At the very
least, when performing docking validation tests, one should also be aware of how
well the key torsional angles are reproduced.

The flexibility of the protein often needs to be taken into account. Fortunately,
CA does not undergo gross conformational changes upon inhibitor binding [37].
However, one should always watch out for the rotamers of some sidechains such as
Gln, Asn, and His, in which the X-ray crystallography cannot distinguish between
C, N, and O atoms [27], so there could always be ambiguity in atom assignment.

To further illustrate the problems arising during docking into CA, we performed
a docking of 3sbi ligand into the CAII receptor from the same PDB id [24]. The
pyrimidine tail of the ligand is partly hydrophobic, partly hydrophilic (structure
shown in Fig. 15.3) yet it is bound to an extremely hydrophobic site lined by
residues Phe131, Val135, Leul98, Pro202, and Leu204. A majority of CA inhibitors
of sufficient length present in the Protein Data Bank are bound to that site,
hence we consider this as an exemplary test. The docking used CHARMM [35]
and CHARMm [33] force fields for proteins and the ligand, correspondingly.
The solvent effects were modeled using a simplistic distance-dependent dielectric
approximation ¢ = 4r;; [38], in which the electrostatic force between two charges
is divided by the distance between the charges (with the additional scaling factor).
This essentially mimics electrostatic shielding of water molecules between two
remote charges, but does not include other effects such as desolvation, or entropy

Fig. 15.3 120 docked
conformations of 3sbi ligand
(structure depicted on the
left), docked with the genetic
algorithm switched off to
enhance sampling of the
binding pocket. The
conformations are colored by
the rank according to the
docked energy: from blue (the
best) to red (the worst). The
X-ray conformation is shown
in green. Note the self-folded
conformations in the lower
right of the picture. See text
for more explanations
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of the solvent. Also, due to reasons which were already discussed, the sulfonamide
atom was fixed in space at the correct position, and the torsional angle of the bond
connecting the phenyl ring with the sulfonamide group was constrained to £15°
around the experimental value. Since we wanted to explore the conformational
space within the whole binding site, the genetic algorithm was switched off. One
hundred conformations were generated using this setup. In addition, to explore the
conformations near the X-ray conformation, additional 20 docked minima were
generated where all torsional angles had +15° constraints around the experimental
values.

The 120 docked conformations (sometimes also called “poses”) are shown in
Fig. 15.3. Each conformation is colored according to the docked score, blue being
the best and red being the worst. Perhaps strikingly, the poses close to the native
X-ray conformation, pictured green, have a relatively poor score. The best scores
belong to the self-folded conformations of the ligand (Fig. 15.3, lower right) in
which the pyrimidine ring is stacked against the phenyl ring. While the feasibility of
the self-folded conformations will not be discussed here, we will note in passing that
these conformations probably would be penalized because they would have to push
out one or two water molecules out of the binding site. Nevertheless, ligands have
been found to bind to CA in a self-stacked binding mode, but only for fluorinated
compounds [36,39].

For the other, presumably more realistic, non-self-folded conformations, the
scoring function seems to underestimate the hydrophobic effect of the attraction
of the ligand tail into the hydrophobic pocket. The funnel-like binding site of
CA is hydrophobic only in one part of the packet, and mostly hydrophilic in the
rest; therefore, the docking program tends to bind ligand pyrimidine nitrogens to
the opposite, hydrophilic part of the binding pocket. The hydrophobic effect of
the ligand bound into its proper location is therefore underestimated by the force
field (including the apparently insufficiently adequate distance-dependent dielectric
approximation for the estimation of the solvent effects).

The hydrophobicity and hydrophilicity of the CAII binding site is illustrated
in Fig. 15.4. The picture was generated using Voronota program [40] by drawing
Voronoi cell faces between the receptor and the conformations of the ligand in
Fig. 15.3. Voronoi cells are cells taken by an individual atom in space, and are
enclosed by planes (or spheres because of the different radii of the atoms, to be
exact) which divide the distance between the atoms exactly in half. Alternatively,
Voronoi cell of an atom can be comprehended as a zone in the space consisting of
points that are closest to that atom but not to the others. The yellow and blue colors
signify hydrophobic and hydrophilic surfaces. The hydrophobicity of the subpocket
which is holding the tail of the ligand is very obvious, and the mismatch between the
hydrophobicity of the pocket and the hydrophilic nitrogen atom pointing downwards
is also apparent.
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Fig. 15.4 The binding site of CA II, shown as Voronoi cell faces drawn between the CA II receptor
and the ligand conformations from Fig. 15.3. The faces are colored based on the hydrophobicity
(yellow) or hydrophilicity (cyan) of the receptor atoms. Two views are shown (a and b). The X-ray
conformation of the 3sbi ligand is shown as colored sticks

Fig. 15.5 Voronoi cell faces between the X-ray structure of the 3sbi ligand (shown as sticks)
and the CAII receptor. The faces are colored based on the hydrophilicity of the ligand and
receptor atoms. Red color signifies that both atoms (ligand and receptor) are hydrophobic (i.e.,
carbons), blue—both are hydrophilic (heteroatoms), and yellow denotes a “mismatch”: one atom
is hydrophilic, and the other atom is hydrophobic. Two views are shown (a and b)

The concept of mismatching hydrophobicities and hydrophilicities between the
receptor and the ligand is further explored in Fig. 15.5 using Voronoi cells. This
time, only the X-ray conformation is analyzed. The Voronoi cell faces are colored
based on the hydrophobicity/hydrophilicity of the atoms which are separated by
that face. The red and blue colors signify a match between the atom types (both
receptor and ligand atoms are hydrophobic and hydrophilic, correspondingly), and
the yellow color represents a mismatch: one atom is hydrophobic, and the other atom
is hydrophilic, or vice versa. Note that the pyrimidine ring nitrogens are causing a
surface mismatch inside the hydrophobic pocket (cf. Fig. 15.4). Perhaps it is then not
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surprising that the docking tries to place the ligand tail in the more hydrophilic parts
of the binding site. A “perfect match” between the ligand and the protein formally
would have to contain no “mismatching” atom types, with an important caveat: this
scheme does not show interactions with the bulk solvent.

First of all, in the “open” surface area on the top of the ligand in Fig. 15.5 the
ligand is interacting not with the protein but with the bulk solvent (water). Since by
definition water solvent is hydrophilic, for the formation of good hydrogen bonding
network with water it is advantageous that at least some of ligand atoms which are
exposed to the solvent are hydrophilic, such is one of the pyrimidine nitrogens in
the 3sbi ligand. If the free (unbound) ligand in the water makes hydrogen bonds,
it is important that these hydrogen bonds are not lost when the ligand is bound to
the protein [41], i.e., the hydrogen bonds should also be formed between the ligand
and the protein upon desolvation of the ligand and/or protein. Also, the hydrophobic
surfaces of both unbound ligand and the protein (they bind poorly to the water) will
improve the binding energy if they match when they are bound. Many sophisticated
scoring functions are trying to address desolvation and other ligand binding to
protein issues [42,43].

It should be kept in mind that the whole framework of interactions valid for one
receptor could change, sometimes dramatically, if the ligand is modified, or if one
CA isoform is replaced by another isoform. A simple change of the rotamer or a
change of the overall binding mode can have far reaching enthalpic and entropic
effects on the binding affinities [36].

Several papers by our group, for example [36,44—46], are using intrinsic binding
affinities for their analysis of inhibitor binding, which are very important for
ionizable inhibitors such as sulfonamides because they lose a proton when binding
to zinc. In short, because of the involvement of protons in the enzymatic reaction, the
observed binding affinities are dependent on the pH of the reaction environment. The
intrinsic binding constants K ;,; are pH- and buffer-independent and are calculated
as the observed binding constant K}, ,ps divided by the fractions of the deprotonated
inhibitor fq,- and the protonated Zn-bound water form of CA fcaznn,0 [36]:

Kb,obs

Kp,int =
§ (fsa-) (feazan,0)

(15.1)

One of the consequences of this is that the deprotonated form of inhibitor is
the active form. Hence, more acidic sulfonamides will tend to be better inhibitors,
because a larger fraction of them will be in the anionic form in the solution.
Moreover, because of the independence from the pH, the thermodynamic analysis
of the binding, especially when considering reaction enthalpy and entropy, is
more robust and more meaningful. Therefore it would be advantageous to use
intrinsic thermodynamic parameters by the computational approaches covered in
this chapter.
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15.3 Molecular Dynamics

Molecular dynamics (MD) method, along with some related methods such as Monte
Carlo approach, offers a detailed picture of the development of molecular systems in
time. While being able to give very useful insights, it is also much more computer-
demanding compared to docking. A quick Scopus search showed up to 200 papers
in which MD was applied to study carbonic anhydrases. Without going into too
much detail, we will briefly mention some of the MD applications.

In many papers, MD was used after the molecular docking to further improve
(refine) the predicted pose of the ligand, and to allow for the more thorough
relaxation of the protein. For example, Ozgeris et al. used MD to further explore
docking results of 2-aminotetralins and tacrine into CAT and acetylcholinesterase
(AChE): MD was employed to investigate the effect of the ligand on the protein
rigidity, and the interactions within the binding site of both receptors [47]. Similarly,
Costa et al. used MD to examine interactions between the CA VA binding site
residues and docked compounds from essential oils and acetazolamide [48].

An important application of molecular dynamics is exploration of the dynamics
of the protein. For example, Prakash et al. investigated unfolding of CAIX in urea
solutions of various concentrations [49]. Maupin and Voth explored variability of
orientations of His64 sidechain in CAII [50]. MD was also used to explore ligand
tail conformations [51].

To perform successful MD simulations, a reasonable set of force field parameters
for zinc (as well as for other with components of the protein/ligand complex) is
necessary. CA has been used to derive force field parameters for zinc bound to
the protein, and the parameters were further validated using molecular dynamics
simulations [52]. The obtained improved parameters are used to perform simulations
not only on CA but also on other zinc proteins. Often parameter derivation also
requires use of ab initio (quantum mechanical) calculations as well as validation
using MD calculations, so these two methods are employed together, e.g., in a paper
by Bernadat et al. [53].

A large number of papers investigate the catalytic reaction occurring in the CA
binding site, or to better understand the nature of the ligand—protein binding. For
example, Chen et al. investigated CO, diffusion in the CA active site using Markov-
state model and coarse-grained MD simulations [54]. Maupin et al. used multistate
empirical valence bond (MS-EVB) method combined with MD to investigate proton
transfer in CA [55, 56]. MD was used to deeper understand the hydrophobic
effect [57] or the enthalpy/entropy compensation in protein-ligand binding [58].
Ganguly et al. combined molecular dynamics (MD) simulations, quantum mechan-
ics/molecular mechanics (QM/MM) geometry optimizations, and QM/MM free
energy simulations on a small protein which mimics CA to investigate hydrolysis
of the p-nitrophenylacetate substrate [59]. Paul et al. used molecular dynamics and
QM/MM calculations to explore intramolecular proton transfer reaction parameters
in human CA I [60]. Koziol et al. used MD and ab initio density functional theory
(DFT) calculations to investigate CO, hydration using Zn-bound tris(imidazolyl)
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calix[6]arene aqua complex as a CA binding site mimetic [61]. This far from
exhaustive list of applications shows that MD is a powerful tool for exploration
of CA properties, as are quantum mechanics based calculations, which are briefly
covered in the next section.

15.4 Quantum Mechanics

Similar in number to MD-related papers, Scopus showed up to 200 hits which
combine “quantum” or “ab initio” calculations and “Carbonic Anhydrase” as the
search terms. Quantum mechanical (QM) calculations have already been mentioned
above, as they often were used in combination with other methods. In contrast with
the methods based on force fields, QM calculations include the actual electronic
structure of the molecules which are being investigated, and generally are very CPU
and/or memory demanding. A variation of QM calculations where a smaller part of
the system is represented by quantum theory governed nuclei/electrons, and the rest
of the system described using empirical force fields is called QM/MM (quantum
mechanics/molecular mechanics). Because QM allows for a relatively accurate
representation of atoms, it is used to explore the reaction mechanisms at a great
detail. Below we very briefly will mention some representative QM applications.

Jiao and Rempe used density functional theory (DFT) calculations coupled
with a continuum model of the surrounding environment to understand the factors
determining the pK, of zinc-bound water in CA [62]. In several papers QM
calculations were used to design and explore the behavior of biomimetics—
compounds which mimic the active site of CA. Ma et al. used DFT calculations
to study the mechanism of CO, hydrolysis by Co-(1,4,7,10-tetrazacyclododecane)
in order to model the activity of cobalt containing CA [63]. QM was also used to
derive force field parameters for zinc-containing systems, for example, for AMBER
[64] and OPLS-AA [53] force fields. It can be used to clarify details of binding
of inhibitors. For example, Pecina et al. used QM/MM calculations to understand
the differences between the binding of two carborane sulfonamide inhibitors [65].
Ghiasi et al. used QM approach to investigate the thermodynamic properties of
fullerene based inhibitor bound to CA binding site [66]. As the computer resources
are becoming cheaper, and the QM methods are improving, we will be seeing more
of this type of simulations in the future.

15.5 Quantitative Structure-Activity Relationship (QSAR)

The methods mentioned above have a common feature: they are structure-based
approaches. They employ a known or a modeled structure of the receptor, and also
they use the experimental or calculated structure of the ligand bound inside the
receptor. In contrast, quantitative structure—activity relationship (QSAR) method
usually (with some exceptions) does not require the receptor structure to be known,
and is based on the ligand structure. For this reason, it is sometimes described as a
ligand-based approach.
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QSAR is an area of computational research that builds virtual models to
predict quantities such as the binding affinity or the toxic potential of existing or
hypothetical molecules [67]. QSAR finds the parameters of the compounds that
govern their biological activities and elucidate their mechanism of action [68]. Both
these aspects of QSAR greatly help in modifying the structures of the compounds
leading to compounds of high therapeutic value [69]. The determination of binding
energies in QSAR studies is by no means simple. Free energies of binding depend
on the ligand—protein interactions as well as on the loss of energy associated with
stripping solvent molecules off the small-molecule ligand while moving from the
aqueous environment of a cell or a body fluid to a protein binding pocket during the
binding process [67]. The first stage of QSAR modeling is descriptor calculation.
A molecular descriptor “is the final result of a logic and mathematical procedure
which transforms chemical information encoded within a symbolic representation
of a molecule into a useful number or the result of some standardized experiment”
[70]. Molecular descriptors are calculated for chemical compounds and used to
develop QSAR models for predicting the biological activities of novel compounds
[71]. Feature selection is an important but still poorly solved problem in QSAR
modeling [72]. In the second stage the most relevant descriptors for model must be
elected, and finally fitting between selected features/descriptors must be carried out
to have the QSAR model with optimum prediction ability.

Some papers are dealing with descriptors and their fitness for CA. It was
found that quantum descriptors are critical of the pyrazolo[4,3-e][1,2,4]triazine
sulfonamides antiproliferative activity against human MCF-7 cells [73]. This can
indicate a more complex mechanism of cytotoxicity than the inhibition of CAIX
and CAXII isozymes [73]. A new ad hoc descriptor T(OH..Cl) was designed to
improve the quality of the CA XII QSAR affinity model which was defined as the
sum of the topological distances between the hydroxyl groups and chlorine atoms
in the molecule [74].

A series of QSAR papers deal with the analysis of the inhibitor binding to CA
and propose modifications of the compounds. All compounds more active than
acetazolamide have hydrophobic groups in phenyl substituted part and because of
this reason have a higher activity than acetazolamide towards CAII [75]. If there
are hydrogen bond acceptors on one side of acetazolamide pyrazole ring, then the
activity of compounds towards CAII can be increased [75]. The sum of the topo-
logical distances between the hydroxyl groups and chlorine atoms in the molecule
is important in benzensulfonamide affinity towards CA XII. Through 3D-QSAR it
was shown that most of the benzensulfonamide selectivity against CA isoforms is
caused by the benzene ring substituents [74]. It was suggested that locating of a dual
moiety with hydrophobic/hydrogen bond acceptors properties on compounds, at a
13.6 A distance, can result in higher selectivity of the compounds for isoforms CA I
and CAIX and that locating of a dual moiety with hydrophobic/hydrogen bond
acceptors or hydrophobic/hydrogen bond donor properties on compounds, at a 9.6 A
distance, can improve the selectivity of the compounds towards isoform CA IX [76].
Investigated molecules with a larger number of oxo groups show better interactions
with enzymes and receptors, which could be the consequence of their stronger
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hydrophilicity [77]. Compounds lacking halide group to fulfill the hydrophobic
feature in the designed pharmacophore model were seen as the main reason behind
their imperfect CA inhibitor activity [9]. It was suggested that very close and very
distant hydrophobic moieties are not in favor of ligand—-receptor binding [78]. In a
calibration set, the bond order and molecular orbital bonding have greater influence
on aromatic/heterocyclic sulfonamide inhibitor activity value on B-CA [79]. The
presence of the methyl, sulfur atom, and amino thiadiazole groups is not favorable
to inhibitor activity on S-carbonic anhydrase [79].

Clinically important Plasmodium falciparum CA (PfCA) is a popular QSAR
target, because its X-ray structure is not available. On the other hand, homology
modeling was feasible. The QSAR model developed by the author concludes that the
average free valence of H atoms and polarizabilities are favorable to P. falciparum
CA inhibitory activity [80]. The large percentage in weight of CHNS, C, and F
atom fragments seems to be favorable for the P. falciparum CA inhibitory activity,
in contrast to CgH5O fragment [80]. In the absence of 3D-protein structure and
the lack of sufficient experimental data using the PfCA target, QSAR models were
developed for inhibitors of P. falciparum CA [81]. The 2D-QSAR modeling analysis
suggested the importance of electro-topological, electronic, extended topochemical
atom, and spatial (Jurs) indices for modeling the inhibitory activity against PfCA
[81].

It was found that formal (negative) charge and molecular polar surface area
on benzoic acid analogs overwhelm the other correlations with CATII affinity
constants [82]. The QSAR model concluded that the maximum charge of H in
H—C bonds is not favorable to CAIX inhibitory activity on ureido-substituted
benzene sulfonamides, low percentage of atoms in aromatic circuits are favorable
for inhibitory activity, polarity also influences the activity, and the number of
aromatic carbon—nitrogen bonds play a dominant role for inhibitory activity [83].

QSAR was also used to propose novel inhibitors. ZINC database of purchasable
compounds [84] was screened for possible new CAII inhibitors and three com-
pounds were suggested as possible candidates, but the experimental assay on them
was not performed [75]. QSAR was also performed on decorated nanotubes as CA
inhibitors. It is possible that the entire CA enzyme interacts with the nanotube
causing the enzyme to denature or prevent access to the active site. Another
possibility is that the substituents on nanotube bind in the active site or at a
secondary binding site on the CAs surface [85].

In some cases the analysis also used CA structural features to help explain
the observed trends. It seems that compounds interact with the isoforms CAI
and CA VII in a much less selective way than the remaining isoforms [78]. The
highly potent cliff partner, dorzolamide (used as an antiglaucoma agent), shared
the critically important sulfonamide group with its less potent partner, but formed
two additional hydrogen bonds with residues GIn92 and Thr200 (PDB ID: 1kwr,
1cil), resulting in a 670-fold difference in potency [86]. GIn92 and Thr200 were
identified as potency-modulating hot spots in CAII [86]. It was concluded that the
entry of compounds with different sizes into the cavity of CA can be influenced by
the bulkiness of the residue in position 131 [76].
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CA inhibition data sets quite widely served as model data for QSAR method
comparison and improvement. Compared to other methods, QSAR most effectively
helped to quantify the subtle empirical relationship between the structure and the
activity towards the CAII target [87]. Without filtration to remove all values from
discordant sources/assays (with affinity differences greater than 2.0), no model
whatsoever could be obtained for CAII [88]. Template CoMFA (comparative
molecular field analysis), which was successfully applied to CA1I, also has ease of
use and versatility (having been developed with different applications in mind) that
are superior to those of most other computer-aided molecular design methodologies
[88]. The results show that for certain purposes genetic algorithm—multiple linear
regressions are better than stepwise multiple linear regressions and for others,
artificial neural network overcomes multiple linear regressions models [89]. Two
six descriptor models were created for 22 benzenesulfonamides data set leading
to R* as high as 0.99, and the leave-one-out (LOO) technique was used to
establish the validity of the models [90]. The mathematical models revealed a
poor relationship between the anticonvulsant activity related to CA inhibition and
molecular descriptors obtained from DFT and docking calculations, so a QSAR
model was developed using Dragon software [91] descriptors [92].

15.6 Concluding Remarks

In this chapter we described some highlights from the computational modeling of
CA and its inhibitors. The computer simulations allowed to better understand the
reasons for the observed binding affinities, help to reveal the reaction mechanisms,
and to propose new and improved CA binders. CA is a challenging receptor
due to difficulties in computational treatment of metals, sulfonamide compound
rotamer problems, and the influence of the water solvent, among other issues.
Nevertheless, the volume of theoretical calculations involving CA is increasing each
year, witnessing a constant progress in designing better models for biomolecules.
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of Binding to 12 Human Carbonic Anhydrases:
Towards Isoform-Selective Inhibitors

Asta Zubriené, Vaida Linkuviené, and Daumantas Matulis

Abstract

In the design of target-based pharmaceutical compounds it is important to
synthesize chemical compounds that would bind with high affinity to target
protein and would not bind to any unintended protein. Thus, the compounds
should possess high selectivity towards the target protein, a feature that is difficult
to achieve because the correlations between compound structures and their
affinities for the target are rather poorly understood. Here we build and analyze
maps that compare between compounds of similar structures and demonstrate
how small changes of compound functional groups influence their capability to
bind a particular CA isoform and at the same time may improve selectivity over
the remaining non-target 11 catalytically active CA isoforms. The analysis of
such correlations has helped to synthesize compounds that possess picomolar
affinities towards some CAs and demonstrate up to million-fold selectivities
for the target isoform. In addition to the intrinsic affinities of the compounds,
we have analyzed other thermodynamic parameters, the intrinsic enthalpy and
entropy changes upon binding, providing information on the contacts and bonds
between the compound and the protein.

16.1 Introduction

Novel compounds with pharmaceutical applications are aimed to perform their
therapeutic function in the human body while showing no toxic side effects. In other
words, the synthetic chemical compounds should bind strongly (with high affinity,
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with a large negative Gibbs energy change) to the intended target protein and at the
same time it should not bind to any other protein in the cell or even entire body.
There are more than 20,000 different proteins in every cell, so the task to achieve
sufficient selectivity over all remaining non-target proteins is extremely difficult. In
reality, the selectivity of tenfold for the target over non-target sometimes may be
a significant achievement. However, such low selectivity is usually insufficient to
avoid toxic side effects. We suppose that it is desirable to achieve the selectivity of
at least 10,000-fold towards the target over non-target.

Primary sulfonamides have been known to possess significant affinity and
selectivity towards CAs over other Zn-containing enzymes, such as histone deacety-
lases (HDACs) or matrix metalloproteinases (MMPs), that are weakly inhibited
by primary sulfonamides, but instead are inhibited by hydroxamic-acid-bearing
compounds [1, 2]. The presence of a pharmacophoric group such as sulfonamide
increases the chance to build compounds with high affinity, because the pharma-
cophoric group already makes the compound a strong inhibitor that is selective
towards a particular group of proteins such as CA.

However, in humans there are 12 catalytically active CA isoforms. They are
present in every cell and perform vital functions of pH regulation and carbon
metabolism [3]. Their full inhibition, even if it is temporary, would probably
be detrimental for the body. Therefore, it is highly important to understand the
principles and be able to build compounds that would inhibit just one target isoform
of the whole family. For example, CA IX is often highly overexpressed in various
cancers [4-7]. Thus it is thought that its inhibition could lead towards slowing
the spread of cancer or even its treatment. In order to test such a hypothesis, it
is necessary to design and synthesize a compound that would inhibit only CAIX
and would not inhibit the remaining 11 CA isoforms. However, as it was shown in
Chaps. 13 and 14, the structure of the active site pocket in all CAs is rather similar.
Only several amino acids are specific for a particular CA isoform. Therefore, a
hypothetical compound intended to bind CA IX, but not bind to any of the remaining
11 isoforms should exactly match the pocket of this isoform and simultaneously
contain features that would prevent its binding to any other isoforms. Those features
most often should be chemical groups that make steric clashes with some amino
acids in the non-target isoforms.

Despite significant efforts and the synthesis of nearly 800 primary sulfonamides
designed to test the influence of particular chemical groups on the compound
affinity towards every CA isoform, we were not successful to design compounds
that would bind, for example, CA IX while not binding at all to any remaining 11
isoforms. However, some of the most successful compounds bound CA IX hundreds
of thousand-fold stronger over most crucial CAT and CAII [8-10]. Still, such
compounds exhibited marginal selectivity over some not-as-crucial isoforms such
as CA XIII or CA XIV. Therefore, even the best designed compounds should not be
considered as fully free of binding to any unintended isoforms. Such compounds
could be good tools used for the demonstration in biology of their potential as
pharmaceuticals.
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This chapter has several goals. First are application-oriented goals: to illustrate
the chemical structures of compounds possessing highest affinities and selectivities
towards several target CAs, and to show some principles on which chemical groups
and at which positions provide highest increase in affinities and selectivities for
some CAs. We also see this collection of compounds to be useful for scientists who
search for basic principles that guide recognition between a chemical compound
and a particular surface site on a protein. A large part of the binding data have been
recently summarized [11] in a database format. It is important to remember that
pharmaceutical design is still performed rather accidentally, primarily based on trial
and error. Large compound libraries consisting of 100,000 to million compounds
are usually screened by pharmaceutical companies in search of hit compounds that
would bind new targets.

In our opinion, it is insufficient to limit protein—ligand binding studies by ana-
lyzing only affinities of compounds towards proteins. The affinity (Kg,ins, AGint)
provides limited information about molecular recognition. For every protein—
ligand binding reaction, additional thermodynamic and kinetic parameters can be
estimated. The importance of kinetic parameters, the rate of association, the rate
of dissociation, and the residence time has been discussed in Chap.9 on SPR.
The importance of the changes in enthalpy, entropy, and heat capacity has been
introduced in Chap. 6 on ITC. In this chapter, we show enthalpic contributions by
compound functional groups towards the overall intrinsic enthalpy of binding. The
enthalpy—entropy compensation is also discussed.

16.2 Maps of Correlations Between Compound Chemical
Structures and Intrinsic Binding Thermodynamics

Probably the first group that has accumulated data for a correlation map of
compounds interacting with a CA led by Whitesides studied the binding thermo-
dynamics of benzothiazole sulfonamide and its fluorinated derivatives to CAII
[12-14]. They have determined the intrinsic Gibbs energies and enthalpies of
binding that can be correlated with compound structures. Their motivation was to
determine how the fluorination of compounds changes the binding thermodynamics
with CA II. Based on their data we can draw a map of correlation between compound
chemical structure and its binding thermodynamics (Fig. 16.1).

Thiazole sulfonamide (TA) bound CA II with the AG;,; = —51.0kJ/mol.
Addition of the benzene ring yielded benzothiazole (H4BTA) that bound CA II
with the AG;,; = —56.5kJ/mol. Thus the structural change from TA to H4BTA
led to the change in AG;,; = —5.4kJ/mol. Therefore, the change was favorable
and H4BTA bound to CA II nearly tenfold more strongly than TA. Introduction of
fluorine atoms at various positions, one, two, three, or even all four, led to minor
changes in intrinsic affinity. The tetrafluoro-benzothiazole sulfonamide (F4ABTA)
bound to CA II with the AG;,;; = —54.4 kJ/mol. Therefore, 2.1 kJ/mol Gibbs
energy was lost and FABTA bound weaker than H4BTA. It can be concluded that
fluorines did not strongly affect how the compound recognizes the protein surface.
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Fig. 16.1 Correlation map for the binding of benzothiazole sulfonamide derivatives with different
fluorination patterns to human CAIIL The intrinsic thermodynamic data obtained from ITC
measurements at 25 °C were taken from [12—14]. The values next to compound structures list the
intrinsic energies of binding of each compound, while the values on arrows show the differences
in thermodynamic parameters between the adjacent compounds. The first number (bold) lists the
Gibbs energy, the second (regular font)—enthalpy, and the third number (italic)—the negative
entropy multiplied by the absolute temperature. All values are in kJ/mol

The fluorinated compound bound weaker, thus indicating that there may be a steric
hindrance effect diminishing the affinity. It should be remembered that the observed
affinity (AG,ps) increased significantly upon fluorination, but the reason for the
increase was the change in pK, s4 and not the recognition between the protein and
ligand surfaces.
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The enthalpies of BTA compound binding to CA II (Fig. 16.1) were significantly
different among the compounds. The compounds can be arranged in two groups.
The first group containing TA, 4-F1BTA, and 4-6-F2BTA exhibited the enthalpy
of binding (A Hjy,) in the range from —56.1 to —58.2kJ/mol. The second group
containing all remaining seven compound exhibited the AHj,; in the range from
—68.2 to —79.1kJ/mol. There is no clear reason for this result. The increase in
enthalpies was compensated by the decrease in entropies. In some cases introduction
of a fluorine atom (e.g., H4BTA to 4-FIBTA) diminished the magnitude of the
enthalpy, while in other cases it did not make much difference (e.g., H4BTA to 7-
F1BTA). The compounds bound overall quite similarly to CA 1II, but the differences
in enthalpies could have significant but so far unclear information on how each
compound recognizes the protein surface. The authors have hypothesized that the
change of water networks upon ligand binding most likely is the source of the
compensating changes of AH;,, and TAS;,;. Water molecules solvating the ligand
and protein active site are as important as the contacts between the protein and the
ligand for biomolecular recognition [15].

The presence of fluorine atoms in the benzene ring of benzenesulfonamide sig-
nificantly increases the observed affinity of the compound over benzenesulfonamide
because fluorines withdraw electrons and diminish the pK, of the sulfonamide
amino group (Chap. 8). In Fig. 16.2, a series of substituents have been introduced to
the para position of the tetrafluorobenzenesulfonamide. The substituents have been
introduced through N (upper two rows on the right and center) or S (bottom two
rows) atoms. Introduction of the hydrazino group, for example, did not have major
effects on binding, but the affinity for CA VB has diminished by +12.6 kJ/mol. Every
6 kJ/mol loss amounts to the loss of affinity of approximately tenfold. Therefore,
the substituted compound VD10-14 bound to CA VB over 100-fold weaker than
unsubstituted VD12-22.

Introduction of various substituents to para position of tetrafluorinated ben-
zenesulfonamide VD12-22 led to the discovery of compound VD11-61 which
bound CAT with 0.7 pM intrinsic affinity (AG;,; = —72.3kJ mol’l). These para-
substituted compounds in general were good inhibitors of CAI. However, it is
difficult to achieve any significant selectivity by applying para substitutions alone.

Several figures (Figs. 16.3, 16.4, 16.5, and 16.6) show parts of a large corre-
lation map drawn to illustrate the search of CA IX-selective compounds. Various
substituents are shown added to ortho and meta positions of a modified benzenesul-
fonamide. Some larger hydrophobic substituents especially cyclic aliphatic rings
have significantly increased affinity for CAIX and led towards selectivity over
remaining 11 CA isoforms. Several crystal structures have been solved of these
compounds bound to CA IX as described in several other chapters of this book. The
crystal structures have helped to determine which hydrophobic substituents have
greater chances of making improved contacts with the protein surface.
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Fig. 16.2 Map of correlation between compound chemical structures and intrinsic Gibbs energies

of binding to 12 human CA isoforms. A series of para-substituted tetrafluorobenzenesulfonamides
are being compared. The values of intrinsic Gibbs energies of their binding to each CA isoform are
presented near each compound structure in the order of increasing CA isoform number, while
numbers near each arrow show the Gibbs energy differences (AAG;,;) between neighboring
compounds. Larger differences of Gibbs energies are depicted in larger font size to highlight the
largest energy gains upon chemical modifications of the compounds
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Fig. 16.3 Part I of the correlation map in search of CA IX-selective compounds. Introduction of
these ortho substituents did not lead towards great inhibitors of CAIX. See previous figures for
explanations

The next series (Fig. 16.7) compares compounds that have Cl atom at the ortho
position relative to the sulfonamide headgroup and various substituents at meta and
para positions. Beginning with the structurally simplest EA1-1 on the second row,
we test contributions of larger hydrophobic substituents on the para position and
some tails on the meta position. These series yielded inhibitors EA4-2 and EA4-2c
that exhibited high affinity and selectivity for CAIV.

Compound E2 exhibited high affinity for CA VA (Fig. 16.8). Various compounds
of highly similar structure are shown next to it, but in all cases the affinity for
CA VA has reduced demonstrating that the E2 is a nicely optimized compound that
recognizes CA VA. Unfortunately, there are no crystal structures of CA VA and it is
not yet clear how this compound recognizes the protein surface.
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Fig. 16.4 Part II of the correlation map in search of CAIX-selective compounds. Addition of a
bulky aliphatic ring at the ortho position led to some of the highest affinity compounds VR16-09
and VD12-19. See previous figures for explanations

16.3 Enthalpy and Entropy Correlation Maps
In addition to the Gibbs energy correlation maps that show compound affinities and

also selectivities for particular CA isoforms, it is also important to draw correlation
maps for other thermodynamic parameters, such as enthalpy and entropy of binding.
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Fig. 16.5 Part III of the correlation map in search of CA IX-selective compounds. Compound
VD12-34 possessed significant affinity and great selectivity towards CA IX. See previous figures
for explanations

These parameters are not widely used, but in our opinion supported by a number of
thermodynamicists, the enthalpies could provide significant additional insight in the
understanding of the mechanism of interaction [15,17-20]. Some of these examples
will be provided in Chap. 17 describing correlations between crystal structures and
thermodynamics of binding.

A correlation map that includes enthalpies and entropies of binding for
compounds leading towards the best inhibitor of CAIX, VDI11-4-2, is shown
in Fig. 16.9. Introduction of para substituents to tetrafluorobenzenesulfonamide
did not affect the enthalpy of binding. The AH;,, for CAIX changed from
—33.5to —35.5kJ/mol in VD10-35. However, the introduction of meta-substituted
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Fig. 16.6 Part IV of the correlation map in search of CA IX-selective compounds. Addition of a
bulky aliphatic ring at the meta position also led to some of the highest affinity compounds such as
VD11-4-2 (shown in the center). See previous figures for explanations

cyclooctylamino group diminished the magnitude of the enthalpy to —18.8 kJ/mol
in VD12-36. The enthalpy of compound bearing both substituents (VD11-4-2)
exhibited an intermediate enthalpy of —24.3kJ/mol. Thus CAIX was recognized
with a small change in enthalpy, but rather large change in entropy, a signature of
the hydrophobic effect.

Figure 16.10 shows the enthalpy—entropy compensation plot for a large series
of compound binding to eight CA isoforms. Compounds on the right top corner
possess lowest affinities, while on the bottom left corner—the highest affinities.
The compounds exhibit relatively similar affinities as compared to the spread
in enthalpies and entropies of binding. Most compounds possess Ky i, between
100nM and 10pM. This amounts to four orders of magnitude or approximately
24 kJ/mol of Gibbs energy. However, the enthalpies varied from —80 to 0 kJ/mol,
thus spanning the range of 80kJ/mol, some threefold greater than for Gibbs
energies. This means that there is significant information in the enthalpies of
binding that could be used to better understand the mechanism of recognition. More
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Fig. 16.7 Chlorinated compound functional group contribution to Gibbs energy of binding in the
search of high affinity and selectivity CAIV inhibitor. The map shows a series of compounds
connected by arrows beginning with the simpler compounds EA1-1 and EA1A-1 as the weakest
inhibitors and ending with the best inhibitors of CA1V, i.e., EA4-2 and EA4-2c, displayed on the
right bottom corner of the map. See previous figures for explanations

than half of the compounds are enthalpy-dominated, but many are also entropy-
dominant binders. Compounds tend to group also according to CA isoform. For
example, CA IX-binders are entropy-dominated, while CA I binders are much more
dominated by the enthalpy of binding. Such compensation cannot be explained
solely based on the contacts between the protein and the chemical compound. As
previously hypothesized [15], most likely source of the compensation is hidden in
the behavior of water molecules hydrating both the protein and the ligand.
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Fig. 16.8 Correlation map between thermodynamic of binding and the chemical structures of
compound binding to CAs in the search of CA VA-selective compounds. The E2 compound in
the center of the map exhibits highest affinity and great selectivity towards CA VA The figure is

adapted from [16]

16.4 Conclusions

Correlation maps between the compound chemical structures and their thermody-
namic parameters of binding help understand the functional group contributions and
forces driving the molecular recognition which facilitates the successful design of
selective tight-binding inhibitors. Compounds of similar structure are drawn next to
each other on the map and the differences in energies are listed between the adjacent
structures showing the gain or loss in energy upon the introduction of a particular
chemical change in the structure. Such maps illustrate the paths how compounds
with highest affinities and selectivities towards a particular target CA isoform may
be designed. Most important are the maps of Gibbs energy, but the maps of other
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Fig. 16.10 Enthalpy—entropy correlation plot showing intrinsic enthalpies and entropies of
binding of 150 compounds to 8 CA isoforms shown in different colors and symbol shapes. The
compounds are significantly more different in enthalpies than Gibbs energies. Compounds tend to
group according to CA isoform. The figure is reprinted from [11]

parameters such as enthalpy and entropy are useful for deeper understanding of the
binding mechanism.
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Abstract

In order to be able to design chemical compounds that recognize a particular
CA isoform, meaning that they would bind particular isoform with high affinity
while not binding other isoforms, it is important to understand how compounds
recognize the protein surface. To understand which structural features yield
what types of changes in the binding energetics, we search for correlations
between compound—isoform co-crystal structures and intrinsic thermodynamics
of binding. The compounds are being compared by arranging them in matched
molecular pairs that differ by a single functional group responsible for the change
in binding thermodynamics. Part of the ligands bound in similar orientations of
the benzenesulfonamide ring, while others bound in dissimilar orientation. All
similar binders exhibited significant increase in entropic forces upon increase
in the buried surface of the compounds, while dissimilar binders had various
thermodynamics. Several mechanisms were identified, perfect geometry fit and
a molecular trap. The softness of the CA active site and the water molecules are
also discussed.
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17.1 Introduction: The Energetics and Structure
of Protein-Ligand Interactions

The first stage of drug design is the discovery of a chemical compound that tightly
and specifically binds to the target protein and alters its function in a therapeutically
beneficial way. The binding process is governed by the thermodynamics [1-3],
where the standard equilibrium Gibbs energy change upon compound binding (AG)
is the sum of contributions from the enthalpy (AH) or entropy (—7 AS) that drive
the binding process. The process depends on many factors:

(a) classical direct interaction between ligand and target protein resulting in hydro-
gen bonds, hydrophobic interactions, van der Waals contacts, salt bridges, and
others;

(b) water-related processes (solvation/desolvation and capture/release of water
molecules from protein and ligand) during ligand—target complex formation;

(c) the changes of conformational mobility of the ligand and the protein residues
upon binding (conformational adaptation); and

(d) shape, softness, and exposed molecular surface topography of the active site of
the target protein.

It has been proposed that enthalpy-driven compounds are often preferred over
entropy-driven ones due to the higher probability to obtain the good selectivity,
high affinity, and other optimal characteristics of inhibitor such as its toxicology,
adsorption, metabolism, and excretion [4]. However, the exact structural details
determining the binding thermodynamics are not understood and thus it is difficult
to rationally design compounds that bind target protein specifically and with desired
energetics.

The change in binding enthalpy can be split into contributions [3]:

AHups = AHinteractions + AHgesolv + AHconf + AHexchange (17.1)

where AHjyteractions 1S the enthalpy gain/loss associated with the formation of
non-covalent interactions between binding partners, A H,, is the enthalpy change
associated with the conformational changes of ligand and protein, A Hges01y 1s the
enthalpy gain/loss associated with the desolvation processes of the binding partners,
and AHeychange 1s the enthalpy change associated with the additional influence
from interactions between ligand or protein and buffer components, protons (H*),
or other molecules. The pH influence to the binding process can be estimated and
the AHexchange eliminated from Eq. 17.1. The AHgegorv is often unfavorable for
binding due to the disruption of “ligand—water” and “active site—water” interactions.

AHcony is related to the energetics of conformational changes of the partners
upon binding (conformational adaptation of interacting partners). The values of
AHconr may vary. AHipteracrions 18 Tavorable for binding energetics and usually
this impact compensates the unfavorable gain of desolvation process.
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The change in binding entropy (multiplied by the absolute temperature) also can
be split in a similar way:

—T ASpps = —T ASgesorv — TAScunf - TASexchange

(17.2)
- TASrom-translational - TASvibrational

where new members T AS; oro-transiational ANd T ASyibrational are roto-translational
(associated with degree of translational and rotational freedom) and vibrational
(associated with covalent bonds) entropies, respectively. It was proposed to primar-
ily focus on the optimization of desolvation and conformational entropies during
drug design [3].

The conformational entropy change upon binding is usually unfavorable due
to the reduction in freedom of bound partners. Thus restriction of conformational
freedom of unbound ligand skeleton sometimes can be a successful trick which
could minimize the values of unfavorable conformational entropy.

Water molecules at the ligand—protein interface play a crucial role in the
enthalpy—entropy compensation effect [1,5]. The enthalpy—entropy compensation is
a barrier in the design of selective and strong binders when the additional functional
group does not improve the binding affinities but induce significant changes in the
binding thermodynamics.

A ligand—protein binding event is characterized by binding affinity and selec-
tivity. The binding affinity is the indicator of the binding strength between ligand
and target, whereas the selectivity—an indicator of molecular discrimination among
numerous other binding partners. Additional functional group may, for example,
improve the binding selectivity to the target with negligible change in the binding
affinity or vice versa. Thus high affinity may not be sufficient and high selectivity
may be necessary to make a drug that binds the target protein and does not bind to
other proteins, thus avoiding toxic side effects.

17.2 Matched Molecular Pairs of Similar Binders

In this chapter, we consider a series of structurally related chemical compounds
bound to several human CA isoforms along with measurements of the intrinsic
thermodynamics and co-crystal structures describing structural details of the inter-
actions. The most interesting observations concerning two series of fluorinated and
chlorinated benzenesulfonamide inhibitors of CAs are presented here based on
[6]. Fifteen inhibitors have been grouped into 13 matched molecular pairs where
compounds differ by hydrophobic substituents whose contribution is being studied.
The 13 matched molecular pairs included six pairs with CAII, two with CA XIII,
one with CA1, and four with CA XII. The compound VD12-10 binding mode was
compared in the active site of CAII and CA XII.

A group of similar binders is defined by the same orientation of the benzene
ring of compounds in the pair. Only the positions of substituents may be different in
each pair. Figure 17.1 illustrates nine matched molecular pairs that exhibited similar
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A |cAxiilvpio-35

C[callvpizos [88
vs VD11-4-2/(S1)

B |CAlllvD12-05] :
vs|VD12-63 (S3)

vs|VD10-51 (S2)

D ICAII E90 vs E65 (S4)

E |CAll lvD11-26]
vs VD11-28 |(S5)

G |CAIlVD10-35
vs|VD12-34/(S7) [

H [CAII[vD12-05
Vs VD10-49] (S8)

Fig. 17.1 Matched pairs of inhibitors which exhibit similar binding modes in the crystal structures
of CA isoforms but have differences in the chemical structure by the presence of a functional group
of interest. All CA active sites of the crystal structures are shown in the same orientation. The
structural differences of the inhibitors in pairs are shaded by olive or raspberry color. The ligands
and water molecules (spheres) found in crystal structures are colored the same. The Zn'! ion is
shown as a pink sphere. The protein surface of CA active site is colored orange for hydrophobic
residues (Val, Ile, Leu, Phe, Met, Ala, Gly, and Pro) and blue for amino acids with charged and
polar side chains (Arg, Asp, Asn, Glu, Gln, His, Lys, Ser, Thr, Tyr, Trp, and Cys). (a) Compounds
VD10-35 (olive, PDB 4HU1) and VD11-4-2 (raspberry, PDB 5E2N) bound to CA XIII (pair S1).
(b) Compounds VD12-05 (olive, PDB 4WW6) and VD10-51 (raspberry, PDB 5LLE) bound to
CATI (pair S2). (¢) Compounds VD12-05 (olive, PDB 4WR7) and VD12-63 (raspberry, PDB ID
4WUQ) bound to CAI (pair S3). (d) Compounds E90 (green, PDB 3SBI) and E65 (raspberry,
PDB 3SBH) bound to CAII (pair S4). (e) Compounds VD11-26 (olive, PDB 5LLC) and VD11-
28 (raspberry, PDB 4QJM) bound to CAII (pair S5). (f) Compounds E11-8 (olive, PDB 4KNN)
and E11-10 (raspberry, PDB 4KNM) bound to CA XIII (pair S6). (g) Compounds VD10-35 (olive,
PDB 4PZH) and VD12-34 (raspberry, PDB 5DRS) bound to CAII (pair S7). (h) Compounds
VD12-05 (olive, PDB 4WW6) and VD10-49 (raspberry, PDB SLLH) bound to CAII (pair S8).
(i) Compounds E11-8 (olive, PDB 4KNJ) and E11-10 (raspberry, PDB ID 4KNI) bound to CA Il
(pair S9)
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Fig. 17.2 The chart illustrates the changes of the intrinsic binding thermodynamics in the matched
molecular pairs for similar binders. The enthalpy—entropy compensation effect described for
similar binders is clearly evident. The additional hydrophobic surface did not significantly affect
the binding affinity in most pairs. The unfavorable enthalpy change was always compensated by a
favorable entropy change

binding mode. There were also numerous pairs that exhibited a nearly perpendicular
orientation of the benzene ring in the pair and thus was termed dissimilar pair.

The analysis of the changes of binding thermodynamics between compounds
in these pairs showed a distinct enthalpy—entropy compensation effect (Fig. 17.2).
Comparison of the intrinsic Gibbs energy for similar molecular pairs showed that
there was a relatively small increase in the affinity with an increase of additional
hydrophobic molecular surface area. However, the intrinsic enthalpies of binding
in all similar molecular pairs were significantly less exothermic for compounds
bearing larger hydrophobic substituents. Additional contacts between the protein
and the ligand did not make the enthalpy more favorable as could be expected.
Instead, the intrinsic enthalpies of binding became less favorable. The entropies of
binding mirrored the enthalpies and the enthalpy—entropy (H/S) compensation was
evident.

We conclude that for a pair of similar binders the additional hydrophobic
surface of the substituent does not substantially change the affinity but may
significantly change the enthalpy and entropy of binding. The enthalpy—entropy
compensation phenomenon is usually observed where unfavorable enthalpy change
is compensated by the favorable entropy change.

In the case of dissimilar binders when the benzene ring of compounds in the
pair was found in the different orientations, the changes of binding thermodynamics
were much more varied. No generalization could be made such as in the case of
similar binders.
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17.3 The Case of Perfect Geometry Fit Between Protein
and Ligand

A perfect geometry fit between drug and target as seen in the crystallographic
data, when hydrogen bonds and van der Waals interactions are dense, may explain
several ligand—CA binding cases when the binding affinity between interacting
partners was extremely high (K4 ;,; was approximately 1pM). The fit geometry
may never be perfect, but sometimes the fit could be called geometrically nearly
perfect. Figure 17.3a illustrates the binding mode of compound VD12-05 in the
active site of CA I exhibiting high binding affinity to CAI (Kg ;ns value is 2.1 pM).
In [7] we have described the structural reasons which possibly explain extremely

His200 AT VD12-05

Kd (intrinsic) =2.1 pM

Leul98 j\
< S

o=>shH
. . VD12-10
Kd (intrinsic) = 7.4 pM

Fig. 17.3 Comparison of fluorobenzene and benzene ring positions in the active sites of two CA
isoforms (CAT and CAII). The Zn' is shown as a pink sphere, whereas the surface of protein
is colored by element (C—green, O—red, and N—blue). (a) Compound VD12-05 in CAT active
site (PDB 4WR7). The side chain of His200 restricted the motions of fluorinated ring, whereas
Leul98 forms aliphatic—aromatic interaction with the fluorobenzene ring of the ligand from the
opposite side. The atoms of fluorinated benzene and methyl group of Leul98 are shown in CPK.
The aliphatic—aromatic interaction between benzene ring and methyl group of Leu198 is presented.
(b) Compound VD12-10 in CAII active site (PDB S5LLG). Aliphatic—aromatic interaction between
benzene ring and methyl group of Leul98 is presented. The atoms of fluorinated benzene and
methyl group of Leul98 are shown in CPK
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strong binding of this compound to CAT isoform that are clear in addition to the
classical interactions of the compounds bearing primary sulfonamide moiety:

(a) aliphatic—aromatic stacking interaction between fluorinated benzene ring of
compound and methyl group of Leul98;

(b) side chain of His200 restricted the motions of fluorinated benzene ring of
compound VD12-05 which is fixed between the imidazole ring of His200 and
side chain of Leu198; and

(c) access of water molecules to interacting partners—sulfonamide and Zn " jon—
is restricted.

Another example of significant improvement of ligand binding to CA by
aliphatic—aromatic stacking is shown in Fig. 17.3b. The compound VDI12-10 is
para-substituted benzenesulfonamide. Despite its relatively simple structure, this
compound exhibited very high intrinsic affinities towards CA IT and CA XII (K4 ins
values were 7.4pM and 67 pM, respectively). The position of the benzenesul-
fonamide ring is similar, and the tight aromatic—aliphatic interaction between the
benzene ring of VD12-10 and side chain of Leul98 (Leul97 in CAXII) was
observed in both crystal structures.

This interaction along with classical bonds of sulfonamide formed by VD12-10
in the active site of CA and positioning of the para-substituent in the hydrophobic
cavity in both CA isoforms could explain high binding affinity of this compound [6].
The space-filling model (CPK) of the first ring in both crystal structures exhibited
a close fit in the active site (Fig.17.3, where VDI12-10 bound to CAII). The
methyl group of conservative Leu198 in both cases is positioned against the center
of benzene ring. We hypothesized that in both cases the tight aliphatic—aromatic
interaction improved the binding affinity of the compound.

17.4 The Hydrophobic Barrier and Molecular Trap Mechanism
of Strong Binders

The second possible mechanism, next to the case of perfect geometry, may be
termed the hydrophobic barrier and molecular trap mechanism. Let us analyze the
differences in the binding mode of compounds VD10-35 and VD11-4-2 in the active
sites of CA XII and CA XIII.

Compounds VD10-35 and VD11-4-2 exhibited similar binding mode in the
active site of CAXIII (the benzene ring was found in the same orientation,
Fig. 17.4). Upon addition of cyclooctyl group to VD10-35 resulting in a modified
compound VD11-4-2, the binding affinity increased 30-fold (corresponding values
of Ky ins are 8.9nM and 0.29 nM). The binding mode of this pair of compounds
has an interesting structural feature: the access of water molecules to sulfonamide
changed after the increase of hydrophobic surface. The cyclooctyl group of VDI11-
4-2 replaced water molecules in the hydrophilic part of CA XIII active site. We have
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VD11-4-2

VD10-35 F
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B oSt

Fig. 17.4 Structural position of compounds VD10-35 (green) and VD11-4-2 (pink) bound
CAXIII (left panel) and CA XII (right panel). The cyclooctyl group of VD11-4-2 replaced the
green water molecules which are visible in the structure with VD10-35 (pink water molecules) of
CA XI1II. Both compounds are found here in similar orientation. However, in CA XII (right panel)
the compounds are found in dissimilar orientation. The Zn" ion is shown as a pink larger sphere.
The protein surface of CA active site is colored olive for hydrophobic residues (Val, Ile, Leu, Phe,
Met, Ala, Gly, and Pro) and blue for the residues with charged and polar side chains (Arg, Asp,
Asn, Glu, Gln, His, Lys, Ser, Thr, Tyr, Trp, and Cys)

proposed that the barrier formed by the cyclooctyl group of VD11-4-2 complicates
access of water molecules to the Zn!" ion during the dissociation process.

Several possibilities to displace water molecules upon compound binding are
schematically drawn in Fig. 17.5. The dissociation of VD10-35 from CA XIII could
be described by the mechanism shown in Fig. 17.5a, where water molecules can
directly compete for interactions with sulfonamide and Zn™.

The dissociation of VD11-4-2 could be described by the mechanism shown in
Fig. 17.5b, where the hydrophobic group of the inhibitor acts as a temporary barrier
for the penetration of water molecules to sulfonamide and Zn!! ion. The complicated
path for water molecule access to displace the sulfonamide is a likely reason for the
increase of binding affinity.

It is known that hydrophobic pocket of CA XII active site is larger than in
CAXIII due to the bulky phenylalanine side chain which occupies part of the
pocket in CA XIII (Phel133). The CA XII active site contains the alanine residue
instead of phenylalanine in this position. Figure 17.4b compares the binding mode of
compounds VD10-35 and VD11-4-2 in CA XII. The compound VD11-4-2 is bound
to CA XII 320-fold stronger than VD10-35 (Kg4, ;s values are 0.11nM for VD11-
4-2 and 35nM for VD10-35). These compounds have dissimilar binding modes in
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Fig. 17.5 Possible mechanisms of the impact of hydrophobic group to binding affinity. The
CA active site is shown, where Zn! ion is a small violet circle. The compound consists of the
sulfonamide (blue rectangle), hydrophobic substituent (yellow rectangle), and benzene ring with
para-group (orange rectangle). The small red circles represent the water molecules. The hphob and
hphil labels mean the hydrophobic and hydrophilic parts of the active site. (a) Inhibitor dissociation
process when water molecules in the active site compete for the binding to sulfonamide and Zn !
ion and participate in the compound dissociation out of the active site. (b) A large hydrophobic
group in favorable orientation may create a temporary barrier for water molecules. (¢). Dual
mechanism of the ligand dissociation: when additional hydrophobic group displaces the other part
of the ligand in the small active site cavities (molecular trap) and creates the steric barrier for water
molecules to penetrate deeper into the active site

CAXII. The compound VD10-35 interacts with the hydrophobic part of CA XII
active site, whereas the hydrophilic part is filled by water molecules. Such binding
mode of VD10-35 is usual for para-substituted fluorinated benzensulfonamides
bound to CAII, CAIX, CAXII, and CA XIII isoforms. In the case of VD11-4-2
binding, the hydrophobic meta-substituent displaces the other part of compound in
the hydrophilic part of CA XII.

In the crystal structure of CA XII-VD11-4-2, the para-substituent of the ligand
is located under the side chains of Asn64 and Lys69 and such binding mode may
explain the lower Ky ;,; values. VD11-4-2 effectively displaced water molecules.
The compound can exit the active site only after conformational changes of the
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meta-cyclooctyl substituent, likely responsible for pushing of the para-group of
the compound under the Asn64 and Lys69 side chains. The cyclooctyl group also
creates a barrier for water molecules to enter the active site. Proposed mechanism
explaining the high affinity of VD11-4-2 towards CA XII is schematically repre-
sented in Fig. 17.5¢. The conformational change of cyclooctyl substituent is needed
for the dissociation of VD11-4-2 from the active site.

However, we do not have full information about the dissociation process, its
mechanism, and the triggers which enable the beginning of the dissociation process.
We speculate that the role of water molecules in the binding process is significant
and not yet fully understood.

17.5 The Softness of the CA Active Site

The ligands bound in CA active sites can induce significant conformational changes
of protein amino acid side chains affecting the molecular surface of the active
site. Ligand participates not only in the formation of the non-covalent interactions
with the target molecular surfaces, but also in the rearrangement of the surface.
Conformational adaptations of the active site residues could take place during the
formation of ligand—protein complex.

Figure 17.6a illustrates the binding mode of VD10-35 (left panel) and VD11-4-
2 (right panel) in CAII active site. The compound VD10-35 is a para-substituted
fluorinated benzensulfonamide, which did not affect the position of side chain of
Phel31. Compound VD11-4-2 is a meta-position modified compound VD10-35.
The orientation of fluorinated ring of these compounds is the same in CAII. The
bulky hydrophobic group of VD11-4-2 pushed the side chain of Phel31 from its
original position as in the complex CA II-VD10-35 (Fig. 17.6a).

Figure 17.6b illustrates the binding mode of VD11-4-2 in CAT active site. The
compound occupies two alternative positions in CAI. The active site of CAT is
narrower than CAII due to the presence of two histidine residues (one of them,
His100, is shown in Fig. 17.6). In the crystal structure shown in the left panel of
Fig. 17.6b the side chain of His100 was found in its original position, whereas in the
right panel the fluorinated ring of compound VD11-4-2 affected the position of side
chain of His100.

Adaptation to the ligand and amino acid side chains after complex formation is
also illustrated in Fig. 17.6¢c. The binding mode of two ligands, VD10-35 and E11-8
(para-substituted fluorinated versus chlorinated benzensulfonamide), was compared
in the active site of CA XII. Both complexes are shown in the same orientation.
In the structure shown in the left panel of Fig.17.6c VD10-35 did not change
the position of the side chain of Leu200, whereas the right panel shows that the
chlorinated benzene of E11-8 changed the conformation of side chain of Leu200 in
CAXIIL.

We conclude that the molecular surface and shape of the protein active site
are changeable and the estimation of the active site softness is important for the
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Fig. 17.6 The structures of fluorinated and chlorinated benzensulfonamides bound to the active
sites of CA T, CA I, and CA XII. The Zn'! ion is shown as a pink sphere. (a) In the left, compound
VD10-35 bound to CAII (PDB 4PZH). The side chain of Phel31 is found in the original position
in CATI active site. On the right, compound VDI11-4-2 bound to CAII (PDB 4PYY, alternative
position of ligand model). (b) Two alternative conformations of compound VD11-2-4 bound CA 1
(PDB 5E2M, protein chain A). The shape of CAT active site is narrower as compared with CA Il
due to the presence of side chains of two histidine residues (His200, shown, and His67). Side
chain of His200 is found in a different orientation. On the left, VD11-2-4 did not change the
original position of His200, whereas on the right, VD11-2-4 is found in another binding mode and
the position of side chain of His200 has changed. (¢) Compounds VD10-35 and E11-8 bound to
CAXII (PDB 5MSB and 4KP5, respectively). On the left, VD10-35 did not affect the original
position of Leu200, whereas E11-8 (on the right) pushed and rotated the side chain of Leu200
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structure-based drug design. It is difficult to estimate the impact of conformational
adaptation to the binding thermodynamics.

17.6 Difficulties to Interpret the Crystallographically Visible
Water Molecules

The crystal structures with resolution better than 1.8 A contain electron-density
peaks of sufficiently good quality to be interpreted as water molecules. Importance
of the changes in local water structure of the active site after binding event is still
an open question. The changes of local water network in the active site could be
the reason for the entropy—enthalpy compensation effect [1, 5]. In principle, such
changes can be a “cornerstone” of the protein—ligand binding thermodynamics. The
resolution of CA—ligand complexes is often high enough (1.1-2.0A) and density
peaks of water molecules in the active site can be correctly identified. Despite the
suitable diffraction resolution of CA protein crystals, we cannot always accurately
estimate the changes of crystallographic water molecule number in the active sites
of CA—without ligand and CA-ligand complexes due to the following reasons:

(a) the number of water molecules observed in the active site of crystal structure
depends on the resolution and the interpretation of electron-density peaks. Weak
peaks of electron-density map can be interpreted as peaks of more mobile water
molecules. Different crystallographic software can generate partially different
electron-density maps;

(b) solvent molecules are often trapped and stabilized in the crystal structure
between protein chains due to the crystal packing;

(c) the crystal structure of CA XII often contains four subunits in the cell where
the number and quality of solvent molecule peaks may have similar differences
between active sites of the protein subunits;

(d) the number of water molecules observed in the active site depends on the buffer
composition resulting in buffer molecules observed at the protein surface instead
of water molecules; and

(e) the side chains of residues which form the surface of active site can have
alternative positions that weaken the electron-density peaks of crystallographic
waters and complicate the interpretation of density maps.

All these reasons influence the assumed correlations between the crystallo-
graphic water molecules in active sites and binding thermodynamic parameters.
X-ray crystallography cannot yield the positions of hydrogen atoms of water
molecules. Only the positions of oxygen atoms can be determined. The network of
hydrogen bonds between crystallographic waters can be estimated by bioinformatic
methods. As discussed in earlier chapter, the changes in the network of hydrogen
bonds between water molecules could be investigated by neutron diffraction.
Furthermore, the pH induces delicate rearrangements in the hydrogen bond network
between water molecules in the active sites [8—11].
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17.7 Conclusions

Full understanding of the correlations between the structure and thermodynamics
of protein—ligand interactions is not yet possible. It is not clear why some ligands
bind with highly enthalpy-dominating forces, while other structurally very similar
compounds bind with highly entropy-dominating forces. However, structural crys-
tallographic investigation of the high-affinity compounds bound to CA isoforms
and arranged in matched molecular pairs that differ by a single functional group
determining affinity and selectivity yielded several possible mechanisms such as
perfect geometry and molecular trap. Compounds that bound similarly in matched
molecular pairs (i.e., the orientation of the benzenesulfonamide ring was the same
in both structures) exhibited decrease in the magnitude of enthalpy and increase in
the magnitude of entropy in the driving of these binding reactions.
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Abstract

Carbonic anhydrase (CA) IX belongs to a group of druggable targets which sig-
nificantly affect cancer progression. Although many CA IX-targeting compounds
have been reported, only a few sulfonamide derivatives progressed to clinical
trials, and the results have been unfavorable, or unavailable, so far. Therefore,
the design of different, more efficient CA IX-targeting inhibitors and their clinical
benefits to patients are relevant issues to be studied. Here, the novel fluorinated
benzenesulfonamides VD11-4-2, VD12-09, and VR16-09 were investigated in
three different biological model systems, such as zebrafish embryos/larvae,
Xenopus laevis oocytes, and human cancer cells. The results discussed in this
chapter confirm that newly designed CAIX inhibitors are suitable for further
development directed towards CA IX-specific anti-cancer therapy.
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18.1 Introduction

Drug development follows a well-defined path. It is comprised of several steps, such
as target validation, lead identification and optimization, preclinical testing, clinical
trials, and marketing (Fig. 18.1). This process is highly regulated by national and
international agencies for drug regulation and can take over 15 years and have a
cost of $2.6 billion per drug launch, as recently estimated [1].

10-15 years, ~ $2.6 billion

Target/Phenotype Lead Lead Preclinical  Clinical Licensing/
validation identification optimization testing trials Marketing

Fig. 18.1 A scheme representing the major steps of drug development

pH-modulating proteins have emerged as promising targets for cancer therapy
[2]. Hypoxia, present in almost all solid tumors, significantly affects regulation of
gene expression, thereby leading to a vast production and accumulation of lactate,
H*, and CO,. These metabolites can compromise cellular pH homeostasis.

Several pH-regulatory proteins are essential to maintain the cellular acid—base
balance in hypoxic cancer cells (Fig. 18.2). These proteins are responsible for H*
extrusion and buffering of the intracellular pH (pH;). The efflux of H* is carried

Lactat

Glycolysist
pH; T

Fig. 18.2 A schematic model of major proteins involved in pH regulation (drawn not to scale).
V-ATPase-vacuolar-type H"-adenosine triphosphatase, NHE1-Na*/H* exchanger 1, MCT1/4—
monocarboxylate transporter 1/4, NBC-Na*/HCO; co-transporter, AE—anion exchanger, CA IX—
carbonic anhydrase IX, and CA II-carbonic anhydrase II
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out by membrane-bound monocarboxylate transporters (MCTs), Na™/H™ exchang-
ers (NHEs), and vacuolar-type H*-adenosine triphosphatases (V-ATPases) [3].
Carbonic anhydrases (CAs) belong to another important family of pH-regulatory
enzymes. They catalyze the reversible hydration of CO, to HCO; and H*
(CO, + H,0 = HCO; + H"). There are twelve catalytically active human CA
isoforms and three non-catalytic CA-related proteins (CARPs), both are linked with
diverse physiological processes and diseases [4]. Among this family of proteins,
the membrane-anchored CA IX has been associated with cancer progression due to
its unique expression pattern. CAIX is only found in a handful of normal tissues
[5], whereas CAIX is overexpressed in a broad spectrum of hypoxic tumors [6].
The extracellular catalytic domain of CA IX is responsible for the catalysis of CO,
hydration to HCO5™ and H*. Thus, a concentration gradient of CO, is created,
enabling passive diffusion of CO, across the membrane. CA IX-produced H* ions
increase extracellular acidification, contributing to an invasive tumor phenotype [7].
Moreover, HCO; ions are transported into the cell via Na*/HCO;™ co-transporters
(NBCs) and anion exchangers (AEs) to alkalize pH; and thereby promote cell
survival [3, 8-10].

The interplay of enzymes involved in pH modulation is critical for tumor growth
and therapeutic resistance. Therefore, pH regulators have become promising targets
for cancer therapy. In the last decade, several chemical molecules and antibodies
which bind MCT1, V-ATPase, or CA IX in tumor cells have been developed and are
at various stages of clinical development (Table 18.1).

Recently, an alternative approach has been proposed which focuses on the
simultaneous targeting of several proteins involved in H* flux. The combination
of V-ATPase inhibitor lansoprazole with diverse CAIX inhibitors, such as the
sulfamate S4 or the ureido-sulfamate derivative FC9-399A, was shown to be more
promising than treatments with individual compounds in human melanoma cells
[11]. However, the synergistic effects of NHE1 and CA IX combined knockout were

Table 18.1 Clinical trials of drug candidates targeting MCT1, V-ATPase, or CAIX
Target Compound Type of cancer Phase Identifier
MCT1 AZD3965 Solid tumors, prostate cancer, Phase I NCT01791595
gastric cancer, diffuse large B
cell lymphoma
V-ATPase Esomeprazole Esophageal cancer Phase 111 NCT00357682
Breast cancer Phase I NCT00849329
Pantoprazole  Prostate cancer Phase 11 NCT01748500
Solid tumors Phase I NCT01163903
Omeprazole Colorectal cancer Phase 11 NCT02518373
Breast cancer Phase 11 NCT01069081
CAIX SLC-0111 Solid tumors Phase I NCT02215850
SLC-0111 Metastatic pancreatic ductal Phases I and I  NCT03450018
adenocarcinoma
3ee9-MMAE  Solid tumors Phase 1 NCT01028755
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not determined in vivo, potentially due to the increase in CA XII expression, as a
compensatory pH-regulating protein [12].

In conclusion, tumor acidosis is relevant for anti-cancer drug discovery and
development. Key pH-regulatory proteins have become clinically important targets.
However, deeper knowledge of the molecular basis of pH-dependent cell behavior
could provide more profound for improved cancer treatment and patient outcomes.

18.2 Overview of CAIX

CAIX, originally called MN, was discovered as a tumor-associated antigen in 1992
using the monoclonal antibody (mAb) M75 [13]. This study was followed by the
analysis of the CAIX cDNA [14] and gene [15] sequences. The results revealed a
highly conserved CA catalytic domain. Therefore, MN was classified as the ninth
member of CA family and renamed to CA IX. Another group found an antigen of
renal cancer, termed G250 [16], it was later shown to be CAIX [17].

Mature CAIX is composed of several domains, such as a N-terminal
proteoglycan-like (PG) domain, a conserved CA catalytic domain, a hydrophobic
membrane-spanning helix, and a cytoplasmic tail at the C-terminus [15]. The PG
domain features high conformational flexibility [18] and is a distinctive feature of
CA IX because it is absent within other human CA isoforms. Thus, a selective detec-
tion of CAIX among other CAs can be accomplished through the application of
mAb M75, which binds to a repetitive epitope in the PG domain [19]. The cytoplas-
mic tail of CA IX has three phosphorylation sites. They are significant for signaling
and regulation of enzymatic activity [20, 21]. The expression of a shorter CAIX
has also been reported as a consequence of alternative splicing [22,23]. The crystal
structure of recombinant CAIX supports a homodimeric configuration with two
monomeric catalytic domains stabilized via an intermolecular disulfide bond [24].

The expression pattern of CA IX highlights its potential to be a cancer-specific
target. In normal tissues, CA IX is only found in the epithelia of the gastrointestinal
tract [5]. However, CA IX is strongly overexpressed in a wide range of solid tumors
including malignancies of the brain, kidney, colon, head and neck, lung, breast,
esophagus, ovary, and liver [6,25,26]. Transcription of the CA9 gene can be induced
by hypoxia [27] or other pathways [28-31]. Alternatively, CAIX also exists as
a shed ectodomain (ECD) composed of CA catalytic and PG domains, which is
formed after cleavage by metalloproteinases, such as TACE/ADAM17 [32]. ECD
circulates in the serum and/or plasma of patients [33] and thus can be used for
prognostic applications, but its clinical significance is inconclusive so far [34-37].

The important role of CA IX has been confirmed by in vitro and in vivo studies,
which are listed in this paragraph. They have indicated that depletion of CAIX
enzymatic activity or its expression leads to decreased cell viability and attenuated
primary tumor growth. CA IX-selective inhibitors have reduced extracellular acidi-
fication [38,39] or caused intracellular acidification [40] under hypoxic conditions,
thereby increasing cell death. Clonogenic cell survival has been decreased after the
depletion of CAIX via RNA interference [41]. In mouse models, the growth rates
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of tumor xenografts have been reduced when the CA9 gene was knocked down
via short hairpin RNAs [42—44] or knocked out using the CRISPR—Cas9 system
[12]. Furthermore, CA IX has been linked with several stem cell markers [45]. The
inhibition of CA IX has been reported to reduce the expansion of cancer stem cells
and thereby diminish tumor growth and metastasis formation [46]. Interestingly, the
upregulation of CA XII after CA IX knockdown has been demonstrated [12,42,43],
suggesting the cross-talk between CAs to maintain pH homeostasis.

Upon tumor cell migration, CA IX is involved in the maintenance of pH gradients
inside and outside the cell. Recent studies have indicated that CA IX is localized in
lamellipodia where it promotes migration via H" production, enhances bicarbonate
uptake through interaction with specific transporters [47], and regulates collagen
degradation mediated by matrix metalloproteinase isoform 14 [48]. Moreover,
CAIX competes with E-cadherin for binding with S-catenin, causing the detach-
ment of E-cadherin from the cytoskeleton, and thus supports cell motility [49].
CAIX has also been associated with several signaling pathways [20, 50, 51] which
can influence migration rates. The invasiveness of cancer cells in vitro and in
vivo has been reduced after elimination of CAIX via selective inhibitors or gene
silencing methods [44,48,52,53].

18.3 Novel CAIX Inhibitors

The modulation of catalytic activities of human CA isozymes has been widely
investigated [54] with five different mechanisms of CA inhibition determined so far
[55]. The aim of these human CA studies is to discover compounds exhibiting high
affinity towards pathology-linked CAs and low affinity towards other CA isoforms.
However, the design of CA-selective compounds is a challenging task because of the
high structural homology among human CA isoforms, as shown in Fig. 18.3 [56].
Here, research interest is focused on the derivatives of primary sulfonamides
as classical CA inhibitors [57]. Three fluorinated benzenesulfonamides, named

Fig. 18.3 Overlay of
available structures of
catalytically active human
CA monomers. PDB IDs:
1HCB for CAT (yellow),
3KS3 for CATI (green), 17293
for CAIII (magenta), 1ZZNC
for CATV (blue), 3FE4 for
CA VI (orange), 3MLS5 for
CA VII (gray), 31AI for
CAIX (red), 1JCZ for CA XII
(dark green), 3DON for
CAXIII (black), and 4L.U3
for CA X1V (cyan)
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VDI11-4-2, VD12-09, and VR16-09, as lead CA IX inhibitors have been designed.
Enzymatic and biophysical approaches confirmed that these compounds are strong
binders and selective inhibitors of recombinant CAIX [58, 59]. Binding and
inhibition affinities of inhibitors are shown in Table 18.2. For further development,
studies applying zebrafish embryos/larvae [60], Xenopus oocytes [61], and human
cancer cells [58] were carried out to confirm efficacy of novel lead CA IX inhibitors.

Table 18.2 Binding and inhibition affinities of novel lead CA IX-selective inhibitors

K4 (K;), nM
CA isoform SO,NH, SONH, $ONH;
F F F N F N
O O XX A
S0, S S
VD11-4-2 g VD12-09
VR16-09
HO HO
HOOC
CAI 710 50,000 >200,000
CAIlL 60 1,300 >200,000
CAIl 40,000 >200,000 >200,000
CAIV 25 1,700 >200,000
CA VA 2,500 3,300 >200,000
CAVB 5.6 210 45,000
CA VI 95 4,300 >200,000
CAVIL 9.8 330 37,000

CAIX 0.05 (<10) 1.1 (<5) 0.16 (<1)

CAXII 3.3 330 710

CAXIII 3.6 140 20

CAXIV 1.6 170 170

The dissociation constants (Ky) of VD11-4-2, VD12-09, and VR16-09 for the binding with
twelve human recombinant CA isoforms were determined by fluorescent thermal shift assay
(pH 7.0, extrapolated to 37 °C). The inhibition constants (K;) evaluated by stopped-flow kinetic
inhibition assay (pH 7.5, 25 °C) are shown in the parentheses. The synthesis, binding, and inhibition
profiles of compounds VD11-4-2, VD12-09, and VR16-09 were previously published [58,59]. The
standard error of K; measurements is 2 times

18.4 Toxic Effects of the CA IX Inhibitors on Zebrafish
Embryos/larvae

The zebrafish has emerged as a versatile tool for human drug discovery [62]. For
toxicological studies, zebrafish as a model system has been applied for over 60 years
[63,64]. Zebrafish exhibits numerous advantages, including transparency of embryo
and larva, regenerative capacity, high fecundity, external fertilization, rapid develop-
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ment, and they are relatively easy to maintain. Furthermore, zebrafish offers lower
experimental costs and compound consumption compared with other animal models
[65]. Despite the lack of a few mammalian organs, zebrafish shares a highly con-
served, but not absolutely identical, physiology and anatomy with mammals [62].

Screening of CA inhibitors in zebrafish is a relatively novel scientific subject. The
treatment of zebrafish with the membrane-impermeable human CA inhibitor F3500
was reported in 2009 for the first time [66]. Phenotypic abnormalities of zebrafish
caused by acetazolamide, a non-selective CA inhibitor, were thereafter published
[67], followed by several studies of zebrafish developmental toxicity induced by a
handful of CA inhibitors [68,69]. Subsequently, the roles of zebrafish CA isozymes,
including acatalytic CAs [70,71], CAII [72,73], and CA VI [74], were investigated
during zebrafish embryonic development using gene silencing methods. In these
studies, knockout/knockdown of CAs showed effect on phenotypes of zebrafish
larvae giving insights into the structural and biological functions of these CAs in
organisms.

The toxicological screening of the novel CA IX inhibitors VD11-4-2 and VD12-
09 was performed employing over 2,300 zebrafish embryos. According to the
survival rate, the half-maximal lethal concentration (LCsg) for each compound
was determined using the sigmoidal dose-response Hill model. The results showed
dose-dependent lethal effects of VD11-4-2, VD12-09, and ethoxzolamide (EZA), a
non-selective CA inhibitor, on the development of 24—120h post-fertilized (hpf)
zebrafish larvae (Fig.18.4). Compounds VD12-09 and EZA exhibited similar
impacts on mortality of zebrafish larvae (LCso values were 13 and 9 uM, respec-
tively). Inhibitor VD11-4-2 possessed the highest LCso value (120uM) among
the tested compounds, showing tenfold lower capacity for inducing mortality of
zebrafish larvae than EZA. The steepness of dose-response curves in this study
can be compared with those of the recent exploration on the toxicity of anti-cancer
compounds in zebrafish [75], suggesting that the investigated inhibitors may exhibit
lower excretion or cause severe effects on multiple organ systems.

LCsy (VD11-4-2)
120 uM

40 =
LCs,y (VD12-09)
201 13 uM
04— 4
0 1 100 0 1 100

10 10
Concentration (uM) Concentration (uM)

Fig. 18.4 Effect of inhibitor dose on zebrafish larval survival. Three inhibitors were applied:
(a) VDI11-4-2 (filled circle), VD12-09 (filled square); (b) EZA. Data points were obtained
experimentally, while the solid lines were simulated according to the Hill model (Hill coefficient
4-8). Insets show zebrafish larvae after 5 days treatment with 100 uM VD11-4-2 (a) or 10 uM EZA
(b). Arrows in the inset of panel (b) indicate pericardial edema
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Analyses using light microscopy showed abnormalities in the phenotypes of
zebrafish larvae to be less severe when treated with inhibitors VD11-4-2 or VD12-09
than EZA, as shown in the insets of Fig. 18.4. No phenotypic defects in the zebrafish
larvae were detected after treatment with VD compounds (Fig. 18.4a). However,
zebrafish larvae treated with EZA exhibited developmental abnormalities, such
as pericardial edema, unutilized yolk sac, and abnormal body shape (Fig. 18.4b).
Histochemical analysis did not reveal any apparent morphological changes to the
tissues or internal organs of zebrafish larvae treated with the studied inhibitors
compared with the DMSO-treated and untreated wild-type zebrafish. To summarize,
both VD11-4-2 and VD12-09 caused lower toxicity than EZA in zebrafish larvae
and therefore were suitable for further development.

18.5 Affinity and Selectivity Properties of the CA IX Inhibitors
in Xenopus Oocytes

The clawed frog Xenopus laevis (X. laevis) is originally from South Africa. Until
the 1960s, X. laevis was applied for the rapid diagnosis of early pregnancy [76].
Nowadays, Xenopus oocytes are often employed as a model system due to its many
advantages, such as easy manipulations because of big cell size (1.1 mm to 1.3 mm),
convenient laboratory maintenance, and a large number of offspring [77].

Structural and functional properties of eukaryotic proteins can be studied using
Xenopus oocytes. Efficient transcription and translation of exogenous nucleic acid
into protein are enabled by nuclear injections of cDNA, or mostly by cytoplasmic
injections of in vitro synthesized cRNA [78]. Oocytes in developmental stages IV
to VI are applied in molecular and physiological research because they feature the
highest translational capacity [79]. Importantly, the activities of endogenous ion
channels and membrane transporters are low in oocytes [80]. Thus, measurements
in oocytes are affected by endogenous proteins, thereby emphasizing oocytes to
be a convenient model system for a broad variety of biological and biochemical
applications.

The absence of CA activity in native Xenopus oocytes has been previously
noted [81]. Therefore, injecting oocytes with cRNA coding for particular human
CA isoforms allows for expression of those CAs. This gives the opportunity
for further investigations, in particular protein—protein interactions and selective
inhibition. Several studies on targeting heterologous CA isoforms in oocytes have
been reported, as discussed further below. CA inhibition was monitored with micro-
electrodes by measuring the pH in the cytosol and at the outer membrane surface,
and was subsequently confirmed by gas-analysis mass spectrometry (MS) [77]. The
significant inhibitory properties of 10-30 uM EZA against heterologous CA II [82],
CATIV [83], and CAIX [84] have been described in oocytes. Furthermore, oocytes
have been used to reveal that heterologous CAII [85], CAIV [86], and CAIX
[87] possess non-catalytic functions linked with the ability to increase lactate flux
via interactions with monocarboxylate transporters. This non-catalytic function was
unaffected by CA inhibitor EZA. Based on the listed observations, Xenopus oocytes
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are promising models to study the roles of CAs and characterize the affinity and
selectivity of CA inhibitors in a live eukaryotic cell with a fully matured target CA
isozyme.

Recently, two different subcellular localizations have been shown for heterol-
ogous CAIX in Xenopus oocytes: ~80% intracellular and ~20% membrane-
bound, with extracellular enzymatic activity [84]. Therefore, the novel inhibitors
VDI11-4-2 and VD12-09 were tested in native oocytes lacking CA activity and
oocytes injected with CAIX-cRNA or CAII-cRNA. The rate of change in the
intracellular [H*] (A[H"];/At) was measured with pH-sensitive microelectrodes.
In comparison with native oocytes (25.4 £+ 2.9nM/min; Fig. 18.5¢c), the rate of
acidification increased for both CAIX (82.0 £ 8.8 nM/min; Fig.18.5b, e) and
CAIIl (137.5+ 14.7nM/min; Fig.18.5a, d) expressing oocytes. The effect of
10uM VD11-4-2 on A[HT];/At induced by heterologous CATI in oocytes was
negligible (Fig. 18.5a, d). In CA IX-expressing oocytes, A[HT];/At was reduced
from 82.0£8.8 to 20.3 £3.5nM/min by 10uM VDI11-4-2 (Fig. 18.5¢). This
value matched the rate of 20.2 &= 1.4 nM/min measured in native cells when they
were treated with the same dose of VD11-4-2 (Fig. 18.5¢). Moreover, VD11-4-2
was not washable from CAIX after 15 and 45 min (A[HT];/At were 26.4 +2.9
and 27.7 & 3.5nM/min, respectively). Thus, VD11-4-2 was demonstrated to be a
membrane-permeable inhibitor that completely blocked the CA IX-generated rate
of acidification at 10 uM in Xenopus oocytes.

The inhibitor VD12-09 was also studied in oocytes with heterologous CAII or
CAIX isoforms. The A[H'];/At was not influenced by 10 uM VD12-09 in CAII-
expressing cells (Fig. 18.5f), whereas A[HV];/At was reduced by 10uM VDI12-
09 in CA IX-expressing cells, from 87.5 4+ 17.8 to 40.6 £ 6.9 nM/min (Fig. 18.5g).
Even though VD12-09 was selective against CAIX as compared with CATI, the
CAIX inhibition effect was lower than that of 10uM VD11-4-2. Thus, VD12-09
was not investigated further in oocytes.

According to crystallographic analysis, mature CAIX is a transmembrane
protein displaying extracellular catalytic activity [24]. The impact of 10puM VD11-
4-2 on the extracellular activity of CAIX was determined in Xenopus oocytes by
measuring extracellular [H*] at the outer membrane surface ([HT]y) using pH-
sensitive microelectrodes (Fig. 18.6a). A transient decrease in [HT]; was induced
by the addition of CO,/HCO5 and a increase of [H"]; was caused by removal
of CO,/HCO; . The extracellular CAIX activity was evaluated by the amplitude
of A[H']; during the removal of CO,/HCO; . In the absence of inhibitors,
A[HT]; was determined to be 15.6 4= 0.4 nM/min in native cells (Fig. 18.6b), which
increased to 63.0 £ 3.1 nM/min in CA IX-expressing oocytes (Fig. 18.6a, c). The
amplitude of the acid transient decreased to 22.1 £ 0.7 nM/min by 10 uM VD11-4-
2 (Fig. 18.6a, c). This A[HT]; correlated with A[H™]; obtained in native cells after
exposure to the same dose of VD11-4-2 (14.5 4+ 0.5 nM/min, Fig. 18.6b). In line
with the results of measuring intracellular pH, the interaction between heterologous
extracellular CAIX and VDI11-4-2 indicated high affinity and was determined to
be essentially irreversible, with a A[H']; of 34.0 & 6.0nM/min after 15 min of
washing out (Fig. 18.6a, c).
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Fig. 18.6 Measurements of [H']; changes in Xenopus oocytes injected with CAIX-cRNA (a
and ¢) and uninjected (native) oocytes (b) during application of CO,/HCO;™ (from a nominally
CO,-free, Hepes-buffered solution) in the absence and in the presence of 10uM VDI11-4-2 and
after 15 min of washing out. Red lines represent amplitudes which were used for the evaluation of
A[HT]y. Asterisks indicate significant difference between CA activity before and after addition of
inhibitor and after washing it out (**p < 0.01, ***p < 0.001)

Dose-response curves were determined for changes in the intracellular
(Fig. 18.7a) and extracellular (Fig. 18.7b) CA IX activity, as a function on VD11-4-2
concentration. CA IX-expressing oocytes were treated with tenfold increasing doses
of VD11-4-2 and A[HT];/At (Fig.18.7a) or A[HT] (Fig. 18.7b) were measured.
Half-maximal inhibitory concentrations (/Csp) for VD11-4-2 were determined
using the sigmoidal dose-response Hill model. The I Csg of inhibiting intracellular
CAIX by VD11-4-2 was found to be 15 nM (Fig. 18.7a). This result was consistent
with I Csp of 25 nM for inhibition of extracellular CAIX by VD11-4-2 (Fig. 18.7b).
Thus, VD11-4-2 exhibited high inhibitory potential towards both heterologous
intracellular and extracellular CA IX in Xenopus oocytes.

A Intracellular B Extracellular
100 { & 100 { o—
80 80 |
ICsy (VD11-4-2) ICsp (VD11-4-2)
3 60 15nM < 604 25nM
£ 401 40
< <
20 20
s
0 T . T T T * 0 Al T T T T T T
0 10* 10° 10 10" 10° 10' 0 10* 10° 10% 10" 10° 10’
Concentration (uM) Concentration (uM)

Fig. 18.7 The dependence of changes in [H];/t (a) and [H*]; (b) on the concentration of
inhibitor VD11-4-2. Black data points were obtained experimentally, while solid lines were
simulated according to the Hill model (Hill coefficient 0.5)

Two other extracellular heterologous CAs, CAIV and CA XII (Fig. 18.8), were
involved in this study using Xenopus oocytes to evaluate selectivity of VDI1-
4-2 towards CAIX. The activities of CAIV or CAXII were not significantly
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Fig. 18.8 Measurements of [HT]; in oocytes injected with 1ng CAIV-cRNA (a and b) or 5ng
CA XII-cRNA (c and d) during application of CO,/HCO; (from a nominally CO,-free, Hepes-
buffered solution) in the absence and presence of 50 nM and 10 uM VD11-4-2 and after 15 min of
washing out. Asterisks indicate significant difference between CA activity before and after addition
of inhibitor and after washing it out (**p < 0.01, ***p < 0.001)

affected by 50nM VD11-4-2, while 10 uM VD11-4-2 significantly reduced A[H™ ],
to 54.3 £5.7 and 26.5 £+ 1.4nM/min in oocytes expressing CAIV and CA XII,
respectively (the rate of 20.2 &= 1.4 nM/min measured in native cells). Furthermore,
VD11-4-2 was found to be washable for CA IV, while non-washable for CA XII.
This result supports the conclusion that at nanomolar levels VD11-4-2 is highly
selective for CA IX, but not CAII, CAIV, or CA XII.

The high affinity of VD11-4-2 against heterologous CAIX in Xenopus oocytes
was confirmed by mass spectrometry (MS). This method is based on following the
130 depletion of doubly labeled '*C'80, through several hydration and dehydration
steps of CO, and HCO; [82, 88]. Three isotopic CO, species can be generated
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Fig. 18.9 Inhibition of heterologous CAIX in oocytes as determined by MS. (a) Reactions of
130 exchange from doubly labeled '3C!80, (m/z = 49) to 13C!°0, (m/z = 45) and H,'30. (b)
Recordings of the degradation of '80-labeled CO,. (¢) Evaluations of CA IX activity in the absence
and presence of 1 and 10nM VD11-4-2 in lysed oocytes. The addition of oocyte lysate made from
20 cells and different concentrations of VD11-4-2 are shown by arrows. In panel (c), asterisks
in the upper part of the graph indicate a significant difference between CA activity before and
after addition of inhibitor using CA IX-expressing oocytes, while asterisks above the bars show a
difference between CA activity in native and CA IX-expressing oocytes when applying the same
dose of inhibitor (*p < 0.05, ***p < 0.001)

depending on the mass-to-charge ratio (m/z) (Fig. 18.9a). For the calculation of CA
activity, the rate of 80 depletion is evaluated and compared with the corresponding
rate of the non-catalyzed reaction, as defined previously [89]. In this work, the
total activity of intracellular and extracellular CA IX was decreased by ~25% using
1nM VDI11-4-2 in lysate of oocytes expressing CAIX (Fig. 18.9b, c). Moreover,
complete inhibition of CAIX activity was measured using 10nM VDI11-4-2 as
compared with results when the lysate of native cells were treated with the same
dose of VD11-4-2 using same setup. Therefore, the characterization of VD11-4-
2 activity by MS confirmed the outcome from intracellular and extracellular pH
measurements revealing the nanomolar affinity of VD11-4-2 against heterologous
CAIX in Xenopus oocytes.

18.6 Functional Activities of the CA IX Inhibitors in Human
Cancer Cells

Human cancer cells are essential in vitro models in cancer research for diverse
applications, including anti-cancer drug development. Here, functional activities of
the inhibitors VD11-4-2, VD12-09, and VR16-09 were determined in a panel of
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human cancer cell lines exhibiting increased expression of CA IX under hypoxic
(0.2% O,) conditions: A549 (lung), MDA-MB-231 (breast), H460 (lung), and HeLa
(cervical).

First, compounds were evaluated by MS for their inhibitory potential of the total
extracellular CA catalytic activity in hypoxic MDA-MB-231 cells. As in exper-
iments with Xenopus oocytes, the rate of the CO,/HCO5 hydration/dehydration
reaction via 80 depletion from '3C!80, was determined. Pre-incubation of the cell
suspension with VR16-09, VD11-4-2, or VD12-09 resulted in a dose-dependent
decrease in CA activity with 1Csg values of 1.29 £ 0.11nM, 2.95 4+ 0.69nM, and
167.4 + 1.3 nM, respectively (Fig. 18.10a—c).

A B C
<1007 IC,,=1.29 "M _100 7. [C,,=2.95nM 100 14 /C5 = 167.4 1M
g S g
2 907 s 97 > 90
2 = 1 2
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Fig. 18.10 Compound /Csg evaluation representing inhibition capacity of total extracellular CA
activity in hypoxic MDA-MB-231 cells as determined by MS. Cells were incubated under hypoxia
(1% O,) for 3 days and thereafter exposed to VR16-09 (a), VD11-4-2 (b), or VD12-09 (c¢) for up
to 3h. CA activity in the presence of inhibitor was normalized to the activity in the absence of
inhibitor. Average + SD of four independent experiments per cell line is shown

CA IX-selectivity of inhibitors was verified via MS using HeL.a CA IX knockout
(KO) cells. These cells were generated using CRISPR-Cas9 genome editing and
selected according to Western blot analysis, followed by the genetic confirmation
using single allele sequencing of KO-causing mutations in the CA9 gene in two
alleles per clone. HeLLa wild-type cells and two individual HeLa CA IX KO clones
were treated with VR16-09 (300nM), VD11-4-2 (300nM), or VD12-09 (30 uM).
These doses of compounds caused near maximum inhibition of extracellular CA
activity in hypoxic MDA-MB-231 cells. The investigated inhibitors did not change
the CA activity in either hypoxic HeLa CAIX KO clones (Fig. 18.11). However,
considerable CA activity remained in hypoxic HeLa CA IX KO cells, emphasizing
the activity of other extracellular CA isoforms. In HeLa wild-type cells, the tested
inhibitors reduced CA activity to 30-40%. Similar CA activity was measured in
untreated HeLLa CA IX KO clones. Therefore, VR16-09, VD11-4-2, and VD12-09
selectively targeted CA IX in HeLa cells.

The functional activity of compounds was further confirmed by extracellular
acidification assay measuring the rise in pH under normoxic conditions or directly
inside a hypoxic chamber (Fig.18.12a). An experimental scheme is shown in
Fig. 18.12b. Cells were plated in 6 cm dishes and allowed to attach overnight in
normoxia. The next day cells were exposed to inhibitors or DMSO for 72h in
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Fig. 18.11 CAIX-dependent mode of action for inhibitors in hypoxic HeLa cells. CA activity
in HeLa wild-type and two HeLa CAIX KO clones before (white bars) and after addition of
compound (gray bars) VR16-09 (a), VD11-4-2 (b), or VD12-09 (c¢) was determined by MS gas-
analysis from the increase in the rate of log enrichment after addition of cell suspension. CA
activity in the presence of inhibitor was normalized to the activity in the absence of inhibitor.
Average + SD of four independent experiments per cell line is shown. Asterisks indicate significant
difference between CA activity before and after addition of inhibitor (**p < 0.01, ***p < 0.001)

parallel under normoxic or hypoxic conditions and pH of the culture medium was
measured at the end of each experiment. The results were evaluated as a difference
between the pH of medium in the control plate (without seeded cells) and the pH of
medium in the targeted plate (containing cells exposed to the compound or vehicle).
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Fig. 18.12 Extracellular acidification assay. Experimental example representing hypoxic cham-
ber (a) and experimental scheme (b)

Acidification in HeLa cells under hypoxic conditions was significantly reduced
by VR16-09, VD11-4-2, and VDI12-09 in a dose-dependent manner, while the
impact on acidification of normoxic HeLa cells was negligible (Fig. 18.13). This
functional activity was the most pronounced for VR16-09 at 50 uM, whereas VD12-
09 exhibited the lowest functional activity of the tested compounds in HeLa cells.
Hypoxia-induced acidosis of three other cell lines was significantly reduced by
50 uM VR16-09 (Fig. 18.14a) and 50 uM VD11-4-2 (Fig. 18.14b). The extracellular



280 J. Kazokaité et al.

< HelLa

\4

VD11-4-2

ApH

ApH

O Normoxia
O Hypoxia (0.2% O,)

Fig. 18.13 Changes in extracellular acidification of HeLa cells after the treatment with VR16-09,
VD11-4-2 or VD12-09 for 72 h under normoxia (21% O,; white bars) or hypoxia (0.2% O,; gray
bars). Average + SD of at least three independent experiments is shown. Green arrows show the
reduction of extracellular acidification under hypoxic conditions upon the application of increasing
doses of each inhibitor. Asterisks indicate a significant difference between medium pH of cells
exposed to DMSO and cells treated with various doses of inhibitor under hypoxic conditions (*p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001)

pH of cells treated with DMSO and in parallel with 50 uM VR16-09 was elevated
from 6.97 £0.06 to 7.44 + 0.06 for HeLa, from 6.67 &= 0.13 to 7.19 £ 0.14 for
H460, from 6.37 £ 0.11 to 6.83 £ 0.20 for MDA-MB-231, and from 6.70 & 0.04
to 6.79 & 0.07 for A549 cells. The inhibitor VD11-4-2 also significantly affected
hypoxic acidification. The exposure of cells to 50 uM VD11-4-2 as compared with
DMSO control caused an increase of pH from 6.97 £ 0.06 to 7.21 &£ 0.05 for HeLa,
from 6.67 =0.13 to 6.84 £+ 0.14 for H460, from 6.37 & 0.11 to 6.63 & 0.07 for
MDA-MB-231, and from 6.70 & 0.04 to 6.81 £ 0.03 for A549 cells.

The inhibitor-induced cytotoxicity was investigated by the Alamar blue cell
viability assay. Response to treatments was quantified by determining concentration
of inhibitor which leads to half-maximum viability response (ECsp). When two-
dimensional (2D) monolayer cells were employed, inhibitors VR16-09, VD11-4-2,
and VD12-09 were more effective in reducing viability of normoxic cells without
or with significantly lower CA IX expression than hypoxic CA IX-expressing cells.
Therefore, cytotoxic ratios of selectivity to hypoxia for inhibitors were lower than 1
(Table 18.3). This result is in line with the previously published cytotoxicity profiles
of several CA IX inhibitors, including SLC-0111 [90], sulfamate S4 [91], and dual-
target derivatives [92]. These compounds were more cytotoxic under normoxic
than hypoxic conditions, promoting a hypothesis for the relevance of inhibitor
affinity towards CA XII. Since the upregulation of CA XII has been reported as a
result of CA IX knockdown [12,42,43], new cellular models with both CA IX and
CA XII KOs will be crucial to characterize CA IX- or CA XII-dependent activities
of inhibitors.
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Fig. 18.14 Changes in extracellular acidification of H460, MDA-MB-231, and A549 cells after
the treatment with VR16-09 (a) or VD11-4-2 (b) for 72 h under normoxia (21% O,; white bars) or
hypoxia (0.2% O,; gray bars). Average &= SD of at least three independent experiments is shown.
Green arrows show the reduction of extracellular acidification under hypoxic conditions upon
the application of increasing doses of inhibitor. Asterisks indicate significant difference between
medium pH of cells exposed to DMSO and cells treated with various doses of inhibitor under
hypoxic conditions (*p < 0.05, ¥*p < 0.01, ¥**p < 0.001, ****p < 0.0001)

Table 18.3 Cytotoxic ratios
(ECso,N/ECs0,5) of
selectivity to hypoxia for
inhibitors as determined by
Alamar Blue assay

VR16-09 VDI11-4-2  VDI12-09
HeLa 046+0.06 0.52+£0.08 0.44£0.10
H460 0.49+£0.04 048+£0.05 0.46=+0.09
A549 0.22+0.02 042+0.04 0.34+0.04
MDA-MB-231 0.88+£0.03 0.83+0.08 0.82=+0.09

The monolayer HeLa, H460, A549, and MDA-MB-231 cells
were exposed to the compounds under normoxia (N, 21% O,)
or hypoxia (H, 0.2% O,) for 72 h. The results of at least three

independent repeats are

shown (average £ SD)
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Fig. 18.15 The impact of VR16-09 on H460 spheroid clonogenic survival. (a) Immunofluores-
cence images of H460 spheroids stained for DAPI (blue), PIMO (green), and CAIX (red). The
scale bar indicates 100 uM. (b) Survival of clonogenic cells derived from non-hypoxic (filled
square) and hypoxic (open square) H460 spheroids exposed to VR16-09 for 24 h on day 4 or day
11, respectively. Single cell suspensions were prepared and cells were plated and allowed to form
colonies which thereafter were quantified. Asterisks indicate statistically significant differences
between the surviving fractions of clonogenic cells derived from normoxic or hypoxic spheroids
after exposure to the same dose of inhibitor (*p < 0.05, ***p < 0.001)

To determine the hypoxia-dependent efficacy of the compounds, H460 spheroids
were employed. According to immunofluorescence analysis, hypoxic regions
(shown using pimonidazole (PIMO)) and CA IX expression (indicated using mAb
M75) were identified in sections of H460 spheroids grown for 11 days (Fig. 18.15a).
Therefore, non-hypoxic and hypoxic H460 spheroids grown for 4 and 11 days,
respectively, were treated with VR16-09 as it was the most effective inhibitor
for reducing extracellular acidification during hypoxia, among the compounds
investigated (Figs. 18.13 and 18.14a). Cells were plated for evaluation by clonogenic
cell survival after exposure to inhibitor. A hypoxia-dependent effect on clonogenic
survival of VR16-09 was found in H460 spheroids (Fig. 18.15b) which was not
observed using 2D monolayer cells. This result emphasizes the importance of
three-dimensional (3D) cell models to study CA IX-targeting compounds, with
clonogenic survival as endpoint, because such cell models resemble the naturally
occurring hypoxic microenvironment.

18.7 Conclusions and Future Perspectives

This chapter provides a novel concept to characterize compound efficacy via an
integrative set of biophysical, biochemical, and cell biology-based approaches.
Novel CAIX inhibitors exhibited low toxicity in zebrafish embryos/larvae, high
affinity and selectivity towards heterologous CA IX in Xenopus oocytes, and CA IX-
dependent nanomolar functional activities in human cancer cells. Thus, these newly
designed compounds, especially VD11-4-2 and VR16-09, are promising agents for
CA IX-specific therapy.

For future studies, the design of dual targeting compounds based on the
combination of inhibitors VD11-4-2 or VR16-09 with various derivatives, including
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nitroimidazoles, would be worth pursuing. This strategy was previously reported to
be effective in both reducing tumor growth and sensitizing only CA IX-expressing
tumors to irradiation without systemic toxicity [93]. Moreover, combinatorial exper-
iments applying novel CA IX inhibitors with the standard treatment modalities, such
as doxorubicin, in human cancer cells could result in improved in vitro biological
efficacies. Prior to clinical trials, in vivo studies on VD11-4-2 or VR16-09 in tumors
formed from CA IX-expressing and CA IX KO cells would be relevant for further
development.
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Abstract

Central to the goal of precision medicine lies the ability to target an effective drug
specifically to diseased cells, thereby avoiding the uptake and collateral toxicity
that arises when good drugs accumulate in healthy cells. While antibody-drug
conjugates (ADCs) have pioneered many efforts in this field, small molecule
drug conjugates (SMDCs) with high specificities for diseased cell types are now
displaying equal if not greater potential because of their improved abilities to
penetrate solid tissues. For both technologies, however, success has invariably
depended on an ability to identify a receptor that is overexpressed on the desired
pathologic cell (e.g., cancer cell, virus-infected cell, inflammatory cell, etc.), but
absent or weakly expressed on all other healthy cells. While few cell surface
receptors can satisfy these criteria, one that has attracted considerable recent
attention has been carbonic anhydrase IX (CAIX), a cell surface enzyme that
is expressed in virtually all hypoxic tissues, but minimally expressed, if at all, in
healthy tissues. Because most solid tumors are hypoxic, CA IX-targeted SMDCs
are now being explored as broad-spectrum agents for the diagnosis and therapy
of CAIX-expressing malignancies. The following chapter highlights some of
the groundbreaking research in this area and provides key insights into how the
design of a CA IX-targeted SMDC can impact efficacy.
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19.1 Introduction

In the era of precision medicine, ligand-targeted drugs that can deliver an attached
therapeutic payload selectively to diseased cells are receiving increased attention,
because they frequently increase drug uptake by pathologic cells while suppressing
its accumulation in healthy cells [1-3]. While antibody-drug conjugates that exploit
an antibody’s affinity for a disease-specific receptor have been explored for some
applications, their inabilities to efficiently penetrate solid tumors and other dense
tissues have limited their envisioned uses [4]. In contrast, small molecule drug
conjugates that rely on low molecular weight targeting ligands to deliver attached
imaging or therapeutic agents to diseased cells have attracted increasing interest,
primarily because of their improved abilities to penetrate pathologic tissues and
their rapid clearance from receptor-negative healthy tissues [5, 6]. Moreover, after
binding to disease-specific receptors on target cells, many of these small molecule
drug conjugates enter the target cells by receptor-mediated endocytosis [7], thereby
trapping the drug conjugate within the target cell and reducing its chance of
diffusing into adjacent healthy cells.

While many low molecular weight ligand-drug conjugates have entered clinical
trials, the most successful ligand-targeted drugs to date have been targeted to
either folate receptors [3] or prostate-specific membrane antigen [8]. Folate receptor
alpha (FRa), for example, is overexpressed on approximately 40% of human
cancers [9], including cancers of the ovary, lung, endometrium, kidney, colon,
bladder, and breast [9]. Folate receptor beta (FRg), in contrast, is upregulated on
myelogenous leukemia cells (i.e., AML and CML) and also on activated but not
resting macrophages [10, 11]. Due to its over-expression on activated macrophages,
FRp is abundantly observed in virtually all inflamed tissues, including lesions asso-
ciated with rheumatoid arthritis, inflammatory bowel diseases, multiple sclerosis,
idiopathic pulmonary fibrosis, psoriasis, osteoarthritis, sarcoidosis, scleroderma,
and Sjogren’s disease [12—17]. Prostate-specific membrane antigen, on the other
hand, is overexpressed on almost all prostate cancer cells [18], and more recently,
has been found to be upregulated on the neovasculature of many solid tumors [19-
22]. While folate receptor and prostate-specific membrane antigen targeting ligands
enable delivery of attached therapeutic and imaging agents to over half of all human
cancers, there are still a large number of lethal malignancies for which no targeting
ligands currently exist.

In an effort to identify targeting ligands for those malignancies not addressed
by folate receptor or prostate-specific membrane antigen-targeted drugs, we have
searched for other cell surface receptors that might be upregulated in multiple
human cancers but largely absent from normal tissues [23-27]. After examination
of the literature, we concluded that carbonic anhydrase IX (CAIX), a membrane-
spanning CA isoform that catalyzes the interconversion of H,CO;<> H,0 + CO,,
might constitute an attractive target for further evaluation [28]. Thus, CAIX is a
membrane-spanning carbonic anhydrase whose active site is exposed on the extra-
cellular surface of a cell and whose expression is normally negligible except under
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Fig. 19.1 Expression of CAIX relative to GAPDH in various human cancers and adjacent
normal tissues. GAPDH gene expression in each tissue sample was set arbitrarily at 1000
and the cDNA level of CAIX gene expression was calculated from the threshold cycle (Ct)
difference (Ct(carx) — Ct(Gappm))- The numbers of each tissue type examined are provided
in parentheses and values are expressed as mean + SEM. Reprinted with permission from
Bioconjugate Chemistry [30]

hypoxic conditions where it is strongly induced [29]. Because most solid tumors
are highly hypoxic, CA IX appears to be upregulated in most malignant masses, but
largely absent from the corresponding normal tissues [23—27]. Quantitative rtPCR
of multiple tissue samples from many human cancers has indeed confirmed this
hypothesis. Thus, as shown in Fig. 19.1, expression of CAIX in most malignant
lesions exceeds its expression in the corresponding normal tissues by anywhere
from 5 to 100 fold. In fact, only stomach and testes exhibit greater expression in
normal than cancer tissues. Based on this tumor specificity, we and others have
elected to design, synthesize, and test a variety of CA IX targeted drugs for their
tumor-selective uptake. The brief review below summarizes many of the results of
these efforts.

19.2 CAIX Targeting with a Benzenesulfonamide Ligand

One of the more common groups of ligands used for targeting drugs to CAIX
contains benzenesulfonamide as the central scaffold in the CA IX binding moiety. In
this ligand, as in other CA IX ligands described in this and other articles in this book,
the sulfonamide moiety binds to a catalytic zinc atom in the active site, whereas
the other substituents on the ligand are designed to enhance affinity and confer
specificity for the desired carbonic anhydrase isozyme. In the case of CAIX, the
catalytic pocket is 20 A deep [1], dictating that a linker must be inserted between the
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targeting ligand and the desired payload in order to allow the sulfonamide moiety to
engage the zinc at the bottom of the catalytic pocket. Moreover, because the catalytic
pocket is narrow in places, if the linker is not optimally designed, its conjugation
to the targeting ligand can reduce the ligand’s affinity for CAIX. For example,
whereas the bis-benzenesulfonamide inhibitor originally developed by Rami et al.
displayed single digit nanomolar affinity for CA IX [31], an infrared dye and **"Tc
conjugate of the same ligand were found to bind CA IX-expressing cancer cells with
dissociation constants of 45 and 54 nM, respectively. This comparison indicates that
care must be taken in the design of the linker to assure that neither the linker nor the
attached payload interfere with binding to the enzyme [32,33].

In general, the benzenesulfonamide ligands have been primarily exploited to
deliver either SPECT (!88Re, **"Tc) or PET (®3Ga, '8F) imaging agents to solid
tumors [34—40]. While many of the benzenesulfonamide-based imaging agents
retain excellent affinity for CAIX [34, 35, 40], there has been a general lack
of specificity for tumor over normal tissue [34, 39], resulting in unfavorable
biodistribution patterns that have led to complicated whole body images. Except
for a trimeric ®®Ga conjugate produced by Lau et al., most compounds have
displayed tumor-to-blood ratios less than 1 with considerable uptake in healthy
organs such as liver, kidney, and intestines [38]. Given the much higher expression
of CAIX in malignant than healthy tissues (Fig. 19.1), the question must be asked
whether benzenesulfonamide-derived ligands might exhibit off-target affinities for
other metal-containing enzymes or whether the imaging payload might significantly
alter the biodistribution of the intact conjugate. Regarding the latter possibility,
we have noticed that a strongly anionic aromatic payload exhibits much lower
healthy tissue accumulation than the same benzenesulfonamide ligand linked via
an identical PEGq, spacer to a peptidic payload [41]. Thus, an EDTA-bridged bis-
benzenesulfonamide connected via PEGj, to the indocyanine dye, S0456, shows
little nonmalignant tissue retention in tumor-bearing mice except in the kidneys,
whereas the same EDTA-bridged bis-benzenesulfonamide-PEG1, construct linked
to a tetrapeptide payload displays considerable uptake in many normal tissues
[41, 42]. While the cause of this difference in tissue retention has not been
investigated, we hypothesize that the unwanted normal tissue retention exhibited
by the peptidic conjugate might derive from widely expressed peptide scavenger
receptors that are present in many healthy tissues [43].

In addition to the above imaging applications, the latter EDTA-bridged bis-
benzenesulfonamide ligand has also been exploited for delivery of a therapeutic
warhead for treatment of CA IX-expressing tumors [44]. Thus, Lv et al. have
shown that an EDTA-bridged bis-benzenesulfonamide conjugate of tubulysin B
hydrazide (Fig.19.2) can prevent tumor growth in mice bearing human cancer
xenografts [44]. Although the tumors were not completely eradicated, the ability of
the conjugate to block tumor expansion without causing observable toxicity argued
that the conjugate deserved further investigation [44]. This absence of detectable
toxicity to healthy organs also suggested that the off-target uptake seen with several
benzenesulfonamide-targeted imaging agents was probably replicated when the
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Fig. 19.2 General structure of bis-benzenesulfonamide targeting ligand

ligand was covalently linked to tubulysin B hydrazide, i.e., again suggesting that
the payload can influence biodistribution of the intact conjugate.

19.3 CAIX Targeting with Acetazolamide or 6-Aminosaccharin

A second major class of CAIX targeted conjugates has exploited the use of
the CAIX inhibitor, acetazolamide, to deliver attached payloads. Although
acetazolamide-derived ligands generally have higher affinities for carbonic
anhydrase than the benzenesulfonamides [41, 45], their specificity for CAIX over
other carbonic anhydrases is much worse. As a consequence, the acetazolamide-
targeted conjugates must be designed to be completely membrane impermeable
so that they only enter cells when associated with a cell surface exposed carbonic
anhydrase. Because both major extracellularly exposed carbonic anhydrases (CA IX
and CA XII) are upregulated primarily in malignant tissues, use of a pan-carbonic
anhydrase targeting ligand to selectively image or treat cancer tissues might be
acceptable if the only path for entry of the targeted payload into cells was via
internalization of the extracellularly exposed carbonic anhydrase.

Utilizing this principle, Krall et al. synthesized and tested several acetazolamide
drug conjugates containing a peptide-based linker attached to the drug payload via
a self-immolative disulfide bridge [46,47]. As shown in Fig. 19.3, the authors were
able to achieve a stable disease state with limited dosing of a targeted cytotoxic drug
(DM1) in mice bearing SKRC52 renal cell carcinoma xenografts [46], suggesting
that the conjugate was therapeutically active. It should be noted, however, that an
acetazolamide conjugate of a different cytotoxic agent, duocarmycin, only yielded
delayed tumor growth with unacceptable toxicity [46]. As seen in other small
molecule drug conjugates [48], these results emphasize the critical importance of
payload selection when designing SMDCs. Payloads must be potent, metabolically
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Fig. 19.3 In vivo efficacy of acetazolamide-targeted drug conjugates. Mice bearing SKRC52
xenografts were treated with 70 nmols acetazolamide-targeted (9a) untargeted (9b) DM1 and
appropriate controls for 7 days, then monitored for 3 weeks. Arrows indicate days of dosing.
Reprinted with permission from Angewandte Chemie [46]

stable, and have proper release kinetics to effectively deliver therapeutic levels of
drug to the intended target. For more details on payload selection, please consult the
following detailed reviews [32,33].

Success in using acetazolamide to deliver cytotoxic drugs to CA IX-expressing
cancers prompted Krall et al. to publish a subsequent paper in which they attached a
peptide-based ?*"Tc chelating agent previously employed in EC20 [49] to create
a SPECT radio imaging agent for localization of CAIX positive tumors [45].
Although tumor:blood ratios were acceptable, tumor to other tissue ratios revealed
poor tumor specificity (Fig. 19.4) [45]. Given the apparent tumor specificity of the
acetazolamide-targeted DM1 conjugate, we suspect that the strongly peptidic nature
of this imaging agent may have diverted much of the conjugate to peptide scavenger
receptors in the healthy tissues.

Acetazolamide has also been exploited to deliver attached near infrared fluores-
cent dyes to tumor tissues for intended use in fluorescence-guided surgery of cancer.
As shown in Fig. 19.5, Bao et al. [50] were able to construct an acetazolamide-
VivoTag 680 conjugate that displayed significant uptake in only the tumor and
kidney, with little dye retention in most other tissues. Moreover, with a slight
variation in linker length and the use of a phenyl-oxo-bridged S0456 NIR dye,
Mahalingam et al. observed a similarly improved biodistribution pattern, except the
uptake in the kidneys was still further reduced (Fig. 19.6) [2]. These data support
the previously stated hypothesis that linker chemistry and payload composition can
influence the biodistribution of a ligand-targeted drug conjugate.
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Fig. 19.4 Biodistribution of acetazolamide->*" Tc in mouse with SKRC-52 tumor. Mice bearing
SKRC52 xenografts were injected with 0.17MBq of chelated 2" Tc targeted with acetazolamide
and subsequently sacrificed at the indicated time points to carry out biodistribution. Reprinted with
permission from Journal of Nuclear Medicine [45](2 figures)

While variations in linker length/composition as well as dye choice can influence
the eventual biodistribution, enhancing tumor uptake and improving tumor-to-
healthy tissue ratios can also be achieved by increasing the affinity of the targeting
ligand for its CAIX receptor. This principle demonstrated by Wichert et al. in
a DNA encoded library of more than 100,000 compounds was used to identify
moieties that might increase the binding affinity of acetazolamide. Thus, when a
higher affinity CA IX targeting ligand was used to deliver a near infrared fluorescent
dye, increased tumor accumulation, prolonged tumor retention, and greater tumor-
to-background ratios were observed (Fig. 19.7) [51]. These data were interpreted to
demonstrate that higher ligand affinity can also improve the performance of a ligand-
drug conjugate [2]. Finally, in other studies it has been noted that the rate of tumor
accumulation and healthy tissue clearance can also be impacted by the different
components of the targeted drug [52]. Taken together, the above data argue that all
components of a ligand-targeted drug conjugate (i.e., ligand, linker, and payload)
must be independently optimized to achieve the most favorable pharmacokinetics,
pharmacodynamics, and biodistribution of the final conjugate.

19.4 CAIXTargeting with 3-((2-(Cyclooctylamino)-3,5,6-
Trifluoro-4-Sulfamoylphenyl)Sulfonyl)Propanoic
Acid

The final class of CA IX-targeted conjugates (see Fig. 19.8, below) employs a high
affinity, high specificity substituted benzenesulfonamide CA IX inhibitor originally
developed by Matulis and colleagues for delivery of attached imaging and thera-
peutic agents [53]. As shown in Fig. 19.8, the CA IX targeting moiety distinguishes
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Fig. 19.5 Biodistribution of acetazolamide targeted and untargeted near infrared dye. Mice bear-
ing HeLa tumor xenografts were injected with 2 nmols of acetazolamide targeted or untargeted NIR
dye and sacrificed after 24 h for subsequent biodistribution analysis. Reprinted with permission

from PLOS ONE [50]

itself from those described above in that the benzenesulfonamide is reprivatized with
a cyclooctylamine-ring that presumably fills a hydrophobic pocket in the binding
site of CAIX not occupied by other inhibitors and thereby increases the scaffold’s
affinity for CA IX by at least 1000-fold [53]. Use of the improved CA IX ligand for
delivery of an attached cytotoxic drug (tubulysin B hydrazide) was found to generate
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Fig. 19.6 Structure, imaging, and biodistribution of acetazolamide-targeted phenyl-oxo-S0456.
The mouse in the image shown above bears both HT-29 (CA IX-positive) and MDA-MB0231
(CAIX-negative) tumor xenografts. The mouse was imaged 4h after being injected with 10
nmols of conjugate. The biodistribution above was done under similar conditions with either
an acetazolamide (HypoxyFluor-1) or 6-aminosaccharin (HypoxyFluor-2) CAIX inhibitor and
sacrificed at 24 h. Reprinted with permission from Bioconjugate Chemistry [2]
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Fig. 19.7 Chemical structure and in vivo biodistribution of modified acetazolamide-targeted
NIR conjugates. Mice bearing SKRC-52 tumor xenografts were injected with 3 nmol of the
various compounds shown above and imaged periodically. Reprinted with permission from Nature
Chemistry [51]
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Fig. 19.9 In vivo testing of In Vive Efficacy of Compound 6 in HT29 Xenografts
FBSA targeted tubulysin B
conjugate. Mice bearing
HT-29 colorectal tumor
xenografts were treated twice
per week with 1.25
pumoles/kg of compound
shown in Fig. 19.8 and
monitored for tumor size and
body weight. Reprinted with
permission from Molecular
Pharmaceutics [1]
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a highly potent antitumor agent that was able to block the growth of HT 29 colorectal
cancer xenografts in athymic nude mice [1]. Thus, as shown in Fig. 19.9, 22150 mm?3
tumors largely disappeared from mice treated 2x per week with 1.25 umoles/kg
without causing any unwanted weight loss (a measure of systemic toxicity) from
the mice [1]. Because free tubulysin B is so toxic to healthy tissues that it kills
mice before it induces any suppression of tumor growth, these data indicate that
the cyclooctylamine-modified CAIX ligand has excellent tumor specificity with
minimal uptake in normal tissues.

When compared to the bis-benzenesulfonamide tubulysin B studies carried out
by Lv et al., the FBSA ligand was shown to be more efficacious at approximately
half the amount of administered compound [1, 44]. This highlights the enormous
benefits of using a selective sub-nanomolar binding targeting ligand. Generally,
higher affinity targeting ligands require less administered compound, which reduces
side effects associated with hepatically cleared conjugate, thereby rendering effec-
tive chemotherapy treatment with minimal to no side effects.

19.5 Conclusions
Because most solid tumors outgrow their blood supply, they are commonly poorly

oxygenated, resulting in upregulation of HIF-1« inducible genes [54]. One of the
most prominent of these inducible genes is carbonic anhydrase IX, an enzyme
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that helps mitigate the harmful effects of an acidic tumor microenvironment by
catalyzing H* + HCO;— H,CO;— H,0 + CO, (which can be exhaled) [28].
Because virtually all healthy tissues are normoxic, expression of CA IX in normal
tissues is limited primarily to those cells where its expression is induced by other
stimuli (i.e., other than hypoxia such as stomach and testes). Interestingly, although
the stomach constitutes the major healthy tissue in which carbonic anhydrase nine
is measurably expressed, we saw only limited uptake of our imaging agents in the
healthy stomachs of the mice we studied (Fig. 19.1) [30]. Taken together, these data
suggest that a carbonic anhydrase IX specific ligand should constitute an excellent
delivery vehicle for targeted drug delivery solid tumors.

Use of a CAIX targeting ligand to deliver attached drugs to solid tumors may
come with still another unexpected benefit. That is, hypoxic regions of tumors
constitute the major sites where cancer cells undergo an epithelial to mesenchymal
transition (EMT) [55]. As a consequence of the hypoxic stress, these niches also
form the microenvironment where cancer stem cells appear to be generated [55].
Thus, with judicious selection of the proper therapeutic payload, it might be possible
to eradicate the slowly dividing cancer stem cells that are generally thought to be a
major source of drug resistance.

In summary, a high affinity, high selectivity CAIX targeting ligand can be
envisioned to perform multiple useful functions in the management of solid tumors.
First, an appropriately designed CA IX-targeted PET or radio imaging agent should
prove useful for systemic localization of malignant lesions. Second, where surgery
is mandated, a CA IX-targeted near infrared dye could prove beneficial in locating
and resecting all malignant nodules. In fact, the same targeted fluorescent dye
might help avoid positive tumor margins that might otherwise remain undetected in
the absence of an appropriate fluorescent contrast agent. Finally, a CA IX-targeted
cytotoxic drug could contribute to the eradication of any residual diseased tissue
not removed by fluorescence-guided surgery. In aggregate, a thoughtfully selected
CAIX targeting ligand has the potential to contribute at multiple stages in the
management of a cancer patient’s disease.
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Abstract

Antibodies and their derivatives are used as immunotherapeutic substances
for the treatment of different diseases by stimulating or suppressing certain
components of the immune system or directly affecting the target. Treatment
of allergies, autoimmune conditions, and various types of cancers are the main
trends of antibody-based immunotherapy. Selection of an appropriate antigen tar-
get is one of the most important concerns to employ antibodies for therapy. Cell
surface localization, importance to disease mechanism, and different expression
levels in normal or abnormal cells and tissues are essential requirements for target
antigens. Two membrane-associated carbonic anhydrases IX and XII (CA IX and
CA X1II), with their catalytic active center directed to extracellular milieu, are
highly overexpressed in many types of cancers, which makes them promising
cancer antigens for antibody-directed therapy. While antibodies recognizing
CA XII are in the early stage of development and adaptation for cancer treatment,
a few antibodies against CAIX are well characterized and chimeric form of
mouse monoclonal antibody is being evaluated as an immunotherapeutic agent
for kidney cancer. In this chapter, we focus on potential immunotherapeutic
antibodies and their derivatives targeting carbonic anhydrases.
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20.1 Introduction

The field of immunotherapy is progressing apace. Eleven years after description
of hybridoma technology for monoclonal antibody (MAb) production [1], the
first murine MAb OKT3 (Muromonab-CD3) [2] was approved by the FDA as
a therapeutic agent for human use. At the same time, first attempts to generate
recombinant antibodies (RAb) preventing the formation of immune response against
murine antibodies leading to inactivation of their therapeutic function were reported
[3,4]. Chimerization, humanization, phage display, and transgenic mice technolo-
gies have resulted in several generations of antibodies of various structures and
enabled their use in treating a wide range of human diseases [5]. Engineered T
cells expressing chimeric antigen receptors (CAR-T) are the latest FDA-approved
technology merging ex vivo gene therapy and immunotherapy by creating the so-
called living drug [6,7].

The efficiency of immunotherapy is highly dependent on the availability of
the reliable disease-relevant antigens. The increasing need to develop precise
biomarkers led to the emergence of a number of approved drugs and even more
candidates in several disease scenarios [8, 9]. For instance, for the treatment of
eosinophilic asthma, FDA has recently approved Bendralizumab, Mepolizumab,
and Reslizumab targeting interleukin-5 (IL-5) responsible for eosinophil growth and
activation [10, 11]. B-lymphocyte antigen CD19 expressed in many B cell tumors
is targeted by a novel CAR T cell therapy that has shown high efficiency for the
treatment of acute lymphoblastic leukemia [7, 12]. In solid tumors, easily attainable
cell surface proteins which are abundantly expressed in tumor tissues with no or
low expression in normal tissues could be ideal targets for immunotherapy. The
biological function of the target antigen, its contribution to carcinogenesis, and
homogeneous expression or minimal secretion are important factors that should
be considered for selecting the target antigens [13, 14]. In addition, to increase
the advantages of immunotherapy, patient stratification should be made and the
subpopulations of antigen-expressing patients must be defined to separate patients
responding to treatment from non-responders [11].

Despite already approved drugs for the treatment of cancer, there is still a demand
of novel improved targets and therapeutic agents with less toxicity and application
for wider population or different type of cancers. Here, we discuss the suitability of
carbonic anhydrases as cancer antigens and their potential as targets for antibody-
based cancer immunotherapy as well as development of CA-targeting antibodies of
potential therapeutic relevance.

20.2 CAIX-Targeting Immunotherapy
Cell surface-exposed transmembrane carbonic anhydrase IX (CAIX) with its

catalytic site directed to the intercellular space is considered as a reliable biomarker
of hypoxic tumors and can be efficiently targeted by antibody-based cancer therapy
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[15, 16]. Insignificant expression of CAIX in unaltered tissues reduces the risk
of potential side effects and high protein level present in different tumor types
(liver, gallbladder, kidney, colon, cervix, breast, lung, brain, head and neck, etc.
[17-26]) enables application of CA IX-targeted immunotherapy in a variety of
cases [27-29]. CAIX role in carcinogenesis is of great importance considering its
involvement in tumor promotion, progression, and diffusion through intracellular
and extracellular pH regulation, thus encouraging further development of anti-
cancer agents to improve the current immunotherapeutic protocols in various kinds
of tumor treatments [29, 30].

20.2.1 Mouse Monoclonal Antibodies and their Derivatives
Targeting CA IX

During the last 30 years, different antibody production strategies were applied to
generate CA IX-targeting antibodies suitable for cancer immunotherapy (extensive
details and relevant references are given in Table 20.1). Several MAbs of mouse
origin (G250, M75, and VII/20) were derived by hybridoma technology using
different antigens for immunizations, either isolated CAIX protein or CAIX-
expressing cells, such as tumor cells from renal-cell carcinoma (RCC) lesions,
cervical cancer cells (HeLa), colorectal carcinoma cells (HT-29), or mouse NIH3T3
fibroblasts stably transfected with the wild-type CA9 cDNA. The obtained MAbs
were directed against the functional (CA) or proteoglycan (PG) domains of CA IX
and were reactive with native CA IX protein on the cell surface without any cross-
reactivity with other CA isoforms. Antibody M75 is broadly used for detection
of CAIX by different immunochemical methods, mainly immunohistochemistry.
Antibody VII/20 showed anti-cancer effect in mouse xenograft model of colorectal
carcinoma, therefore is considered as a potential immunotherapeutic tool. Mean-
while, MAb G250 and its chimeric derivative ¢cG250 conjugated with different
radionuclides were involved in various preclinical and clinical phase I/II studies
for metastatic clear cell renal-cell carcinoma (ccRCC) treatment [31, 32]. How-
ever, iodine-131-labeled mouse MAb G250 (!3!1-G250) rapidly failed phase I/IT
radioimmunotherapy trial as human anti-mouse antibodies (HAMA) developed after
a single antibody infusion and there was no significant positive outcome [33].
Further clinical studies were performed with cG250 antibody conjugated to Iodine-
131, Lutetium-177, or Yttrium-90 for radioimmunotherapy, or by infusion of either
non-labeled ¢G250 alone or in combination with cytokines to initiate cancer cell
killing through antibody-dependent cellular cytotoxicity (ADCC) (Fig.20.1, A and
B) [34]. To summarize the results of radioimmunotherapy studies, it was proposed
to use 311-cG250 for low-volume lesions, while 17’Lu-cG250 was recommended
to use to suspend the previously cumulative metastatic ccRCC. From the clinical
point of view, no complete response was achieved by using G250-based radioim-
munotherapy. Two partial remission cases and several patients with a stabilized
disease have been reported, while the rest of patients had a progressive disease. On
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Fig. 20.1 Different approaches for G250 antibody-based targeting of CA IX-positive cancer cells.
A—Radioisotopes (31, 177Lu, %°Y) conjugated to chimeric antibody cG250 can be delivered to
tumor site and damage DNA of tumor cell, leading to cell death [34,40]. B—Immune effector
mechanisms such as antibody-dependent cellular cytotoxicity (ADCC) or complement-dependent
cytotoxicity (CDC) can be engaged by ¢G250. After ¢cG250 antibody binds to CAIX, the Fc
domain is recognized by Fc receptor (FcR) expressed on natural killer (NK) cells, which triggers
NK cells degranulation by releasing the content of cytotoxic granules with perforin (PRF) and
granzymes (Grz B) and cytokine secretion promoting tumor cell lysis [34, 41]. C—Isolated
patient’s T cells can be activated ex vivo by transduction with a genetically engineered single-chain
fragment variable of G250 (G250scFv) based chimeric antigen receptor (CAR), then expanded ex
vivo and re-infused to patient. Modified CAR T cells are activated after binding to CA IX on tumor
cells and can release PRF and Grz B for direct cell killing (CD8+ CAR T cells) or can attract other
components of the immune system (endogenous NK cells, T cells, and macrophages) by cytokine
release (CD4+ CAR T cells) [42-44]

the other hand, radioimmunotherapy resulted in grade 3—4 myelotoxicity in most
patients, thus preventing the prolonged treatment efficiency [35-39].

As mentioned above, non-labeled cG250 entered a few clinical trials alone or
along with a subcutaneous injection of cytokines interleukin-2 (IL-2) or inter-
feron alpha 2b (IFN-a2b) expecting an enhanced ADCC and elevated anti-tumor
responses [34]. As a single agent, cG250 was safe and no serious adverse events
were observed up to the highest dose, in contrast to radioimmunotherapy. During
phase I/II clinical studies, two cases of complete anti-tumor response were attained,
one patient had a partial response and a considerable number of patients with stable
disease were observed [45, 46]. The ARISER double blind randomized phase III
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study to evaluate the adjuvant monotherapy with cG250 was subsequently carried
out for a total of 864 patients with high-risk clinically localized ccRCC. There
was no statistically significant difference between cG250 (n = 433) and placebo
(n = 431) treated patients in terms of disease-free survival and the overall survival.
Still, ¢cG250 therapy was well tolerated and a non-significant disease-free survival
benefit was observed for those patients with higher expression of CA IX [47,48].

The anti-tumor activity of ¢G250 is based on ADCC, so its efficacy is highly
dependent on the capacity of patient’s immune system, for example, when an
immune response declines with age [49, 50]. The combined therapy with the
regulators of the immune system, such as cytokines that control proliferation,
differentiation, effector functions, and survival of leukocytes, should be preeminent
than antibodies alone [51]. Cytokines IFN-a2b or IL-2 co-administered with cG250
entered a few clinical studies to augment the ADCC by subcutaneous low-dose
weekly injection schedule. To sum up the clinical benefit of these trials, in total
one patient had a complete remission, four patients—partial remission, the disease
was stabilized in 15 cases, and the rest of the patients had a progressive condition.
Treatment was quite well tolerated with a modest toxicity and most recorded side
effects were linked to the activity of cytokines. Although complete responses are
still very rare, it is important to notice that patients receiving an extended treatment
showed a significantly longer survival rate than the non-responders, and an increased
overall survival rate compared to ¢cG250 monotherapy [52—54]. Further randomized
clinical trials are needed to approve these promising results.

20.2.2 Phage-Display Derived Various Formats of Human
Antibodies Against CAIX

Next generation of antibody formats either humanized or fully human antibodies
targeting CAIX are on their way. Researchers seek to create more innovative
tools for immunodiagnostics and immunotherapy with improved qualities such as
reduced immunogenicity, better tissue penetration, or direct inhibition of the target.
Genetic engineering, recombinant protein production, combinatorial mutagenesis,
and phage-display technologies are employed to obtain desirable candidates for
cancer therapy [55]. Since the chimeric cG250 anti-CA IX antibody entered clinical
trials, infrequent human anti-chimeric antibody (HACA) responses were recorded,
causing rapid clearance of cG250 and suspending subsequent treatment [35, 36, 46,
56]. Humanized antibody fragments or fully human antibodies targeting CAIX (A3
and CC7, MSCS, collection of 14 scFv-Fc fusion antibodies) were generated by
phage-display technology using non-immune human single-chain fragment variable
(scFv) phage-display libraries, expecting to overcome the immunogenicity problem.
High-affinity human monoclonal antibodies A3 and CC7 were selected after two
rounds of combinatorial mutagenesis for affinity-maturation and were able to target
CAIX in vivo. Collection of 14 human scFv-Fc fusion antibodies diverse in their
functions was isolated using CA IX-containing paramagnetic proteoliposomes. Part
of these antibodies were able to inhibit the enzymatic activity of CA IX (none of
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the previously described antibodies had inhibitory effect) and others could induce
receptor-mediated antibody internalization allowing tumor targeting by delivery
of various therapeutic cytotoxins and radionuclides. Another inhibitory antibody
MSCS in antigen-binding antibody fragment (Fab) or full-length IgG format is
highly perspective to interfere with tumor growth by combining target specificity
with enzymatic inhibition (relevant references are presented in Table 20.1). How-
ever, there are a lot of aspects to be proved as, to the best of our knowledge, none of
these antibodies are undergoing clinical evaluation.

20.2.3 CART Cell Imnmunotherapy Based on Anti-CA IX Single-Chain
Fragment Variable

Beyond the antibody format, recently FDA-approved chimeric antigen receptor
(CAR) T cell immunotherapy is being investigated for CAIX targeting in solid
tumors (Fig.20.1, C). The principle of this method is to induce expression of
antibody-based artificial chimeric receptors in the membrane of autologous T cells
by their transfection ex vivo. Modified T cells are expanded in vitro and re-infused
into the patient for executing a targeted cytotoxic immune response against target
cells [68]. In case of CAIX-based targeting, single-chain fragment variable of
murine G250 (G250-scFv) was linked to different intracellular signaling molecules,
such as y-chain of immunoglobulin E receptor (Fce RI) or CD4 transmembrane
region coupled to the signal transducing TCR/CD3 ¢ chain to optimize membrane
expression of CAR and specific cytolysis of target cells [69, 70]. Such modified
receptor is sufficient to transfer activation signal to the T cell after scFv fragment
binds to the antigen in MHC-independent manner [42]. CAR with G250-scFv
transgene was inserted in a few different retroviral vectors (LXSN and pSTITCH)
for efficient gene transduction and was co-transfected with plasmids (pHIT6016
and pCOLT-GALV) encoding genes for GAG (major structural polyprotein), Pol
(reverse transcriptase), and Env (surface glycoprotein and transmembrane proteins)
proteins to allow the formation of vector-containing viral particles. Two retrovirus
culture supernatant batches containing gibbon ape leukemia virus-enveloped vector
(GaLV) and Moloney murine leukemia virus-enveloped vector were produced in
PG13 and Phoenix-Ampho packaging cell lines, respectively [70-74]. Phoenix
clone 58 and PG13 clone 1.2 were evaluated for their potency to transduce
primary human T cells by analyzing the expression of G250-scFv (flow cytometry),
cytokines IFN-y, TNF-«, IL-4, IL-5, and IL-10 production level (cytokine bead
array) and antigen-specific cytotoxicity (°!Cr-release assay). A significantly higher
transduction yield and an enhanced TNF-« production as well as cytolysis of RCC
cells were achieved by using Phoenix clone 58 retrovirus culture supernatant, which
was further applied in phase I/II clinical study [72].

No conventional treatment was available for 12 patients with progressive
metastatic RCC involved in adoptive CAR T cells therapy. All patients had
undergone nephrectomy and have been diagnosed with CAIX-positive primary
tumors. An inpatient dose-escalation scheme of injected cells was intended
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to be applied for the first eight patients to ascertain maximum tolerated dose;
however, a liver enzyme dose-limiting toxicity occurred at the starting dose. Four
out of eight patients had liver enzyme disturbances of grades 2—4 (according
to Common Toxicity Criteria), which was shown to be antigen-related by the
immunohistochemistry of liver biopsy. CA IX expression was observed using MAb
MT75 in the epithelial cells of the bile duct causing T cell accumulation around it or
infiltrating the epithelium. Therefore, the rest four patients were pre-treated with the
anti-CAIX MAb G250 to circumvent the interaction of G250-scFv transduced T
cells with target antigen expressed on normal tissue. Afterwards, no toxicities were
observed allowing increased T cell doses. However, the so-called first generation
CAR T cells approach did not yield any positive clinical responses, thus suggesting
the need for an improvement of future treatment strategies [44,75].

Great efforts are being made to develop second generation CAR constructs for
CAIX targeting by transduced human T cells to improve their proliferation, effector
functions, and cytokine secretion or to overcome their anergic state in vivo [76,77].
The previously mentioned high-affinity human anti-CA IX scFv G36 (Table 20.1)
[67] derived by phage-display technology was coupled to truncated extracellular,
hinge, transmembrane, and intracellular domains of CD8« and signaling domain of
human TCR¢ (first generation CAR: scFv(G36)-CD8-TCR¢) or to costimulatory
activating motifs from CD28 and the signaling motif from the TCR¢ chain (second
generation CAR: scFv(G36)-CD28-TCR¢). The transgenes were cloned into self-
inactivating lentiviral vector pHAGE and transiently transfected into human primary
T cells (293T) along with four HIV helper plasmids. After transduction of human
primary T cells with lentivirus supernatants, both batches of modified T cells
expressing first and second generation CARs were compared for cytokine secretion,
in vitro specific cytotoxicity, in vitro proliferation, persistent effector function, sup-
pression of established tumor in nude mice, and in situ cytotoxicity. Second genera-
tion CAR scFv(G36)-CD28-TCR¢ outperformed first generation receptors-bearing
T cells, thus providing opportunities for more efficient treatment of cancer [77,78].

Novel approach to improve the efficiency of CA IX-targeted CAR T cells was
recently published by Suarez and colleagues. CAR T cells expressing second
generation chimeric receptor scFv(G36)-CD28-TCR¢ were modified to secrete
human IgG1 or IgG4 antibodies targeting programmed death ligand 1 (PD-L1) [79].
Many cancers upregulate PD-L1 (type I transmembrane glycoprotein) expression,
thus leading to immune tolerance against cancer by activating the immune check-
point receptor programmed death 1 (PD-1) protein expressed on the membrane
of activated T cells. Negative signaling pathway of PD-1 is responsible for the
induction of T cell anergy and the restriction of T cell activity. Several antibodies,
suspending the interaction of PD-1/PD-L1 and therefore maintaining the anti-tumor
potency of T cells, are already approved for cancer therapy [80-83]. Consequently,
improved engineered T cells expressing the combination of membranous anti-CA IX
CARs and secreted anti-PD-L1 antibodies are promising anti-cancer therapeutic
agents. CAR T cells are guided to the site of CAIX-expressing tumor and are
delivering secreted anti-PD-L1 antibodies, which efficiently block PD-L1/PD-1
binding, thus demonstrating superior properties to antibody non-secreting CAR T



20 Development of Therapeutic Antibodies Against Carbonic Anhydrases 315

cells. The engineered CAR T cells showed an enhanced resistance to exhaustion,
anti-tumor activity, and employment of other immune cells, leading to reduced
proliferation of tumor cells and decreased tumor growth in a mouse model [79].
Although a lot has to be confirmed, cancer immunotherapy is becoming more and
more advanced and individualized, expecting to obtain positive clinical outcome for
more patients.

20.3 Prospects of Antibodies Against CA XII
for Inmunotherapy

Besides CA IX, carbonic anhydrase XII (CA XII) is another cell surface membrane
protein of carbonic anhydrase family, whose increased expression is linked to cancer
or other pathological disorders, such as glaucoma [84], juvenile idiopathic arthritis
[85], chronic low back pain [86], and advanced atherosclerosis [87]. In case of
cancer, alterations in expression levels of CA XII in normal and malignant tissues
are intensively investigated. Unlike CAIX, CA XII is found in broader range of
normal tissues (breast, renal, uterus, sweat glands of the skin, and seminal vesicles),
which might result in unwanted side effects in terms of CA XII-targeted therapy
[88]. Despite that, many studies have shown an abnormal expression of CA XII
in renal-cell carcinoma [89], diffuse astrocytomas and other brain tumors [90, 91],
ovarian tumors [92], non-small cell lung cancers [93], colorectal tumors [94],
invasive breast cancer [95], and oral cancer [96], thus suggesting CA XII as a novel
target for cancer therapy [97]. It has been demonstrated in previous reports that
CA XII silencing or inhibition with chemical compounds, such as acetazolamide,
sensitizes chemoresistant colon cancer cells [98], decreases invasion and migration
of breast cancer cells [99], reduces proliferation, and entails apoptosis of T cell
lymphoma cells [100]. Moreover, combined invalidation of both cancer-related
CA XII and CA IX diminished the growth of cancer cells in vitro and in vivo more
efficiently, compared to silencing CA IX alone, which was buffered by upregulation
of CAXII [101]. This provides new strategies for cancer therapy, based not only on
CAIX inhibition, but also on targeting CA XII or both CA isoforms.

While antibodies against CA IX are counting more than 30 years of exploitation
and various derivatives are already in the trial stage for cancer immunotherapy,
antibodies recognizing CA XII are still at the early stage of development. First
publications analyzing CA XII expression in various normal tissues and cancer
specimens were based on polyclonal rabbit antiserum [89], which was used to detect
CAXII basically by immunohistochemical staining [23, 84, 88, 102]. Polyclonal
antibodies are decent reagents for research or diagnostic purposes, as their pro-
duction is straightforward and rapid process usually without much cost. However,
prospects to use polyclonal serum for the treatment of infectious diseases or cancer
are limited because of the inability to reproduce batches of equal characteristics or
appearance of severe side effects related to significant amount of donor proteins
injected to the patient. The nature of polyclonal antibodies recognizing numerous
epitopes affects their ability to localize cancer in human body, thus application
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of polyclonal antibodies for immunoimaging or immunotherapy is practically
impossible [103, 104].

Highly specific monoclonal antibodies were obtained after rats were immunized
with lung cancer cells A549 [105], which were previously reported for high
CAXII expression [101]. MAb 6A10 was reactive with native CA XII protein
on cell surface by flow cytometry and was not only able to inhibit recombinant
CA XII by a stopped-flow method, but also inhibited the three-dimensional growth
of tumor cells. Anti-tumor efficacy of MAb 6A10 was further investigated in a
mouse xenograft model of human lung cancer, showing a significant MAb 6A10
interference with tumor growth [105, 106]. The following study demonstrated
an enhanced chemosensitivity of chemoresistant cancer cells and reduction of
metastases in mice xenograft model after MAb 6A10 was co-administered with
doxorubicin [107]. Most recent report on 6A10 Fab (fragment antigen binding)
fragment application for radioimmunotherapy and positron emission tomography
indicated promising results for cancer imaging and therapy [108, 109].

Recently, we have reported generation of a large collection of murine MAbs
against CAXII [110, 111]. In our studies, mice were injected with either synthetic
peptide of the selected CA XII surface-located sequence conjugated with keyhole
limpet hemocyanin (KLH) carrier [110] or purified recombinant extracellular
domain of human CA XII expressed in E. coli cells [111] to generate MAbs against
CAXII. Different strategies of immunization have resulted in MAbs of various
characteristics and application potential. Production of MAbs based on the use
of synthetic peptides, derived from the bioinformatics analysis of CA XII protein
surface sequences, provides possibility to address antibodies to the desirable part of
target protein, thus generating potentially inhibitory MAbs. We have demonstrated
that MAbs 1D8 and 3CS8 raised against synthetic peptide corresponding to 167—
180 amino acid sequence of CA XII were able to inhibit the enzymatic activity
of recombinant CA XII protein; moreover, clone 3C8 recognized cellular CA XII
by immunohistochemistry in formalin-fixed and paraffin-embedded specimens of
breast and lung cancer tissues [110]. Another set of antibodies was generated after
mice were immunized with recombinant catalytic domain of CA XII expressed
in bacterial expression system. E. coli-derived recombinant protein was highly
immunogenic and the obtained MAbs were able to recognize various epitopes
of CAXII. The MAbs were characterized by different immunochemical methods
showing their broad applicability for CA XII immunodetection, in particular clone
15A4, which was reactive with cellular CA XII both by flow cytometry and
immunohistochemistry [111]. However, these antibodies were not reactive with
native CA XII protein on the surface of living cells (data not published), which
limits their application to therapy. To overcome this limitation, we have improved
our immunization strategy and generated a new collection of MAbs using as an
immunogen recombinant CA XII extracellular domain produced in human HEK 293
cells. We expected to generate MAbs targeting native CA XII by using recombinant
immunogen that was supposed to be more similar to cellular CA XII in terms of
post-translational modification than previously used antigens. We succeeded in gen-
erating 24 MAbs against CA XII despite the low immunogenicity of recombinant
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antigen. All MAbs were comprehensively analyzed for their ability to detect native
CA XII on the cell surface and 12 MAbs were shown to recognize cellular CA XII
by flow cytometry. Further investigations demonstrated an inhibitory activity of one
clone by stopped-flow assay (publication in preparation). These findings encourage
further investigation to elucidate perspectives of this MAb in terms of CA XII-based
immunotherapy.

20.4 Conclusions

Antibody-based immunotherapy is currently going through a huge ascension as
more and more antibodies or their derivatives are approved for the treatment of
cancer and other diseases. Better understanding of the mechanisms of diseases
provides more accurate targets for antibody-based treatment. Different strategies are
applied for producing therapeutic antibodies or their derivatives with reduced side
effects, improved tissue penetration, or longer half-life. Carbonic anhydrases IX
and XII are now recognized as potential cancer antigens and targets for antibody-
based therapy. Antibodies against CAIX, in particular clone G250, have already
been tested in a number of clinical trials. Antibodies against CA XII are still at the
early stage of development.
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Abstract

Since the discovery of carbonic anhydrases (CAs), many studies have been done
to learn more about their structure, functions, and distribution in different organ-
isms. A variety of methods have been developed and applied for the detection
of CAs, including chemical methods, based on CA enzymatic properties (histo-
chemistry), autoradiography, immunological methods such as radioimmunoas-
say, immunohistochemistry, immunofluorescence, enzyme-linked immunosor-
bent assay (ELISA), and Western blot. It is now known that some isoforms of
CA protein family are related to cancer (CAII, CAIX, and CA XII) and to other
diseases, which makes detection of CAs in human organism highly important for
the diagnostics of certain diseases as well as assessment of CA potential as a
therapeutic target. In this chapter, we discuss various methods developed for CA
detection starting from the first experimental approaches, and wide application
of CA-specific antibodies which tremendously improved techniques for the CA
analysis in different specimens or directly in human body.

21.1 First Analytical Methods for CA Detection

In 1932, CAs were first discovered in blood of various animals and described as
a catalyst involved in the reversible hydration of carbon dioxide to bicarbonate. In
1933, this enzyme was detected in several lower marine organisms by measuring
the velocity of reaction between CO, and NaHCOj; solutions in various samples
of different organisms. Phenol red was used as reaction indicator, which turned
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into yellow, if the sample contained CA [1]. The chemical reaction (CO, +
H,0 = HCO3~ +H") catalyzed by these enzymes was used to develop new
methods, dedicated for CA detection in certain samples. One of the first attempts
to locate CAs was based on polyacrylamide gels. Carbon dioxide was used as the
substrate and bromocresol purple as the indicator for hydrogen ions formed during
the CA-catalyzed enzymatic reaction. In 1971, Patterson and others improved this
experiment by using low-temperature fluorescence for better identification of CA
bands in polyacrylamide gels [2]. Instead of using color indicators, conductiv-
ity measurements were used to detect CA in polyacrylamide gels by recording
conductivity enhancement, which was caused by a rapid increase of ions formed
during chemical reaction [3]. Chemical compound 5-dimethylaminonaphthalene-1-
sulfonamide (DNSA) was used for the visualization of CA purified from the inner
ear of the guinea pig after electrophoresis using non-denaturing polyacrylamide
gels. It was shown that DNSA forms a highly fluorescent complex with CA and,
more importantly, it was noticed that sulfonamides, in particular acetazolamide,
strongly bind and inhibit CA activity [4]. Quantitative determination of CA in the
rabbit cornea specimens was performed by mass spectrometry. The concentration
of CA was linked to the rate of isotopic depletion of '30 labeled bicarbonate during
the catalyzed dehydration reaction [5].

Identification and visualization of proteins in cells or tissues is important for the
understanding of their biological function or their involvement in the pathogenesis
of certain disorders. First attempts to localize CA in tissues were published in 1953
by the histochemical method based on the catalytic activity of CA. Fresh tissues
were placed in the solution of manganese bicarbonate, which was then dehydrated
if the tissue contained an active CA. Manganese carbonate formed during the CA-
catalyzed reaction accumulated at the active site of enzyme and, after section of
tissue was incubated with the solution of potassium periodate, it was visualized as
brown granules. The active CA was detected in red blood corpuscles, lens, gastric
mucosa, pancreas cells, and the tubule of the kidney of several animals (rat, mouse,
and guinea pig). This method overcame some limitations of biochemical methods
previously used for CA enzyme analysis in tissues [6].

The reliability of the histochemical methods, based on the detection of CA enzy-
matic activity by visualizing the precipitates of reaction products, was subsequently
questioned. The equivocal validity of these methods was demonstrated by showing
that the staining was caused by the formation of an unknown reactive compound
and it was enzyme-independent [7, 8]. The labeled inhibitor autoradiography was
later proposed as a more reliable alternative to histochemical staining. The well-
recognized CA inhibitor acetazolamide was labeled with radioactive hydrogen
isotope H and was used to detect CA in biological samples of avian tissues [9].
In addition, another CA-specific compound DNSA was used to detect CA in tissue
specimens by fluorescence microscopy. As mentioned earlier, the light blue-specific
fluorescence was observed at 470 nm after formation of CA-DNSA-complex and it
was determined in chicken kidney, proventriculus, and bone [10].
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The studies described above demonstrate an early interest on CA properties and
expression in different organisms as well as improvement of detection methods,
which initiated further CA-related research in fundamental and applied sciences.
However, these techniques were not able to differentiate among the different
isoforms of CA family, which have been identified later [11]. Afterwards, the most
important goals were to determine the prevalence and distribution of CA isoforms
in human body and reveal their significance for physiological and pathological
processes. Many novel detection methods were developed since then, providing new
knowledge about various isoforms of CAs.

21.2 Application of Antibodies for CA Detection

For many years, antibodies were used as a key component in different immuno-
logical methods like radioimmunoassay, immunohistochemistry, or immunofluo-
rescence for the detection of various proteins [12, 13]. First studies focused to CA
detection by antibodies were based on the use of antisera from immunized animal.
CA purified from chicken erythrocytes was used to immunize rabbits, afterwards
their blood was collected and the CA-specific antiserum was obtained. CA-specific
immunoglobulin G was purified and then used in the indirect fluorescent immuno-
histologic technique as primary antibodies to detect CA in various chicken tissues.
Secondary goat anti-rabbit antibodies conjugated with fluorescein isothiocyanate
were used for the detection of the antigen—antibody complex. The antiserum was
validated by using various controls and was demonstrated to be highly specific to
CA [14]. Later on it became an important tool not only to determine if the sample
contains CA, but also to distinguish between different isoforms of CA, particularly
by analyzing normal and pathological tissues in case of various human disorders.

Rabbit antiserum to rat CAT and CAII and to bovine CA III was used to investi-
gate these CA isoforms in rat and human tissues by a double immunodiffusion assay
[15], immunofluorescence [16], or immunocytochemical staining [17] providing
useful data on the presence and localization of the three isozymes in the muscles. At
the same time, a radioimmunoassay based on a competitive binding of radiolabeled
antigen and an unlabeled antigen to CA-specific antibodies, for the detection of rat
and human CAIII, has been developed. Rabbit antisera to human and rat CAIII
were generated using CA proteins purified from tissues and were employed to
interact with iodinated or unlabeled CA III, subsequently counting radioactivity by
an automatic gamma counter. An increased plasma CA III level was demonstrated
in patients suffering from Duchenne muscular dystrophy compared to the control
group [18, 19]. The radioimmunoassay was also developed to detect the secreted
CA isoenzyme (CA VI) in sheep saliva and tissues [20].

The immunoperoxidase technique involves the use of secondary antibodies
which interact with peroxidase—antiperoxidase (PAP) (peroxidase bound to an
antiperoxidase antibody) complex and primary antibody—antigen complex. This
method was applied to study localization of CAT and CAII isozymes in human
eye tissues. The specimens were also analyzed by immunofluorescence using CA
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isoform-specific antisera and secondary antibodies conjugated with fluorescein
isothiocyanate [21]. In-house produced or commercially available antisera, also
known as polyclonal antibodies (PAbs), to various CA isoforms were later involved
in many other studies to determine the prevalence of CA in human organs and to
analyze the differences of CA expression in normal and pathological tissues [22—
24].

It has been often debated about the specificity and cross-reactivity of PAbs.
Protein antigens such as CAs are complex molecules with a variety of linear
and conformational epitopes, thus antisera obtained from the blood of immunized
animals can recognize different epitopes. As the homology of CA family members
is quite high, it is possible to get non-specific reactions while using antisera for
the detection of CA proteins [25, 26]. Determination of potential cross-reactivity
requires sensitive techniques and the specificity of antibodies must be validated
with as many samples as possible in order to ensure the reliability of the results. An
absorbed antigen radioimmunoassay was applied to study the cross-reactions among
variety of PAbs derived against bovine CA III, human CA 1, CAIl, and CAIIL In
addition, 5 monoclonal antibodies (MAbs) were developed by hybridoma technique
against human CAI, CAII and bovine CAIIl and their cross-reactivity was
investigated. The reactivities of some PAbs with non-autologous CA from various
species were as efficient as with the autologous isozyme. In contrast, cross-reactions
of MAbs were determined less frequently or they were more individualized [27].
These findings emphasize the advantages of MAbs for identifying single members
of protein families such as CA family [25].

Many previous studies have been focused on the investigation of CA expression
level alterations during disease progression, thus PAbs and MAbs specific to CA
were broadly applied for this purpose. Rabbit polyclonal anti-CA II antibodies were
used to investigate CAII protein level by ELISA and Western blot methods in
blood plasma samples from Alzheimer’s disease patients. The levels of CA Il were
elevated in plasma samples of Alzheimer’s disease patients, therefore considering
CA Il role in the pathogenesis of Alzheimer’s disease [28]. The ELISA method has
an advantage over the radioimmunoassay as it employs enzymes like horseradish
peroxidase. Over the years, several types of ELISA have emerged for different
purposes, like a direct ELISA for antigen detection with peroxidase-labeled primary
antibodies or an indirect ELISA based on using horseradish peroxidase-labeled
secondary antibodies interacting with target antibodies [29]. Another ELISA format,
sandwich (or capture) ELISA, was developed for soluble CA IX detection in blood
samples and will be discussed in more details later in this chapter.

Another immunoassay—Western blot—is based on the transfer of separated
proteins from the polyacrylamide gel matrix to an adsorbent membrane, such as
nitrocellulose, where they are visualized by antibodies. Specific immunodetection
of target proteins from tissues, cell lysates, or blood samples depends on appropriate
and high quality antibodies used for the analysis [30]. Western blot is widely used
in CA research, for example, it was applied for the determination of CA VII protein
in colorectal carcinoma clinical samples using primary antibody specific for CA VII
[31].
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Many modifications of immunoassays have been developed and used for the
detection of CA family proteins. For example, positron emission tomography (PET)
based on antibodies against cancer-associated CAs is under clinical evaluation to
diagnose certain cancers and will be reviewed subsequently.

21.3 Immunoassays Based on the Use of Antibodies Against
CAIXand CAXII

CAIX and CA XII are tumor-associated CA isoforms that contribute to the survival
of cancer cells under hypoxia conditions. Both proteins are overexpressed in several
cancer types (renal cell carcinomas, breast, bladder, glioblastomas, and head and
neck cancers) and in some cases they are identified as cancer biomarkers. One
of the main tools used for CAIX and CAXII detection in human tissues or
blood samples are MAbs [32,33]. MAb G250 is one of the best known antibody
against CAIX that was generated in 1986 after immunizing mouse with RCC cell
homogenates [34]. This antibody is specific to CAIX and binds to its catalytic
domain [35]. The application of the MAb G250 for CA IX detection in renal cell
carcinoma (RCC) was demonstrated by visualization of RCC tumors in animal
models using radiolabeled G250 antibody. Nude mice with human RCC xenografts
were investigated by radioimmunodetection, using *™Tc-labeled MAb G250 prepa-
rations. RCC xenografts were clearly visualized in mice using new radiolabeled
antibodies, indicating them as possible candidates for radioimmunodetection of
RCC in patients [36]. The clear cell renal cell carcinoma (ccRCC) tumor was
visualized by immuno-PET method in nude mice with CA IX-expressing ccRCC
xenografts. The immuno-PET is a non-invasive method for radionuclide-labeled
MAD visualization by a PET camera. The labeled antibody binds to a specific
tumor cell surface marker and then is localized using PET imaging (Fig.21.1). This
allows to study in vivo tumor marker expression, its distribution in the cell, and
obtain information about its possible diagnostic value. Mice were injected with 8°Zr
and 24T radiolabeled cG250 (chimeric version of MAb G250) antibodies and PET
images were obtained using a special PET/CT scanner. The ccRCC tumors were
clearly visualized by the radiolabeled antibody, indicating potential application of
¢G250 in immuno-PET for ccRCC diagnosis in patients [37]. To study possible
diagnostic and therapeutic applications of the MAb G250, several clinical studies
were initiated [38, 39].

MADb M75 is another MAb generated against CAIX in 1992 after mice were
immunized with MaTu-infected HeLa cells [40]. MAb M75 specificity to CAIX
was demonstrated using various methods, predominantly in immunohistochemistry
studies (Fig.21.2). CAIX protein detection on HT-29 cell surface was confirmed
by the immunofluorescence method. Methanol-fixed cells were treated with the
MAD M75 and later with fluoroisothiocyanate (FITC)-conjugated swine anti-mouse
secondary antibodies. The presence of CA IX in HT-29 cells and in nude mice bear-
ing HT-29 human colorectal carcinoma xenografts was shown by Western blotting
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Fig. 21.1 Schematic illustration of immuno-PET imaging. Tumor-bearing mouse (tumors colored
in blue) is injected with radiolabeled antibody that bins to a specific tumor marker located on the
tumor cell surface. After scanning mouse with special PET/CT scanner, tumors are visualized
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Fig. 21.2 Schematic illustration of immunohistochemistry assay. Tissue specimen is fixed to a
glass slide and then is incubated with primary antibody that directly binds to the target antigen.
After washing, the slide is incubated with secondary antibody that is labeled with horseradish
peroxidase (HRP). Antigen localization in tissue is visualized using 3,3-o-diaminobenzidine
tetrahydrochloride (DAB). Brown color precipitate is formed on the slide at the location of the

antigen
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using '>I labeled M75 antibody [41]. Strong CAIX expression was detected by
immunohistochemistry in tissue microarray (TMA) slides of ccRCC patients after
staining them with the MAb M75 [42]. For CAIX detection in certain tumors
using immuno-PET imaging, MAb M75 was labeled with the positron emitter
%4Cu to produce new radioimmunoconjugate *Cu-PS-IgG M75. The athymic
mice inoculated with HT-29 cells were injected with the new conjugate and its
biodistribution around the tumor was imaged using a WPET/CT camera. Tumors
were visualized using the radioimmunoconjugate, suggesting possible application
of %4Cu-PS-IgG M75 for CAIX in vivo imaging using the immuno-PET method in
certain cancers [43].

Two forms of CAIX protein—membrane-bound and soluble—have been
detected in human organism. The transmembrane protein was analyzed by
immunohistochemistry, immunofluorescence, and Western blot methods as
described above. A soluble form of CAIX can be detected by Western blot,
immunoprecipitation, flow cytometry, and quantitative sandwich ELISA method
developed using CA-specific MAbs. The soluble form of CAIX is released into
the body fluids or in cancer cell culture medium by proteolytic cleavage of the
CAIX extracellular domain. Low concentration of soluble CAIX is detectable in
healthy people, but it is elevated in certain cancers and therefore is considered
to have prognostic value [44, 45]. Soluble form of CAIX was detected in blood
serum (0.02-3.6ng/ml) and urine (0.02-3 ng/ml) of patients with RCC by capture
ELISA method (Fig.21.3). From the same biological samples of RCC patients,
soluble CA IX form was immunoprecipitated using the MAb M75 and detected by
Western blot using M75-Px conjugate [44]. Using a commercial ELISA kit, CAIX
was quantified (23—499 pg/ml) in serum samples of patients with primary cervical

Fig. 21.3 Schematic A
illustration of sandwich Substrate

ELISA method. The
micro-well plate is coated
with the capture antibody and

then incubated with sample
solution containing target
antigen. After washing,
horseradish peroxidase
(HRP)-labeled detection
antibody is added. The
quantity of target antigen in
sample solution is indicated
by color change of the added
substrate
3,3,5,5'-tetramethylbenzidine
(TMB) as a result of
HRP-catalyzed reaction
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cancer [46]. These findings demonstrate the capture ELISA method as a promising
tool for a non-invasive CA IX detection in biological samples.

Recently, large collections of MAbs against CA IX and CA XII were developed
[47,48] and used to investigate target protein expression in tumor cells by flow
cytometry. The MAbs raised against recombinant CAIX recognized the native
CAIX protein on the cell surface, demonstrating that the expression level of
CAIX is strongly upregulated by hypoxia in several tumor cell lines (Stravinskiene
et al., unpublished data). Application potential of these MAbs, especially one
clone, is very broad, as it recognizes CAIX in various assays such as Western
blot, immunohistochemistry, immunofluorescence, flow cytometry, and sandwich
(capture) ELISA for soluble CA IX. Sandwich ELISA was applied to investigate
the levels of soluble CAIX in cancer cell culture medium. It was demonstrated
that Ca Ski (cervical squamous cell carcinoma), U87 (glioblastoma), A549 (lung
carcinoma), and HeLa (cervical adenocarcinoma) cancer cell lines grown under
hypoxia conditions release the extracellular CA IX domain into growth medium
(Stravinskiene et al., unpublished data).

CA XII expression in various cancers was primarily studied using PAbs against
CAXII. Analyzing human tumor tissue by immunohistochemistry method and
using rabbit polyclonal antibody to CA XII protein, CA XII was immunostained in
RCC, low-grade glioma, breast cancer, medulloblastoma, ovarian tumors, and in
other tumor tissue specimens [49-51].

In 2011, one of the first MAbs against CA XII was generated after immunizing
LOU rats with A549 lung cancer cells, named as MAb 6A10. The analysis
of A549 cells by flow cytometry confirmed that MAb 6A10 binds to CA XII
protein located on A549 cells surface [52]. Using the same antibody, CA XII was
immunoprecipitated from A549 whole-cell lysates and detected by Western blot
using PAb against CA XII [53]. In 2014, the development of new collections of
MADs against CA XII was reported using either recombinant CA XII or selected
CA XII peptide as an immunogen [47,48]. The reactivity of CA XII-specific MAbs
15A4 and 4AG6 raised against recombinant full-length CA XII with native CA XII
protein expressed in human tissue specimens was studied by immunohistochemistry.
The immunoreactivity of the MAb 15A4 to cellular CA XII was also confirmed
by analyzing CA XII-positive human tumor cell lines by flow cytometry [47]. Two
more MAbs were generated against the selected CA XII sequence (167 aa to 180 aa)
located in CA XII catalytic domain: MAb 1D8 and MAb 3C8. Both antibodies
inhibited CA XII enzymatic activity, but only MAb 3C8 recognized cellular CA XII
protein in human breast and lung cancer tissue specimens by immunohistochemistry
assay [48]. These findings indicate that MAbs to CA IX and CA XII are useful tools
for the detection of target proteins in cancer cells and human biological samples
thus providing possibilities for diagnostics and patient stratification.
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21.4 Conclusions

After the discovery of CAs, different analytical methods were developed for
CA detection that were later improved for better sensitivity and measurement
performance. These methods provided new information about CA catalytic activity,
distribution, and functions. Immunoassays based on the use of either polyclonal or
monoclonal CA-specific antibodies improved CA detection and allowed discrim-
ination of CA isoforms. Highly specific antibodies against different CA isoforms
became very helpful tools for the analysis of CA expression in various biological
samples and currently are widely used in different immunoassays, such as ELISA,
Western blot, immunohistochemistry, flow cytometry, and in vivo imaging.
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Abstract

Carbonic anhydrase IX (CAIX) has been identified as a potential target for
cancer treatment over 20 years ago. Extensive efforts to develop drugs based
on small molecules or antibodies have not yet yielded the FDA approval for
use in clinical practice. Still, in clinical trials CAIX has been used as a marker
for cancer diagnosis and prognosis, and some therapeutic benefit has been
achieved. In this chapter we summarize the clinical trials involving CA IX for the
visualization of tumor tissue, patient stratification, and anticancer therapy. Goals
and major outcomes of the trials are summarized. Both the small-molecule and
antibody-based approaches are discussed.

22.1 Introduction

Hypoxic solid tumors have poor blood supply in the tissue, causing problems
for the delivery of chemotherapeutic agents resulting in more rapid spread of the
disease and resistance to drugs [1] thus limiting efficacy of treatment [2]. Tissue
hypoxia correlates with the overexpression of carbonic anhydrase IX (CAIX),
a trans-membrane enzyme, predominantly found in solid hypoxic tumors and
involved in balancing cellular pH [2]. This dimeric zinc-containing glycoprotein
hydrates carbon dioxide to proton and bicarbonate which is released to intracellular
matrix and decreases its pH. This promotes the proliferation of the tumor cells,
degradation of extracellular matrix, and is important for cellular migration, invasion,
and metastases [3].
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Since the elevated levels of CAIX actively contribute to the aggressiveness of
tumor cells, inhibitors of the enzyme are analyzed as potential markers for disease
visualization, stratification for possible treatment modalities, and as adjuvant drugs.
In cancer research, every potential CAIX inhibitor undergoes the evaluation of
usage in few or all areas, mentioned above. They are developed beginning with
the visualization of CAIX in tumor tissue, and continued for diagnosis and patient
stratification. Finally, some of them are selected for clinical trials as the treatment
options. Clinical trials registered in http://clinicaltrial.gov (last revised on 3rd of
June, 2018) are briefly reviewed in this chapter.

22.1.1 Visualization of Tumor Tissues

Visualization of tumor tissue is important in clinical practice, because it helps
to detect the localization and limits of cancerous tissue as well as to gain infor-
mation about specific characteristics of the cells. The maximum removal of
tumor tissue cells is essential for patient treatment. This is possible through
surgery/brachytherapy for solid masses and chemo/radiotherapy for remaining cells
and distal metastases. However, too aggressive treatment (both chemotherapy and
radiotherapy) or too much extended surgery is related to poor quality of life and
higher complication rate. The ideal treatment should be precise in optimal dosing
and tissue removing. The development of visualization markers could significantly
contribute towards this aim. Table 22.1 summarizes the use of CAIX as a diagnostic
marker.

22.1.2 Antibodies for Immunohistochemistry

Early detection of cancer is essential for the most effective cancer treatment,
resulting in the lowest impact on the quality of life. According to International
Agency for Research on Cancer, 2018 (www.iarc.fr) supported by World Health
Organization, cervical cancer is a second gynecological tumor after breast cancer
affecting women worldwide. Despite the fact that it is the most preventable
cancer, the mortality is very high, especially in developing countries. Even in
developed countries, some cases of false negative observations occur [8]. Human
papillomavirus (HPV) testing could add to the accuracy of diagnosis. Cytology and
HPV-negative cervical cases could be missed [9]. Molecular markers such as p16,
Ki67 are under development [10].

Hybrid Capture II high-risk HPV-negative women diagnosed with AGC-NOS
(atypical glandular cells, not otherwise specified [11]) in cervical cytology could
safely undergo surveillance [12]. However, CA IX immunohistochemical staining
together with Hybrid Capture II high-risk HPV and cytological testing did not
improve the accuracy as compared to the two tests. Researchers found that mucinous
adenocarcinoma with gastric phenotype has high concentration of CA IX even in the
absence of high-risk HPV [13]. Based on this finding, Liao et al. developed diag-
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nostic methodology for CA IX in AGUS (patent No 2384744; US20020058251A1)
[14,15] (AGUS—atypical glandular cells of unknown significance). After running
the model analysis [16], Liao and colleagues started the recruitment of patients
for CAIX for the detection of atypical cells from liquid-based cytology, mainly
in atypical endocervical or endometrial cells. Immunohistochemical staining with
anti CA IX mouse monoclonal antibody M75 was used for CA IX visualization in
cells (http://clinicaltrials.gov NCT00892866).

For cervical cancer prognosis after surgery, the immunohistochemically stained
CAIX in tissues was used. A retrospective review identified 60 patients with
cervical cancer [17] for positron emission tomography (PET) using 2-deoxy-2-[18F]
fluoro-D-glucose (FDG) (F-18 FDG PET), and detected the expression of CAIX
using immunohistochemical staining method (rabbit polyclonal antibody; Novus)
[17]. CAIX was not superior prognostic marker in patients with surgically resected
cervical cancer [17].

Immunohistochemically stained tissue evaluation was also used for other types of
cancer—rectal and renal. Two population-based, multicenter, randomized controlled
trials of different rectal cancer screening strategies were run [18]. The expression
of CAIX was used as an endogenous hypoxia biomarker to assess the micro-
regional distribution of hypoxia in the adenomatous tissue in colorectal cancer
[18]. Serial paraffin sections, 3-um-thick, which were mounted on pre-coated slides
were processed according to standardized automated procedures using pre-diluted
antisera for CA IX (Novocastra, clone TH22, diluted 1:100) [18]. Authors concluded
that CAIX expression was significantly higher in immunochemical fecal occult
blood test and bleeding possibly occurs during periods of hypoxia [18]. This finding
is also important for further colorectal marker development, because fecal occult
blood test could be false positive because of dietary practice or non-cancer related
gastrointestinal bleeding [19].

The detection of cancer cells in sentinel lymphatic node is an important
diagnostic procedure. Despite the localization of cancer (breast, vulvar, etc.), the
treatment recommendation and the extent of surgery as well as future prognosis for
survival depends on this finding. The detection of metastatic cells of renal tumors
in sentinel lymphatic nodes was performed using flow cytometry by combining
a surface staining of CAIX (anti-CAIX (APC) (R&D Systems) clone: 303123).
Cadherin 6 and intracellular staining of CK18 were performed in Sweden (trial was
not registered in http://clinicaltrials.gov) [20]. They found that flow cytometry is
able to detect micro-metastases in lymph nodes of renal tumor patients that were
undetected under H&E examination [20]. Four out of five patients were diagnosed
with positive MICs in lymph nodes by flow cytometry, whereas all of them were
negative by H&E examination of CAIX, Cadherin 6, and intracellular staining
of CK18 [20]. This finding is important for further development of sentinel node
metastases detection and could be repeated in large sample for other solid tumors.
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22.1.3 Antibodies and Small Molecules for PET

As described above, the immunohistochemically stained tissue analysis enhances
clinician’s ability to detect CAIX expression in the tissue. The biopsy or surgery
material is necessary for this test. The procedure, the time from tissue sampling
to pathologist examination, and the preservation type of the tissue could affect the
results. Furthermore, patient must wait for the result and the treatment is delayed.
Visualization in vivo is another rapidly developing advanced procedure for cancer
patients. Computer tomography (CT) is used to visualize the extent of disease
and metastases prior to surgery. Positron emission tomography (PET), a nuclear
medicine functional imaging technique, is a perfect choice for cancer visualization
because of the shift of metabolism in tumor cells. Both these methods are important
for the detection of tumor stage and treatment choice.

CA IX antibodies were widely studied for the visualization of cancer in patients.
One such studied solid cancer was clear cell renal cell carcinoma (ccRCC). Divgi et
al group have been working with the chimeric antibody ¢G250 from the late 1980s
[21-25]. The group developed the '?I-girentuximab and '3!I-labeled chimeric
G250 antibodies. The first successfully proved to be a good enhancer for ccRCC
visualization prior to surgery [7]. 12*I-girentuximab was administered intravenously
before PET/CT scan for the enhancement of contrast. Operation was performed 2—
6 days after test and the tumor was resected [7]. The sensitivity was 86.2% (95%
CI, 75.3% to 97.1%) for PET/CT with '**I-girentuximab (compared with contrast
enhanced CT 75.5% (95% CI, 62.6% to 88.4%); P = 0.023). The specificity
increased to 85.9% (95% CI, 69.4% to 99.9%) (compared with contrast enhanced
CT 46.8% (95% CI, 18.8% to 74.7%); p = 0.005) [7]. Sensitivity depended on
tumor size and it was higher for tumors larger than 2 cm [7]. The method allowed
to visualize all lesions below 1 cm [7]. The positive predictive value was 94.4% and
negative predictive value was 69.4% [7]. The phase III trial for the same marker (Nr.
NCT01762592) was withdrawn in 2017.

Researchers at the Abramson Cancer Center of the University of Pennsylvania
(NCTO00717587) initiated phase II trial to analyze sunitinib effect when used before
and after surgery in treating patients with stage IV kidney cancer. 1-124 girentux-
imab was planned to be used for visualization of tumor vascular permeability after
2 weeks of therapy, but no data has been published yet.

Zirconium-89-girentuximab PET/CT imaging was used for ccRCC imaging [26].
Only eight patients are still recruited with small renal masses or with suspected
relapse of the disease. Seven patients benefited from the scan. One did not uptake the
marker in solid lymph node which was a metastasis of CA IX expressing papillary
ccRCC [26]. This trial is registered on http://clinicaltrials.gov (No: NCT02883153)
as phase 2/3 trial and is still ongoing. Authors published updated data of 30 patients
[4] with positive conclusion of efficacy in detection of ccRCC noninvasively.
However, no data of sensitivity, specificity, and positive/negative predicted value
are available.
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Another molecular imaging study (NCT02228954) was performed aiming to
compare FDG (fluoro-D-glucose)—PET and zirconium-89-girentuximab—PET
results. These two tests were performed for patients with renal tumor before
treatment to predict rapid progression (<2 months after the baseline scan) or
prolonged indolent (>12 months after the baseline scan) under watchful waiting.
This is not randomized, open-label study, still active. However, recruitment has
been stopped and there are no published results.

Several new clinical trials are continuing. Indium-111-DOTA-girentuximab-
IRDye800CW is under research of dual-labeled antibody for dual-modality image-
guided surgery. The aim of this marker is to help intraoperative visualization of
tumor (ccRCC). This is a phase I study to evaluate the safety and feasibility of intra-
operative detection of tumor using Indium-111-DOTA-girentuximab-IRDye800CW
(NCTO02497599). Researchers are trying to answer whether the tumor could be
visualized by fluorescence marker. No results have been published yet.

111In-Girentuximab DOTA SPECT is used for the “early evaluation of the ther-
apeutic effect by performing early follow-up imaging after percutaneous magnetic
resonance—guided cryo-ablation of pTla renal cell carcinoma” (NCT02411968).
This is a minimal-invasion treatment related to higher quality of life and lower
extent of surgery. It is an option of choice among developing surgical techniques
and a good follow-up for progression/relapse detection, essential for patient safety.
The study is still ongoing (recruiting subjects) and no data is available.

A small chemical molecule—[ '3F]VM4-037—a radiopharmaceutical substance
consisting of a sulfonamide covalently attached to the positron-emitting isotope
fluorine '3F with CA IX-binding and radioisotope activities. It was used for the visu-
alization of CAIX in the whole body scan in healthy volunteers (NCT00884520).
Researchers found high uptake of the substance in the liver and kidneys [5].
Kidneys were the organs that received the highest radiation dose, demonstrating the
importance to evaluate liver and kidney function during the usage of the substance
[5].

Furthermore, 18F—VM4—O37 was used to visualize c¢ccRCC tumors
(NCTO01712685) in PET, phase II study. The study was terminated because the
substance was no longer available for researchers. The primary results showed
good results in differentiating metastases [6]. Visualization of primary tumor was
challenging due to high activity of renal background parenchyma [6].

Authors decided to try the substance [(18)F]VM4-037 for neck and lung CA IX-
positive tumors. They ran phase II study and tested the reproducibility of [F-18]
HX-4 uptake in tumors by imaging the same patient on sequential days in a
test—retest protocol (NCT01075399). Researchers included histology-confirmed
head/neck, lung, liver, rectal, or cervical cancers. The patients were about to
receive chemotherapy or radiation according to the treatment protocol. Results were
reported for head and neck cancer—the PET imaging with the [(18)F]VM4-037 was
repeatable and reliable. The same results were received for lung cancer [27]. The
[(18)F]VM4-037 was chosen to use for treatment of stage IV solid cancer (unspec-
ified). Since the study enrolled O patients, it was withdrawn (NCT00935142).
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22.2 CAIX as Patient Stratification Marker

Visualization of tumor before treatment is an important step for cancer staging. Even
the same solid tumors have a wide heterogeneity and could respond differently to the
same treatment. It is important to stratify the patients in accordance with molecular
markers for predicting prognosis and adapting treatment modalities.

Enhanced CAIX expression was discussed as a marker for more aggressive,
treatment resistance sign [3], so a number of trials were run to discover the CA IX
value for patient stratification. This step is very important for CA IX-targeted drug
development, because it provides evidence for CA IX hyper-expression in particular
groups.

On the other hand, it was hypothesized that the decrease of CAIX expression
in tissue during treatment was a positive outcome marker and could be used as
an additional short-time evidence for treatment efficacy. The disease-free, overall
survival was good, but long-term outcomes did not improve. It is important to have
information of rapid effect during treatment, because it enables clinicians to change
the strategy according to the results.

The CA IX detection was attempted to be used as a short-term treatment efficacy
marker. The methods of CA IX detection involved immunohistochemical staining of
tumor material, detection of soluble form, and radiological visualization. The targets
were locally advanced or metastatic cancers. The localization of primary disease
was rectal, breast, renal and cervical, lung, gliomas, etc. Diseases were mainly solid
tumors. The trial with acute leukemia was run as well.

22.2.1 Radioactively Labeled CA IX Antibodies for Patient
Stratification

Radiological uptake of radioactively labeled CA IX antibody was used for primary
diagnosis and visualization of disease extent. The group working with cG250
antibody developed a substance for the evaluation of CAIX expression before
and after treatment. The 111Indium-cG250, a CAIX antibody with radiosensitive
part accumulated in ccRCC (C. H. J. Muselaers et al. 2012). Based on these
results, 111Indium-cG250 was prescribed before and after sorafenib with the goal
to investigate tumor uptake. Whole body scintigraphic images were recorded 1
week after both injections (NCT00602862). The 111Indium-cG250 was compared
to 111In-bevacizumab uptake during whole body scintigraphic image before and
after sorafenib treatment. However, data has not been published yet.

22.2.2 Immunohistochemistry Based on CA IX Staining for Patient
Stratification

Immunohistochemistry was attempted to be used to stratify renal tumors because
high level of CA IX was found in patients and optimistic results in visualization of
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the disease were obtained as described above. The development of markers for renal
cancer response to treatment was unsuccessful.

Muselaers et al. found that sorafenib treatment for metastatic ccRCC was asso-
ciated with decreased uptake of chimeric CAIX antibody girentuximab (cG250)
[28]. They did not find differences in immunohistochemically stained CA IX (CAIX
mouse monoclonal antibody M75) between sorafenib treated and untreated groups
[28] (NCT00602862).

CA IX was overexpressed in ccRCC, except papillary renal cell carcinoma [29].
The study on immunohistochemically stained CAIX (anti-CAIX antibody G250
(Wilex AG)) in metastatic renal clear cell carcinoma (ccRCC) patients aimed to
analyze the predictive markers in the development of aggressive tumor [29]. The
trial was withdrawn because primary investigator left the team (NCT00908739).

CA IX immunohistochemistry was used to assess the efficacy of tivozanib for
non-ccRCC (NCT01297244) and sorafenib in phase II clinical trial for ccRCC
(NCT00480389).

High-dose interleukin 2 (Proleukin, Novartis) was approved in the USA for
the treatment of metastatic kidney cancer (NCT00554515). This is a standard
treatment for this advanced disease, but not all patients benefit from it. McDermott
with colleagues [30] tried to find a stratification marker for better response to the
treatment. Vickers and colleagues [31] in their review concluded that immuno-
histochemically stained CAIX in tissue is associated with higher response rate
to high-dose interleukin 2 treatment. It was found as a poor predictor marker for
response to another drug temsirolimus (NCT00554515) [31]. In conclusion, CA IX
marker is a part of “good” predictive pathological feature [30].

In some studies, CA IX was used as a standard marker for solid tumors. Immuno-
histochemically stained CA IX marker in rectal tissue was used for the evaluation of
rectal cancer treatment by standard care plus oxygenation (NCT01189877). Similar
study was performed with high grade glioma (NCT00826930). The CA IX was an
immunohistochemically stained marker of cancer tissue. Patient was treated follow-
ing the standard of care. In the residual tumor, the oxygenation was monitored and
trans sodium crocetinate was injected. The study was terminated because of sponsor
decision. In both studies, the data about CAIX usefulness was not published.
CAIX immunohistochemistry together with other hypoxia markers was used in
phase II clinical trial (NCT00381797). Researcher treated high grade pediatric brain
glioblastomas with monoclonal antibody bevacizumab. The results are presented on
drug pharmacokinetics [32] and no data about CA IX immunohistochemical staining
correlation with outcomes.

Many studies on CA IX as a patient stratification marker are being performed, but
the results are still unavailable. The solid tumors of prostate, head and neck, rectal,
laryngeal, and cervical cancers were studied.

CAIX will be analyzed as immunohistochemically stained marker in prostate
cancer comparing with the radiological technique (NCT03293602). In the trial,
prostate MRI with blood oxygenation level dependent (BOLD) imaging sequences
and '8F-misonidazole PET before surgery will be compared for stratification of
a higher risk group. The aim of this comparison is to identify the patient group
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with low oxygenation cancer. The study will be run in France and is now in a pre-
recruiting phase.

Head and neck cancer validation and functional imaging trial is recruiting
patients and CAIX immunohistochemistry is used for correlation with imaging
PET-CT (http://clinicltrials.gov NCT01827709). Head and neck cancer oxygenation
is planned to be analyzed in patients receiving metformin (NCT03510390). Inves-
tigators will analyze RNA sequences, with special attention to hypoxia-responsive
genes, CA IX being one of them. CA IX immunohistochemistry is planned as well.
The study is at the recruitment phase.

There are some studies with promising results. Kim et al. [33] found that
CA IX (immunohistochemically stained with rabbit monoclonal antibody EPR4151)
could be used to stratify patients for hyperthermia to enhance the effect of
preoperative radiochemotherapy in rectal cancer [34]. As hyperthermia is highly
painful and damaging procedure, stratification of patients is essential. Women with
CA IX-positive tumors and with poor response to therapy had the worst distance
metastasis-free survival and cancer-specific survival. These findings are in line with
other data showing that CA IX-positive tumors are more aggressive and resistant to
treatment. Hyperthermic therapy increased tumor response in CA IX-positive cases
and improved cancer-specific survival even after the recurrence of the disease.

CA IX expression was used to stratify patients with laryngeal carcinoma. Accel-
erated radiotherapy with carbogen breathing and nicotinamide ARCON improved
regional control and metastasis-free survival only in patients with low CAIX
expression [35]. Laryngeal carcinoma (NCT00147732) CA IX immunohistochem-
ical staining (mouse anti-CAIX (E. Oosterwijk, Department of Urology, Radboud
University Nijmegen Medical Centre)) and colocation with Ki-67 did not predict
the response better than Ki-67 [36].

CAIX was used to stratify patients suffering from primary cervical cancer
and receiving radiotherapy (NCT00980759). Extended-field irradiation (EFI) was
compared with pelvic radiation expecting that EFI will have different effect on
CA IX-positive (M75 antibody immunohistochemical staining) and CA IX-negative
patients. EFI significantly reduced recurrences of CA IX-positive tumors, but the
survival outcome did not improved, because of local recurrence and distant metas-
tases [34]. Patients treated from cervical cancer with Cu 64-ATSM were followed
for progression-free survival (NCT00794339) in phase II study. The correlation
between CA IX immunohistochemistry and uptake of Cu 64-ATSM were measured.
However, the results are not published yet.

CA IX immunohistochemistry was used not only for solid tumors. Changes
in bone marrow hypoxia were measured using CAIX immunohistochemistry
(NCTO01555268) in phase I cytarabine study for acute leukemia treatment. The clin-
ical trial NCT01037556 phase I/II study included relapsed/refractory acute myeloid
leukemia (n = 40) after 1 or 2 prior treatments or acute lymphoblastic leukemia
(n = 10) after any number of prior treatments [37]. They found a significant corre-
lation between proportions of HIF-1a—and CA IX-positive immunohistochemically
stained cells before treatment. Expression of both markers significantly correlated
with the percentage of BM blasts in pre-treatment and post-treatment samples [37].
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No significant associations between biomarkers and dose or toxicity were found.
The expression levels of the biomarkers did not directly correlate with the anti-
leukemia efficacy of hypoxia-activated prodrug PR104 [37].

22.2.3 Detection of Soluble Form of CA IX for Patient Stratification

Markers found in blood are more user-friendly and require less intervention for the
patient. The soluble form of CAIX was analyzed as a potential marker for patient
stratification for breast, renal cancers, and solid tumors.

Ho et al. [38] analyzed serum CA IX (detected by an enzyme-linked immunosor-
bent assay (ELISA) from Oncogene Science/Nuclea Biotechnologies Inc.) as a
pre-treatment marker for metastatic HER2+ breast cancer. They found that cut-off
from 506 pg/ml was associated with higher progression-free survival (HR 1.16, CI
95% 1.22-2.11). Tolaney and colleagues [39] found that serum CA IX (detected by
ELISA) was increasing during treatment of metastatic triple-negative breast cancer
with cabozantinib in phase II study (NCT02260531). The clinical value of the
finding is not fully clear.

Serum CAIX (detected by ELISA) level ((216.68 + 67.02) pg/ml) was found
to be a marker for postoperative recurrence of conventional renal cell carcinoma
[40]. These findings were used to plan a study of possible use of serum protein
CAIX and mRNA of CAIX level under medical treatment in trial NCT00942058.
The blood and urine should be analyzed before treatment at 1, 3, 6, 9, and 12
months (NCT00942058). The CAIX levels were not published because the study
was stopped (NCT00942058). The reason of termination was low recruitment rate.

Blood serum CAIX as a marker was investigated in phase I of drug BAYS87-
2243 in patients with advanced refractory to standard treatment of solid tumors
(NCTO01297530). The trial was terminated due to safety reasons [41]. Blood
biomarker of CA IX (measured by ELISA) was not a useful marker to predict the
overall survival in patients with non-small cell lung cancer treated with chemo-
radiotherapy (NCT01936571) [42]. The serum CAIX was used as marker in
metastatic liver disease treatment with AZD2171 (cediranib) (NCT00427973).
Overall survival was inversely correlated to circulating CA IX (measured by ELISA)
[43]. However, the study was terminated.

22.3 Development of CA IX-Binders as Anticancer Drugs for
Therapy

Only several studies were conducted to evaluate anti-CA IX medication efficacy
for treatment. The drugs are being developed for very advanced disease. High-risk
clear cell renal carcinoma, non-metastatic and metastatic solid tumors were studied.
Table 22.2 summarizes CA IX binders used in trials for the treatment.



22 Clinical Trials on Carbonic Anhydrase IX 345

Table 22.2 CA IX inhibitors for treatment

The trial no,

stage, country Phase Target Medication Conclusion

Antibodies

NCT00087022 Phase III  ccRCC Girentuximab No difference in disease-

Completed free or overall survival

The USA, Germany, between patients

UK, Russia, Finland, receiving girentuximab

Brazil and those receiving
placebo [44]

NCT00142415 Phase 1 Metastatic (177)Lu-cG250  Stabilized the progres-

Completed ccRCC sion [45]

The Netherlands

NCT02002312 Phase I  Metastatic (177)Lu-cG250  Disease stabilization in 9

Completed ccRCC of 14 patients [46]

The Netherlands

Completed Phase | ccRCC 1311-Labeled Not effective [21]

The USA Chimeric G250

Small-molecule drug candidates

NCT02216669 Phase 1 Head and DTP348 Not available

Withdrawn neck

The Netherlands neoplasms

NCT02215850 Phase | Solid tumors SLC-0111 Favorable results [47]

Completed

Canada

NCT03450018 Phase Ib  Metastatic SLC-0111 Not available

Pre-recruiting pancreatic

Canada ductal adeno-

carcinoma

All trials are antibody-based except SLC-0111 that is a small-molecule-based trial. Prepared
according to the http://Clinicatrials.gov

22.3.1 Drugs Based on CA IX-Specific Antibodies

Girentuximab is a chimeric monoclonal antibody that binds CA IX. It showed good
results in the visualization of renal tumor. It alone or with additions in the molecule
was used for radio- or chemotherapy. The outcomes were not very promising—in
some cases disease stabilization was achieved, but in others—non-effective.
131]_labeled chimeric G250 was used for radiotherapy both for clear cell renal
carcinoma [21] and for biliary cancer [48] (trials were not registered in http://
clinicaltrial.gov). For biliary cancer it was not effective due to small uptake of the
agent [48]. Clinical trials stopped at phase I/II for renal cancer because of no clinical
response. Some of the patients developed anti-antibody response [21,22].
Stillebroer and colleagues [45] investigated patients suffering from metastatic
ccRCC. Radioimmunotherapy (lutetium 177 ((177)Lu)-girentuximab) stabilized
the disease during 3 month treatment period (NCT00142415). Based on the
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study results, the same group ran phase II clinical trial for advanced clear
cell renal carcinoma. They evaluated radioimmunotherapy (RIT) with lutetium
177 ((177)Lu)-girentuximab [46]. However, the trial was non-randomized. They
achieved stable disease. Despite that, myelotoxicity was a burden for re-treatment
(NCT02002312).

Phase III multi-central clinical trial was run with girentuximab (http://clincaltrial.
gov NCTO00087022). They compared monoclonal CAIX antibody with placebo
for treatment renal cancer. Girentuximab was used as adjuvant treatment after
nephrectomy. The medication did not improve the disease-free and overall survival
compared to placebo. Even in sub-group with high CA IX scores, the disease-free
survival was improved statistically insignificantly [44].

22.3.2 Other Molecules Used as CA IX Inhibitors

Other molecules inhibiting CAIX have been used for very advanced cases of
solid tumors. The knowledge about their efficacy in patients is lacking, except one
molecule.

DTP 348 is an oral drug with dual mechanism of action: CAIX inhibitor
and a radio sensitizer of hypoxic cells through its 5-nitroimidazole moiety which
reduced the triple negative breast cancer growth in xenografts in mice [49]. DTP348
was used in head and neck cancer patients in combination with radiotherapy
(randomized phase I clinical trial). The inclusion criteria were histologically or
cytologically confirmed solid malignancy that was metastatic or unresectable.
There were no standard curative measures for included patients (NCT02216669).
Unfortunately, the study was withdrawn without any results because of financial
disagreement.

The CA inhibitor (both of CAIX and CA XII) SLC-0111 was investigated for
glioblastoma treatment in combination with temozolomide (NCT02215850) [50].
The authors determined an extended survival in mice. The same drug was investi-
gated in humans. The SLC-0111 was used to treat solid advanced and/or metastatic
or unresectable tumor(s) without standard curative measures (NCT02215850). In
this prospective single arm study, researchers aimed to investigate safety and
efficacy data of the drug. The study was completed in March, 2016, but data still
is not published. McDonald with colleagues [47] has mentioned that the drug has
favorable profile and has moved to phase Ib study of metastatic pancreas cancer.

The combination of SLC-0111 and gemcitabine was recommended for metastatic
pancreatic ductal adenocarcinoma in CA IX positive patients (NCT03450018). The
recruitment of patients has not started yet. The basis for treatment was the prediction
of hypoxia for aggressive growth and spontaneous metastasis formation in patient-
driven xenografts [51].
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22.4 Conclusions

Both antibodies and small-molecule inhibitors of CA IX have been used in clinical
trials for diagnosis of numerous cancers, patient stratification, and treatment. More
than 46 clinical trials have been started. Most of them analyzed for the presence of
CAIX by immunostaining in tissue. The most comprehensively investigated mono-
clonal antibody is G250 that has been attempted for visualization, stratification, and
treatment. The clear cell renal cell carcinoma was the most common target. Other
solid hypoxic tumors such as rectal and cervical cancers were also investigated. The
CAIX was confirmed in many hypoxic tumors. Researchers showed that CA IX-
positive and CA IX-negative neoplasms of the same localization have different
response to the same treatment. Therefore, CA IX seems to be a promising marker
in patient stratification. Other novel applications for the visualization of CAIX-
positive tumors during surgery were started. CA IX antibodies or small molecules
have not yet showed promising results in cancer treatment. Therefore, though
there is no doubt that CAIX is an important marker of worse prognosis and
more aggressive cancer and immunohistochemical staining of CAIX is a standard
procedure in solid hypoxic tumor research, further ideas are necessary aiming at
improved treatment outcomes.
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