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Abstract

Carbonic anhydrases (CAs) are widespread metalloenzymes that catalyze the interconversion of a
water molecule and carbon dioxide into bicarbonate and hydrogen ions. In mammals, CAs are involved in
many vital processes such as regulation of pH and fluid balance and transport of carbon dioxide. However,
activity of some CA isoforms can also promote several pathologies.

The enzymatic activity of human CA isoform 11 (hCA I1) is associated with glaucoma. It increases the
concentration of the bicarbonate ion in the eye, followed by intake of Na* ions and water flow along the
gradient, thereby increasing intraocular pressure. Increased intraocular pressure is damaging to the eye
nerve, which can lead to complete blindness. hCA Il inhibitors are used as anti-glaucoma medicaments, able
to decrease intraocular pressure.

Human CA isoform IX (hCA 1X) is produced in a limited number of normal tissues, while it is
significantly overexpressed in many solid tumors. The enzymatic activity of hCA IX helps to maintain the
pH of hypoxic tumor cells within normal range and lowers the pH level of the extracellular matrix, thus
accelerating tumor growth and metastasis. Therefore, specific hCA IX inhibitors potentially could be used
to suppress cancer growth and metastasis.

Ideally, inhibition of CAs should be selective and targeted to specific isoforms. Medically used CA
inhibitors have high affinity to most mammalian CA isoforms, thus making a long list of undesired side
effects. In order to design an isoform selective inhibitor, accumulation of structural data is of crucial
importance. Milligram amounts of pure enzyme are needed for structural studies and therefore efficient
expression and purification protocols must be used. For hCA 11 highly efficient expression and purification
system is already available and protein crystals can be produced easily. We have co-crystallized hCA 11 in
complex with multiple CA inhibitors, not only giving further understanding for ligand-protein interactions,
but also discovering a new type of CA ligands.

At the time, there was only one protein production and purification system for hCA IX with a rather
poor outcome. We managed to create a new expression and purification system for catalytic domain of hCA
IX. Crystals were obtained with multiple CA inhibitors, not only notably increasing the available structural
data about interactions of diverse inhibitors with the enzyme, but also providing a new perspective for

further structural and functional studies of hCA IX.



Kopsavilkums

Oglskabes anhidrazes (CA) ir plasi izplatiti ar metala jonu saistitie enzimi, kas kataliz€ atgriezenisko
reakciju, kura tidens molekula un oglskaba gaze veido bikarbonata un tidenraza jonus. Ziditajos tas piedalas
daudzos vitali svarigos procesos, ka piemé&ram pH regulésana un CO; transportéSana, tomer dazu CA
aktivitate ir saistita ar vairakam patologijam.

Cilvekos sastopama CA II izoforma (hCA II) tiek saistita ar glaukomu. hCA II enzimatiska aktivitate
paaugstina bikarbonata jonu koncentraciju aci, tam seko Na* jonu pieplidums un tdens plisma gradienta
virziena, tadgjadi paaugstinot intraokularo spiedienu. Paaugstinatais intraokularais spiediens boja redzes
nervu, kas var novest pie pilniga redzes zuduma. hCA II inhibitori tiek izmantoti ka anti-glaukomas
medikamenti, lai samazinatu slimibas izraisitas sekas.

Cilvekos sastopama oglskabes anhidrazes IX izoforma (hCA IX) tiek producéta neliela skaita veselo
audu, bet tas ekspresija ir ievérojami palielinata daudzos audz&ju veidos. hCA IX enzimatiska aktivitate
palidz uzturét normalu pH limeni hipoksiskajas audzgja $iuinas, vienlaikus samazinot pH audzg&ju vidg,
tadejadi paatrinot audz&ju attistibu. Specifiski hCA IX inhibitori varétu tikt izmantoti, lai kavétu audz&ju
attistibu.

Ideali, CA inhib&Sanai vajadzetu but mérketai uz specifisku izoformu. Medicina plasi izmantotie CA
inhibitori ir ar augstu afinitati pret vairumu ziditajos sastopamo CA izoformu, Iidz ar to, veidojot daudzas
nevélamas blaknes. Lai izveidotu izoformas selektivu inhibitoru, ir butiski akumulét strukturalos datus.
Strukturalo pétijumu priekSnosacijums ir miligramos meérams attirita proteina daudzums, lidz ar to,
nepiecieSama efektiva ekspresijas un attiriSanas sisttma. hCA II esoSa ekspresijas, attiriSanas un
kristalizacijas sist€éma ir pietickosi efektiva kristalografijas vajadzibam. Mé&s esam kokristaliz&jusi hCA 11
kompleksa ar vairakiem CA inhibitoriem, ne tikai dodot plasaku ieskatu ligandu-proteinu mijiedarbibas, bet
arT atklajot jaunu CA ligandu tipu.

Promocijas darbu uzsakot, vieniga aprakstita hCA X producéSanas un attiriSanas sist€ma bija ar vaju
iznakumu. Mums izdevas izveidot jaunu hCA IX katalitiska doména ekspresijas un attiriSanas sistému un
ieglito proteinu sakristalizét ar dazadiem ligandiem. legtitie dati ne tikai ievérojami papildinaja pieejamos
strukturalos datus par hCA IX mijiedarbibu ar dazadiem inhibitoriem, bet arT sniedza jaunas iesp&jas hCA

IX strukturalajiem un funkcionalajiem pétijumiem.
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Abbreviations

3D — three (3) dimensional

A — Angstrém

AMS - acute mountain sickness

AZM — acetazolamide

CA — carbonic anhydrase

CCM - carbon dioxide concentration mechanism

DMSO - dimethyl sulfoxide

DNA - deoxyribonucleic acid

DTT - dithiothreitol

Gl - gastrointestinal

GPI - glycosylphosphatidylinositol

HIF - hypoxia-inducible factor

HRE - hypoxia-responsive element

IC — intracytoplasmic domain

IOP - intraocular pressure

IPTG - isopropyl-B-D-thiogalactopyranoside

kDa - kilodalton

LB — Luria broth

MBP - maltose binding protein

Ni-NTA — nickel-nitrilotriacetic acid

NMR — nuclear magnetic resonance

OD - optical density

PAGE — polyacrylamide gel electrophoresis

PCR - polymerase chain reaction

PDB - protein data bank

PG — proteoglycan-like domain

RNA — ribonucleic acid

rpm — revolutions per minute

RuBisCO - ribulose-1,5-bisphosphate carboxylase/oxygenase
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SDS - sodium dodecyl sulfate
TEMED - tetramethylethylenediamine
TEV — tobacco etch virus

TM — transmembrane segment

ZBG - zinc binding group



Introduction

Carbonic anhydrases are widespread in all domains of life. They are ancient enzymes,
increasing their diversity with each next level of organisms along the course of evolution. There
are at least 16 mammalian CA isoforms with variable localization in cells and tissue, but
responsibility for the catalysis of the same reaction. All mammalian CA isoforms share relatively
high sequence homology and conservative active sites. Although CAs perform physiologically
important functions in the organism, activities of some of the mammalian CA isoforms are
associated with various diseases. hCA Il is a widespread CA isoform, but it is involved in
manifestation of glaucoma and acute mountain sickness (AMS) symptoms and it is also
overexpressed in gastrointestinal stromal tumor. hCA 1X is expressed in a very limited number of
normal tissues, but its highly overexpressed in many solid tumors. It has been assumed that
enzymatic activity of hCA X favors tumor growth, thus inhibition of this CA isoform could abate
tumor spread.

The first crystal structure of hCA 1l was solved in 1972. Now there are over 775 3D structures
of hCA 11 available in the Protein Data Bank, making it one of the most structurally studied
enzymes to date. Even so, selective hCA Il inhibitors are yet to be achieved hCA Il in many cases
is considered an off-target isoform but, it is usually used as a primary test subject for new types of
CA ligands.

Although due to its high expression levels in many tumor types hCA IX is the main target
for isoform selective CA drug design, up until 2015 there was only one protein 3D structure
available in the PDB. Judging from the available data, no other research group has managed to
obtain new hCA 1X crystals, not even in the previously described crystallization conditions. Also,
the described baculovirus expression system has a poor outcome, limiting the available
experiments from one purification batch. In order to improve that, we decided to develop a new
hCA IX catalytic domain expression and purification system, suitable for crystallization studies.

The aim of this study was analysis of interactions of multiple ligands with the human carbonic
anhydrase isoforms Il and 1X in order to use the results in rational, structure-based drug design.

Workflow:

1. Expression and purification of hCA II;
2. Cloning, expression and purification of hCA IX;
3. Crystallization of hCA 11 and hCA 1X catalytic domain with multiple ligands;

10



4. Data collection of protein crystals;
5. Analysis of the collected X-ray data, ligand modeling and protein-ligand interaction

determination.

11



1. Literature review

1.1. Carbonic anhydrases

Carbonic anhydrases (CAs) are metalloenzymes that catalyze the reversible reaction:
CO2+H20 <> HCO3 + H*

The reaction occurs within seconds also without a catalyst, but apparently this is not fast
enough to meet the physiological needs of organism. CAs are among the fastest enzymes known
catalyzing up to 1 000 000 reactions per second (Berg et al., 2002) (Table 1). CAs are widespread
in many different organisms and mostly are responsible for vital processes in the organism.
Meanwhile enzymatic activity of some CA isoforms is associated with various pathologies and
their inhibition could slow down or even prevent specific diseases (Deitmer et al., 2015; Pinard et
al., 2015).

Table 1. Comparison of catalyzed reactions per second and rate enhancement of various enzymes.
Adapted from (Berg et al., 2002).

Enzyme Nonenzymatic | Uncatalyzed | Catalyzed rate Rate
half-life rate (Kun,s?) (Keat, S1) enhancement
(Kcat/Kun)
OMP decarboxylase 78 000 000 2.8x 107 39 1.4 x 10
years

Staphylococcal 130 000 years 1.7 x 1013 95 5.6 x 10%
nuclease

AMP nucleosidase 69 000 years 1.0x 101 60 6.0 x 10%2

Carboxypeptidase A 7.3 years 3.0x10° 578 1.9 x 101!

Ketosteroid 7 weeks 1.7 x 107 66 000 3.9x 10t
isomerase

Triose phosphate 1.9 days 4.3x10° 4300 1.0 x 10°
isomerase

Chorismite mutase 7.4 hours 26x10° 50 1.9 x 10°

Carbonic anhydrase 5 seconds 1.3x10% 1 000 000 7.7 x 10°

12




1.2. CA enzymatic reaction

CAs are metalloenzymes, active site of which in most cases contain a Zn?* ion, coordinated
by four ligands. Zn?* ion can be coordinated by various residues (histidine, cysteine, etc.) (Laitaoja
et al., 2013), but in most CA isoforms it is coordinated by nitrogen atoms of three histidine
imidazole rings while the fourth coordination site is occupied by a water molecule (Fisher et al.,
2007; Supuran, 2012) (Figure 1.).

His 94

H,0 0~ R ]
%

Zn2+

His 119

Figure 1. Coordination of zinc ion in human carbonic anhydrase isoform IX (PDB code
6FE2). The figure was prepared with the PyMOL Molecular Graphics System, Version 2.0
Schrédinger, LLC.

The reaction mechanism of CO2 anhydrase is shown in Figure 2. When a water molecule is
bound to the Zn?* ion, it dissociates to OH™ group as a result of proton transfer. OH- group makes
a nucleophilic attack to electrophilic CO, forming a HCO3 ion. HCOs™ stays weakly bound to Zn?*
ion until it is further replaced by a water molecule and the reaction cycle can start over again (Fisher
et al., 2007; Supuran, 2012) (Figure 2.).

13
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Figure 2. Enzymatic reaction of carbonic anhydrase. Adapted from (Supuran, 2012).

1.2.1. His64 proton shuttle

In case of CAs, speed of enzymatic reaction can be so vast that it becomes limited by substrate
diffusion (Lindskog, 1997). A specific proton transfer mechanism greatly increases proton
movements near the active site and allows the enzyme to bind a new substrate more quickly,
therefore increasing the reaction speed (Maupin & Voth, 2007; Fisher et al., 2007; Tu et al., 2002).
Movement of His64 (CA Il numbering) side chain rotamer is significant for speed enchantment of
catalytic reaction and has been proven by various kinetic measurements using hCA Il His64->Ala
mutants. Enzymatic reaction in those mutants ensued 10-50x slower than in the wild type hCA 1I
(Tu et al., 1989; Roy & Taraphder, 2006). X-ray data has demonstrated that side chain of His64
has two alternative rotamers — “in” (closer to the active center) and “out” (further from the active
center). As His64 “in” position is still too far from Zn?* ion (~7.5 A) or Zn?* bound water molecule
it cannot carry out its proton transfer function directly. His64 proton transfer is achieved by a

network of water molecules, forming a bridge in order to transfer the protons. His64 at its “in”
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position obtains the proton from a nearby located water molecule and moves to the “out” position

releasing the proton (Fisher et al., 2005) (Figure 3.).

Glu106
;\( Thr199
07 g

H, His94
H 0 H,N GIn92
_0. '

0 N—H---0

N=/

2\
N—H--0=
— Asn244
backbone
HN
%

Figure 3. Solvent network of hCA Il active site pocket and His64 proton shuttle mechanism
Adapted from (Shimahara et al., 2007).

Tyr194

1.3. CA classification

Carbonic anhydrases are divided into 7 classes (a-, B-, y-, 6-, (-, n-, and 6-CAs) (Capasso &
Supuran, 2015; Kikutani et al., 2016; Supuran & Capasso, 2015; Aspatwar et al., 2018). CAs are
structurally very diverse but the conjunctive element is the same catalytic reaction. Therefore,
carbonic anhydrases are good examples of convergent evolution (Hewett-Emmett & Tashian,
1996; Liljas & Laurberg, 2000). CAs are evolutionarily ancient enzymes and pose higher and

higher diversity along with increasing complexity of organisms (Banerjee & Deshpande, 2016).
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1.3.1. p-CA

The B-class carbonic anhydrases are abundant among lower eukaryotes, prokaryotes, archaea
and plants (Rowlett, 2010). Catalytic activity of B-CAs is relevant in photosynthesis. B-CAs help
to regulate chloroplast pH levels and the CO2 concentration mechanism (CCM) near RuBisCO
(Bhat et al., 2017) (Figure 4.).

Fatty acids

Isoprenes ) I

Starch Acetyl -CoA
) = G
Thylakoid
HCOy
co,
Calvin Cycle
HCOy e ’ CA 4———

Co,

Figure 4. Role of the B-CAs explained involving RuBisCO. Adapted from (Bhat et al., 2017).

B-CAs are associated with ability of some plants to overcome cold temperatures and low light
conditions and they also participate in immune responses to pathogens (Siedlecka et al., 1999).
Structurally, -CAs resemble a Rossmann fold, in which a central four-stranded parallel beta sheet
with additional antiparallel strand is surrounded by alpha helices from both sides (Figure 5.).
Catalytic zinc ion in B-CAs is coordinated by two cysteines and one histidine. Occasionally, Zn?*
ion in B-CAs can be coordinated by a fourth residue — aspartate, which renders the enzyme inactive
at pH values below 8, but above pH 8.3 aspartate gets replaced by a water molecule thus re-

activating the enzyme. (Huang et al., 2011; DiMario et al., 2017).
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Figure 5. Tertiary structures of a-CA (panel A, PDB code 1CA2), B-CA (panel B, PDB code
116P) and y-CA (panel C, PDB code 1QRG). Zn?* ion coordinating residues are indicated. The
figure was prepared with the PyMOL Molecular Graphics System, Version 2.0 Schrédinger, LLC.

Beta class CAs are found also in pathogens like Salmonella typhimurium, Mycobacterium
tubercolusis and Heliobacter Pylori (Rowlett, 2010). Since B- CAs are involved in important
functions of pathogens, specific inhibition could have antibacterial effect (Vullo et al., 2018).
Antibacterial properties of CA inhibitors have been detected in studies on S. Typhimurium
(Zimmerman & Ferry, 2008), potentially enabling development of CA-targeted antibiotics.

17



1.3.2.y-CA

The y-CA class is widely distributed in all three domains of life, however only a few of y-
CA enzymes have been studied kinetically or structurally, largely from Archaea domain (Ferry,
2010).

Structurally, monomers of y-CAs are beta helices. Three monomers form a functionally
active trimeric enzyme with three active sites located in between the monomers. Active site
architecture of y-CAs is somewhat similar to mammalian CAs, since Zn?* is being coordinated by
three histidines (Pena et al., 2010). Tested sulfonamides display weaker affinity to y-CA than
mammalian CA isoforms, which can be explained by different pocket conformation at the enzyme

active site (Zimmerman & Ferry, 2008).

1.3.3. Other CA classes

8- CA class can be found in marine diatoms (Del Prete et al., 2014a; Lapointe et al., 2008).
g- CA class has been identified in carboxysomal shell (So et al., 2004) of cyanobacteria and now
are considered being highly modified f-CAs. n- family of CAs has been found in Plasmodium
species and their enzymatic activity is considered to favor malaria (Reungprapavut et al., 2004;
Krungkrai & Krungkrai, 2011), therefore they might be important targets for anti-malarial drugs.
0- class was recently identified in marine diatoms (Kikutani et al., 2016). ¢- class CAs also have
been identified in marine diatoms. Structurally they somewhat resemble 3-CAs both in respect to
overall structure and metal coordination. (- class CAs are unique in their ability to use cadmium
ion instead of zinc ion in their active sites, which might be an evolutionary advantage in zinc-

depleted environments, often found in oceans (Alterio et al., 2015a).

1.3.4. a-CA

a-CA isoforms are found in many diverse organisms - algae, some bacteria and vertebrates,
including mammals. a-CAs are structurally similar and their monomers are composed of seven
alpha helices and 10 beta strands (Aggarwal et al., 2013). There are 16 a-CA isoforms identified
in humans (hCAs) (Supuran, 2018a) with various localizations in the cell — cytosolic,
mitochondrial, membrane-associated and secreted. Different hCA isoforms display remarkably
different speeds of catalyzed reaction (Singh, 2018; Pinard et al., 2015) (Table 2). For example,
CA Vaisoform is considerably less active than hCA II, probably because of His64 - Ala mutation

which disrupts the proton transfer mechanism and significantly lowers enzymatic activity (Heck et
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al., 1996). CA VIII, X and XI isoforms are enzymatically inactive (carbonic anhydrase related
proteins, CARPs) and their function in cell remains unclear, but it has been demonstrated that
overexpression of CARPs in certain tissues corelate with cancer (Aspatwar et al., 2010). hCA
isoforms are mostly involved in vital processes like pH and CO2 homeostasis, bone resorption,
calcification and other (Frost, 2014), but activity of some hCA isoforms are associated with various
diseases (Pinard et al., 2015).

Table 2. Characteristics of hCA isoforms - catalyzed reaction speeds, current number of PDB

entries, localization in cell and tissue. Adapted from (Supuran, 2008b).

PDB
Isoform Keat . Location (cell) Location (tissue/organ)
entries
hCA | 2.0x10° 32 cytosol Red blood cells, Gl tract
Red blood cells, lung,
hCA 1l 1.4 x 108 775 cytosol eye, brain, osteoclasts,
Gl tract. kidney, testis
Skeletal muscle,
hCA Il 1.0 x 10* 6 cytosol _
adipocytes
Membrane bound, Gl tract, lung, kidney,
hCA IV 1.1 x 108 12 extracellularly located colon, pancreas, brain
catalytic domain capillaries, heart muscle
4
hCA Va 29 x10° _ mitochondria liver
(murine)
kidney, heart and skeletal
hCA Vb 9.5 x 10° - mitochondria muscle, spinal cord,
pancreas, Gl tract
Salivary and mammary
hCA VI 3.4 x10° 1 secretory
glands
hCA VII 9.5 x 10° 6 cytosol CNS
Transmembrane,
hCA IX 3.8x10° 9 extracellularly located Gl tract, several tumours
catalytic domain
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Eye, reproductive
Transmembrane,

hCA XII 4.2 x 10° 18 extracellularly located

catalytic domain

epithelia, renal,

intestinal kidney, several

tumours
Lung, brain, kidney,
hCA XIII 1.5x10° 16 cytosol _
reproductive tract, gut
Transmembrane, )
Kidney, heart, skeletal
hCA XIV 3.1x10° 4 extracellularly located

) ) muscle, brain, liver
catalytic domain

Most of the mammalian CA isoforms are cytosolic, CA Va/Vb are localized in mitochondria
while CA IX, CA XII and CA XIV are transmembrane proteins with an extracellular catalytic
domain (Whittington et al., 2001; Alterio et al., 2009). CA IV is a GPl-anchored CA isoform with
extracellular catalytic domain (Schneider et al., 2013). CA VI is the only a-CA isoenzyme which
is secreted and can be found in saliva (Kivela et al., 1999).

All of the human a-CA isoforms have a relatively high sequence identity and it ranges from
23.1% to 60.5% (Pinard et al., 2015) (Table 3). Active site forming residues for hCA isoforms are
highly conservative and it is the main problem for design of isoform selective hCA inhibitors
(Supuran, 2012).
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Table 3. Human carbonic anhydrase sequence homology in percent (lower left) and number

of conserved residues (upper right). Adapted from (Pinard et al., 2015).

hCA | hCA | hCA | hCA | hCA | hCA | hCA | hCA | hCA | hCA | hCA | hCA

| I m | awv | va | wvo | vi|vn | ix | xu |XH] XV
hCA I ~ | 158 | 141 | 78 | 126 | 128 | 82 | 132 | 83 | 91 | 154 | 85
hCANl | 605 | - | 152 | 88 | 133 | 138 | 90 | 147 | 85 | 89 | 157 | 96
hCAIIl | 542 | 585 | - 82 | 120 | 117 | 87 | 130 | 80 | 86 | 151 | 90
hCAIV | 300 | 335 | 312 | - 89 | 93 | 97 | 90 | 84 | 91 | g4 62
hCAVA | 481 | 508 | 454 | 236 | - | 184 | 93 | 131 | 83 | 84 | 124 | 88
hCAVB | 469 | 519 | 435 | 231 | 58.7 | - 82 | 134 | 89 | 79 | 131 | 88
hCAVI | 319 | 335 | 323 | 270 | 279 | 244 | - 93 | 107 | 104 | 90 | 106
hCAVII | 508 | 56.2 | 49.6 | 31.8 | 485 | 492 | 349 | - 95 | 103 | 139 | 97
hCAIX | 331 | 342 | 3L1 | 272 | 319 | 327 | 389 | 370 | - | 101 | 90 | 113
hCAXIl | 358 | 342 | 323 | 281 | 316 | 297 | 380 | 380 | 389 | - o1 | 123
hCAXIN | 59.2 | 596 | 57.7 | 282 | 462 | 47.7 | 332 | 52.7 | 350 | 347 | - 08
hCAXIV | 342 | 358 | 342 | 290 | 319 | 200 | 358 | 36.0 | 444 | 460 | 37.4 -

1.4. Active site of a-carbonic anhydrases

The active site of hCA is amphipathic, possessing both hydrophobic and polar parts
(Krishnamurthy et al., 2008). It is thought that this is due to the extremely different properties of
substrate vs products — CO; is a hydrophobic gas, while HCOs™ and H" highly soluble ions.
Therefore, CO> enters or exits the active site through the hydrophobic part while ions use the polar
part. This property can be used in the design of specific “dual-tail” inhibitors occupying both parts
of the active site. The goal for providing selectivity between similar isoforms is to orient the tails

of ligands towards the region which differs most between target isoforms (Casey et al., 2004).
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Table 4. Active site forming residues in hCAs (CA Il numbering). Residues coordinating
Zn?* ion are marked in green, most variable residues between isoforms are marked in red. Adapted
from (Tars & Matulis, in press).

Residue Isoform

143 VIV |V |V |V |V |V |V \Y \Y \Y \Y

198 L |L

199 TI|T

200TTTTTTTTTT-i
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Table 4. shows that only a few residues within the active site of hCAs have a relatively high
diversity between hCA isoforms, making achieving of selectivity a challenging task. A very
important factor for isoform selective drug design is an available three-dimensional (3D) model of
the target protein. Most ligands are modeled based on known 3D structures, combined with

additional data for ligand-protein interactions (Pinard et al., 2015).

Figure 6. Comparison of active site pockets of hCA 11 (PDB code: 1CA2) and hCA IX (PDB
code: 3IAl). Protein is visualized as a surface model, key residues forming the active site pocket
are indicated. Residue labels in red indicate differences between hCA 11 and hCA IX. The figure

was prepared with the PyMOL Molecular Graphics System, Version 2.0 Schrodinger, LLC.

Although active centers of all hCA isoforms are very similar there are some key residues
which can be targeted for selectivity (Figure 6.). Some differences in the structure of active sites
between CA isoforms can be also found in conservative regions, since the surrounding variable
residues to some extent alter the overall 3D structure of the active site. Novel ligands can be
modeled using protein-ligand docking software, trying to orient the ligand to the most diverse

region between all a-CA isoforms (Tuccinardi et al., 2007).

1.5. Methods for structure determination of carbonic anhydrase

Even if the designed inhibitor binds well to the target enzyme, it is advisable to check the
exact binding mode experimentally. Currently the most popular method for determination of

protein-ligand interactions is X-ray crystallography. In case of monomeric CAs presumably NMR
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could be used as well, but dimeric hCAs, like hCA IX or hCA XII are too large for analysis by
solution NMR. The latest developments in cryo-electron microscopy (cryo-EM) allow structure
determination at atomic resolution, but opposite to NMR currently it can be used only for large
structures with size of at least 100 kDa. Neutron diffraction is yet another method of structure
determination. In fact, hCA Il is one of very few enzymes for which neutron diffraction structures
have been determined. Although neutron diffraction has an advantage of revealing hydrogen
positions, it requires extremely large crystals and very long data collection times, therefore in
practice it can be successfully applied in very limited occasions.

To determine a 3D structure using x-ray crystallography the protein has to be crystallized
first. Finding crystallization conditions is arduous and not every protein can be crystallized. Some
hCA isoforms can be crystallized relatively efficiently, for example hCA 11 is easy to work with,
as it can be easily produced in E. coli, it is highly soluble, can be purified without affinity tags and
it crystallizes in a couple of days. Diffraction of hCA 1l crystals typically reaches atomic resolution
(up to 0.9 A) (Behnke et al., 2010; Avvaru et al., 2010). It is one of the most studied enzymes in
the field of structural biology, with more than 775 structures available in the PDB. However,
crystallization of other hCA isoforms is more challenging. Up until 2015 there was only one 3D
structure available in the PDB for one of the main targets in CA drug design — tumor associated
hCA 1X (Alterio et al., 2009).

1.6. hCA I

hCA 1l is one of the 16 hCA isoforms and is encoded by the CA 2 gene found in 8921.2
region of 8" chromosome (Nakai et al., 1987). hCA Il is a relatively widespread cytosolic CA
isoform found in red blood cells, kidney, osteoclasts, eye, Gl tract, lung, brain and elsewhere
(Smith et al., 1999). hCA 11 has a fold and metal coordination pattern typical for all a-CAs (Avvaru
et al., 2010) (Figure 7.).
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Figure 7. Tertiary structure of human carbonic anhydrase isoform Il (PDB code: 3KS3). Zn?*
coordinating histidine residues are indicated. The figure was prepared with the PyMOL Molecular

Graphics System, Version 2.0 Schrodinger, LLC.

hCA 1l is associated with various diseases by interfering with ion concentrations and
influencing flow of water molecules. hCA Il is associated with glaucoma (Kaur et al., 2002), acute
mountain sickness (Taylor, 2011) and gastrointestinal stromal tumor (Parkkila et al., 2010).
However, in most cases regarding the drug design, hCA 11 is considered an off-target isoform, since

it is abundant in very many tissue types.

1.6.1. hCA |1 associated diseases

Glaucoma is a group of diseases characterized by a damage to optical nerve, which can lead
to the loss of vision. The most important risk factor for development of glaucoma is increased
intraocular pressure (IOP). Aqueous humor depends on the bicarbonate ion concentration in the
eye. Human carbonic anhydrases (I1, 1V, XII) increase the bicarbonate ion concentration in the
aqueous humor, followed by increase of Na* ion intake, which results in water flow along the
gradient, thus increasing IOP (Mincione et al., 2008). Increased IOP damages the eye nerve and

eventually leads to complete blindness (Maren, 1967). Although there is no cure for glaucoma, CA
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inhibitors are used to ease the symptoms. Use of CA inhibitor acetazolamide (AZM) results in 25-
30% decrease of the IOP, therefore lowering symptoms of glaucoma (Mincione et al., 2008). In
medicine, the widely used CA inhibitor AZM is being sold under the trade name Diamox, treating
various a-CA related diseases, including glaucoma (Jafarzadeh et al., 2014; Van Berkel & Elefritz,
2018). AZM has a poor selectivity and inhibits most of the human carbonic anhydrases, therefore
common side effects include various symptoms like dizziness, lightheadedness, blurred vision, dry
mouth, loss of appetite, nausea, vomiting, headache, diarrhea and many others (Katayama et al.,
2002).

Enzymatic activity of hCA 1l is involved in acute mountain sickness (AMS) with symptoms
present from approximately 2500 m (Taylor, 2011). High altitude caused hypoxia includes
symptoms like troubled sleep, headache, dizziness, mental problems, weight loss, weakness and
others. The exact mechanism of how CA inhibitor AZM reduces AMS symptoms is not known yet,
but it has been associated with CA inhibition in the kidney (Leaf & Goldfarb, 2007).

Diuretics: it is known that inhibition of hCA 11 and membrane bound hCA IV and hCA X1V
in humans work as diuretics (Supuran, 2008a; Carta & Supuran, 2013). By inhibiting those
isoforms the available protons for the Na*/H" antiporter, which regulate proton concentration in
cell, decreases, resulting in transport of NaHCO3z from the tubular lumen to the interstitial space,
which increases water concentration and therefore induces diuretic effects (Puscas et al., 1999;
Carta & Supuran, 2013).

Enzymatic activity of hCA 1l is involved in pH regulation in osteoclasts, therefore it is
essential for optimal bone resorption (Kumar et al., 2007). It has been proved that CA 2 gene
deficiency in humans is related with osteopetrosis (Shah, et al., 2004). Therefore, hCA Il inhibitors
are used to treat osteoporosis (Pierce et al., 1991).

hCA 11 is overexpressed in gastrointestinal stromal tumors and therefore could be used as
a biomarker for this particular type of cancer, or even as a target for inhibitors to slow tumor spread

via destabilization of cancer cell pH (Parkkila et al., 2010).

1.7.hCA IX

Human carbonic anhydrase isoform IX (hCA IX) is encoded by the CA9 gene found in the
p12-p13 region of chromosome 9 (Nakagawa et al., 1998). CA9 gene transcription is regulated by
hypoxia-inducible transcription factor HIF-1 (Chiche et al., 2010; van den Beucken et al., 2009),
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which is activated upon hypoxic conditions. HIF-1 is responsible for transcriptional control of
CA9 gene by binding to the CA9 hypoxia-responsive element (HRE), which activates the CA9
promoter and gene expression (Kaluz et al., 2009).

hCA IX is a transmembrane protein and consists of 4 domains (Alterio et al., 2009) (Figure
8.).

Figure 8. Proposed model of full length human carbonic anhydrase isoform IX. Adapted from
(Tars & Matulis, in press).
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Proteoglycan-like domain (PG) is an N-terminal component of hCA IX. It is unique in the
hCA IX isoform and is not found in any other mammalian CAs. PG domain owes its name to some
sequence similarity to aggrecan, which is a part of proteoglycan assembly. However, covalently
linked carbohydrates have not been observed in CA IX PG domain, except for a single O-
glycosylation site. Structurally, PG domain seems to be disordered with some parts possibly
adapting polyproline type Il helix conformation (Langella et al., 2018). Several functions have been
attributed to PG domain. It has been demonstrated that PG domain is responsible for cancer cell
adhesion, migration and spreading (Zavadova & Zavada, 2005; Csaderova et al., 2013). PG domain
also influences the catalytic activity of enzyme. PG-less CA IX is roughly 2-3 times less active
(Hilvo et al., 2008) and the optimum pH value of full-length enzyme is shifted from 7.0 to 6.5, thus
making CA 1X more efficient in acidic tissue, typical for hypoxic conditions (Innocenti et al.,
2009).

The catalytic domain has relatively high amino acid homology to other mammalian CA
isoforms and the obvious role of this domain is to perform the catalytic reaction (Hilvo et al., 2008).
Transmembrane o helix (TM) is responsible for anchoring the catalytic domain (Morgan et al.,
2007), while the intracellular fragment (IC) role is associated with location of the catalytic domain
in the cell (Hulikova et al., 2009). No direct experimental data is available regarding IC structure,
but modelling studies suggest that part of IC might be in helical conformation (Buonanno et al.,
2017). 1C domain has three phosphorylation sites - T406, S411, and Y412. The first two seem to
regulate the enzymatic activity of CA IX, while the last one is involved in EGFR-induced signal
transduction to PI3/Akt kinase pathway. IC tail has also been shown to interact with cullin-
associated NEDDB8-dissociated protein 1 (CANDL1). It appears that CAND1 is stabilizing CA 1X
structure, since cells with lower CAND1 expression also have lower CA IX content (Buonanno et
al., 2017).

Dimer formation is surprisingly different for hCA 1X and hCA XIlI, although they are
structurally similar and both are transmembrane proteins expressed in similar tissues. Another
isoform - hCA V1 also forms a dimer and its oligomerization form is very different from both hCA
IX and hCA XII (Figure 9.). Dimer forming for hCA VI is stabilized by 11 hydrogen bonds and
van der Waals forces (Pilka et al., 2012). In contrast, hCA XII is stabilized by 19 hydrogen bonds
(Whittington et al., 2001) and hCA IX by 2 hydrogen bonds and one intermolecular disulfide bond.
Available structural data has shown that the absence of a disulfide bond does not interrupt

oligomerization of hCA IX (Alterio et al., 2009; Leitans et al., 2015).
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Active site cavities in hCA IX and hCA XII dimers are relatively far from each other, but in

case of hCA VI entrances of both active site cavities are oriented facing each other.

Figure 9. Superposed dimer structures of catalytic domains of hCA VI (purple, PDB code
3FE4), hCA 1IX (green, PDB code 6FE2) and CA XII (blue, PDB code 1JCZ). The figure was
prepared with the PyMOL Molecular Graphics System, Version 2.0 Schrodinger, LLC.

hCA IX is overexpressed in many solid tumors including renal cell carcinoma (Bismar et al.,
2003), breast cancer (Chia et al., 2001) and others (Figure 10.). Enzymatic activity of hCA IX
favors tumor metastasis (Supuran, 2012; Chiche et al., 2009) and high expression of hCA 1X
correlates with poor prognosis and reduced disease-free interval following therapy (Bui et al.,
2003). In limited amounts hCA IX can also be found in several normal tissues, notably
gastrointestinal tract (Mahon et al., 2015).

Knockout CA9 gene in mice in homozygous animals results in development of mild gastric
hyperplasia (Gut et al., 2002). However, it does not disrupt mice development and gastric juice pH
and secretions are kept at normal levels. Judging from these experiments, it has been promoted that
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the disruption of CA9 gene does not lead to serious abnormalities in development and
sustainability, leading to concept that selective hCA 1X inhibition also would not cause serious side
effects (Leppilampi et al., 2005; Pan et al., 2006).
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Figure 10. Expression of CA IX in various types of human cancer (grey bars) and normal

tissue (striped bars). Adapted from (Mahalingam et al., 2018).

1.7.1. hCA IX targeting in anti-tumour drug design

Specific presence of CA IX on the surface of tumour cells can be targeted in two distinct
ways. First, enzymatic activity of CA IX can be inhibited by small molecules, therefore slowing
the catalytic reaction. Second strategy is to use CA IX as a cancer cell-targeting molecule. For
example, specific anti-CA IX antibodies can mediate cancer cell destruction by antibody-dependent
cell-mediated cytotoxicity, complement-dependent cytotoxicity and antibody-dependent cellular
phagocytosis (Chang et al., 2015). Several monoclonal anti-CA 1X antibodies have been shown to
reduce tumour size in animal models. Anti-CA 1X monoclonal antibody Girentuximab (known also
as G250) displayed promising results in Phase | and Phase Il clinical trials (Bleumer et al., 2004)

but failed to display significant benefit in Phase 11 trials (Haas et al., 2017).
30



1.8. CA inhibitors

1.8.1. Ligand classification

Ligand binding to the active center of enzyme can lower the enzymatic activity. In principle
it can be done in several ways - by interaction with key residues or co-factors required for catalytic
activity, by changing the conformation of the active site or by slowing/blocking diffusion of
substrates or products near the active site — (Srinivasan et al., 2019). “Classical” CA inhibitors are
compounds that bind directly to the Zn?* ion displacing the water molecule and therefore
preventing the catalytic reaction. Sulfonamides are by far the most popular class of CA inhibitors.
Like many classical CA inhibitors, sulfonamides are made of a zinc binding group, linker and a tail
moiety (Pinard et al., 2015) (Figure 11.).

Figure 11. Schematic representation of classical CA inhibitors. Adapted from (Pinard et al.,
2015).

In the case of sulfonamides ZBG is SO2NH,, where NH, moiety interacts with Zn?*, also
forming hydrogen bond with conservative a-CA residue Thr199 (Chakravarty & Kannan, 1994)
(Figure 12.). The linker usually is an aromatic ring, it has little (if any) interaction with active site
residues and mostly functions as a connector to the tail moiety. Tail moieties are very diverse,

mostly modeled to target specific regions of active site (Scozzafava et al., 1999; Pinard et al., 2015).
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Figure 12. Binding mode of acetazolamide within the active site of hCA 1l (PDB code 3HS4).
The figure was prepared with the PyMOL Molecular Graphics System, Version 2.0 Schrédinger,
LLC.

It was discovered that the artificial sweetener saccharin can also inhibit some of the a-CA
isoforms (Figure 13.). The inhibition mechanism of saccharine is similar to the sulfonamide
binding mode - it also blocks the binding of water molecule to the Zn?* ion. Although the binding
mode is similar, differences in orientation of bound saccharin from sulfonamides can be useful for

design of ligand tail orientation (Kohler et al., 2007).
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Isoform Ki[nM]

Acetazolamide | Saccharin

hCA 250 18540
hCA 1l 12 5950
hCA IV 74 7920
hCAVa |63 10060
hCAVb |54 7210

Q

His 1
hCA VI 11 935 .
\ His 94
hCA VII 25 10

19
hCAIX |25 103
hCA XIl |57 633 His 96

hCAXIV | 41 773

Figure 13. Inhibition constants of acetazolamide and saccharin on human carbonic anhydrase
isoforms (left) (Kohler et al., 2007). Binding mode comparison of acetazolamide (PDB code 3HS4)
and saccharine (PDB code 2Q1B) (right). The figure was prepared with the PyMOL Molecular
Graphics System, Version 2.0 Schrodinger, LLC.

Sulfocoumarin type inhibitors present a different binding mode. Sulfocoumarins bind to CAs

in hydrolyzed form and do not replace the zinc-bound water molecule, but interact with it via a

hydrogen bond, thereby blocking the access of CO2 molecule (Tars et al., 2013) (Figure 14.).
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Figure 14. Binding mode of sulfocoumarin within the active site of carbonic anhydrase.
Adapted from (Tars et al., 2013). The figure was prepared with the PyMOL Molecular Graphics
System, Version 2.0 Schrddinger, LLC.

1.8.2. Novel aspects for the CA inhibitor design

Design of dual tail inhibitors is another useful approach in order to achieve isoform selective
inhibitors (Figure 15.). This strategy makes use of both polar and hydrophobic parts of CA active
site. If a compound contains both hydrophobic and polar tails it could be targeted as potentially

covering more surface and gaining selectivity for the isoform (Tanpure et al., 2015).
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Figure 15. Dual tail ligand approach in CA drug design. Adapted from (Tanpure et al., 2015).

Many factors must be noted in designing of inhibitors. The inhibitor has to be with high
selectivity and affinity to the target isoform and has to be able to cross the plasma membrane in the
case of cytosolic isoforms. Often the designed compounds have poor solubility in water, which can
make further studies difficult (Scozzafava et al., 1999).

Specificity of CA inhibitors can also be modulated by their capability to cross plasma
membrane. Most of the CA isoforms are cytosolic, while tumor associated CA IX and CA XlI are
extracellular. Membrane impermeability can be achieved by addition of high molecular weight
compounds that are too big for the membrane penetration (bulky compounds), charged molecules
that are incapable of passing into the cytosolic environment (fluorescently labeled or cationic
compounds) or glycoconjugates. In this way it is possible to partially address selectivity problems

in respect to most of the CA isoforms (Mahon et al., 2015) (Figure 16.).
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Figure 16. Classification of carbonic anhydrase inhibitors by their ability to cross plasma
membrane. Adapted from (Mahon et al., 2015).

1.8.3. Approved CA inhibitor medications and ongoing clinical trials

Currently the most widely used CA inhibitor in medicine is acetazolamide, but it has poor
selectivity and it strongly inhibits most of the human carbonic anhydrase isoforms (Hilvo et al.,
2008) (Table 5). Dorzolamide (Serle, 1994), Methazolamide (Gudmundsdottir et al., 2000),
ethoxzolamide (Garcia-Ferndndez et al., 2013), Dichlorphenamide (Kanski et al., 1968),
Brinzolamide (Lusthaus & Goldberg, 2017), Topiramate (Aminlari et al., 2008), Sulpiride (Souza
et al., 2008) and Zonisamide (De Simone et al., 2005) are other approved acetazolamide-like
medications, with little specificity regarding different CA isoforms and mostly used to treat hCA
Il related diseases. For example, dorzolamide is a topical drug, which can be used as eye drops in

case of glaucoma. Dorzolamide was developed to circumvent systemic side effects of
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acetazolamide, which has to be taken orally. Dorzolamide has a reputation of first drug used for
human therapy, discovered by structure-aided drug design.

Some other CA inhibitors have reached clinical trials. Indisulam is a chloroindolyl
sulfonamide. It showed promising results in Phase I trial (Raymond et al., 2002), but Phase Il trial
was terminated in 2016 (Talbot et al., 2007).

Table 5. Inhibition constants of most popular CA inhibitors. Adapted from (Supuran, 2008b).

Ki(nm) hCAl | hCA | hCAIlll | hCAIV | hCA hCA | hCA | hCA | hCA | hCA mCA hCA
I VA vB Vi Vil IX X Xi XV
Acetazolamide 250 12 2x10° 74 63 54 11 2.5 25 5.7 17 41
Methazolamide 50 14 7x10° 6200 65 62 10 2.1 27 3.4 19 43
Ethoxzolamide 25 8 1x106 93 25 19 43 0.8 34 22 50 2.5
Dichlorphenamide 1200 | 38 6.8x10° | 15000 | 630 21 79 26 50 50 23 345
Dorzolamide 50000 | 9 7.7x10° | 8500 42 33 10 3.5 52 3.5 18 27
Brinzolamide 45000 | 3 1.1x10° | 3950 50 30 09 |28 37 3.0 10 24
Indisulam 31 15 10400 | 65 79 23 47 122 | 24 3.4 11 106
Topiramate 250 10 7.8x10° | 4900 63 30 45 0.9 58 3.8 47 1460
Sulpiride 12000 | 40 10600 | 6.5x10° | 174 18 0.8 | 3630 | 46 3.9 295 110
Zonisamide 56 35 2.2x10° | 8590 20 6033 | 89 117 | 5.1 | 11000 | 430 5250
SLC-0111 5080 | 960 | - 286 - - - - 45 4.5 - -

Ureido-benzenesulfonamide compund SLC-0111 is now in Phase Ib/Il clinical trials as anti-
tumour drug candidate (Supuran, 2018b). Judging from the available data in literature, compound
SLC-0111 has been tested in vitro for inhibition potential against hCAs I, Il, IX and XII (Carta et
al., 2017). Although SLC-0111 is a weaker hCA IX inhibitor than acetazolamide, it has
significantly decreased affinity to isoforms I and 11, which are considered as off-target isoforms in
most cases (Pinard et al., 2015). Affinity to hCA XII can be considered as a bonus. hCA XII is
another tumor associated hCA isoform and it has been proven that hCA XIlI works as a
compensating mechanism in tumor cells if hCA IX activity is lowered (Chiche et al., 2009).

However, compared to hCA IX, hCA XII has a wider distribution in normal tissue.
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2. Materials and Methods

2.1. E.coli strains

E.coli RR1: F leuB6 proA2 thi-1 araC14 lacY1 galK2 xyl-5 mtl-1 rpsL20 (Str") gInV44 recA™
A(mcerC-mrr) (Stratagene, USA)

E.coli JM109: F’ traD36 proAB laclg A(lacZ)M15/ endAl rec Al gyrA96(Nalr) thi
hsdR17(remi™) reld1 supE44 A(lac-proAB) (Stratagene, USA)

E.coli BL21 (DE3): F- ompT gal dcm lon hsdSg(re” me’) A(DE3 [lacl lacUV5-T7 gene 1 ind1
sam7 nin5]) (Stratagene, USA)

Pichia pastoris GS115 his4 (Stratagene, USA)

2.2. Expression vectors

In this work pETDuet-1, pRSFDuet-1 and pPIC3.5K vectors were used (Invitrogen, USA).

2.3. Genes

Genes were obtained from gene synthesis service company GenScript (Japan).

2.4. Agarose gel electrophoresis

Agarose gel electrophoresis was performed using 1 % agarose (Thermo Fisher Scientific,
USA) gels in 1x TAE buffer (1 mM EDTA, 40 mM Tris, 20 mM acetic acid) with additional 1
pg/mL ethidium bromide solution (Merck, Germany).

2.5. DNA fragment purification from agarose gel

DNA fragments were extracted from the agarose gel by using GeneJET Gel Extraction Kit

(Thermo Fisher Scientific, USA) reagents and manufacturer provided user manual.

2.6. Digestion of the DNA using endonucleases

Restriction reaction was done following FastDigest (Thermo Fisher Scientific, USA) manual,

using the necessary endonucleases.

2.7. DNA ligation

Gene ligation in the expression vector was done by following procedure:
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Reaction mix:
Fragment DNA (25-100 ng/ul) 1-3 pl;
Expression vector DNA (25-100 ng/ul) 1-3 ul;
10x T4 DNA Ligase buffer (Thermo Fisher Scientific, USA) - 2 pl;
T4 DNA ligase (5 p/ul) (Thermo Fisher Scientific, USA) - 1 ul;
Water — up to 20 pl
Ligation reaction was performed either for 1-2 h at room temperature, or overnight at +4° C.

2.8. Plasmid transformation in E.coli

Ligation mix (10-20 ul) was added to thawed competent cells and incubated for 10 min on
ice. Heat shock was performed at 42° C for 35 seconds or two minutes depending on the cell type.
After the heat shock cells were incubated on ice for two minutes. Afterwards 0.9 mL of LB medium
(5 g/l Bacto yeast extract (Difco Laboratories), 10 g/l Bacto tryptone (Difco Laboratories), 10 g/l
sodium chloride (Stanlab, Poland)) was added and cells were incubated for one hour at +37° C
whilst slowly shaking the reaction mix. 100 pl of reaction mix was applied on LB agar plates (5 g/l
Bacto yeast extract (Difco Laboratories), 10 g/l Bacto tryptone (Difco Laboratories), 10 g/l sodium
chloride (Stanlab, Poland), 15 g/l Bacto agar (Difco Laboratories)) containing necessary antibiotic
(kanamycin — 10 mg/mL or ampicillin - 20 mg/mL). Plates were incubated overnight at +37° C.

2.9. E.coli cultivation for plasmid DNA amplification

One colony from the Petri plates was transferred to 3 mL 2x TY (5 g/l Bacto yeast extract
(Difco Laboratories), 16 g/l Bacto tryptone (Difco Laboratories), 5 g/l sodium chloride (Stanlab,
Poland)) media containing necessary antibiotic (kanamycin — 10 mg/mL or ampicillin - 20 mg/ml)
and incubated overnight at +37° C in a shaker (160-200 rpm) (Infors HT Multitron (Infors AG,

Switzerland)).

2.10. Plasmid purification from E.coli cells using GeneJET Plasmid Miniprep Kit.

Plasmid DNA were isolated and purified using GeneJET Plasmid Miniprep Kit (Thermo

Fisher Scientific, USA) following the user manual.

2.11. DNA sequencing

DNA sequencing was performed by following procedure:

Reaction mix:
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Big Dye (Applied Biosystems) — 1 pl;

Big Dye 5x reaction buffer (Applied Biosystems) — 2 ul;
Primer (1-5 pmol/ul). — 1 pl;

Plasmid DNA (25-100 ng/ul)- 2 ul;

Water —up to 20 ul

PCR for sequencing was followed by standard protocol.

DNA precipitation and washing were performed by the following procedure:

Add 65 pl of 96% ethanol;

Incubate 10-15 min at -20° C;

Centrifugate 10-15 min, 13000 rpm using centrifuge 5418 R (Eppendorf, Germany);

Remove the supernatant;

Add 200 pl of 70% ethanol;

Remove the supernatant;

Centrifugate for 3 min, 13000 rpm using centrifuge 5418 R (Eppendorf, Germany);

Remove the supernatant;

Dry debris at 55° C;

11 ul of formamide solution was added (Sigma, USA). Samples were heated for 5 min at
+95° C, proceeding with immediate cooling on ice. Samples were analyzed using 3130xI Genetic

analyzer (Applied Biosystems) and sequences were visualized using FinchTV (Geospiza, USA).

2.12. E.coli cultivation for recombinant protein expression

One colony from Petri plates was transferred to LB medium (5 g/l Bacto yeast extract (Difco
Laboratories), 10 g/l Bacto tryptone (Difco Laboratories), 10 g/l sodium chloride (Stanlab,
Poland)), containing necessary antibiotic (kanamycin — 10 mg/mL or ampicillin - 20 mg/ml) and
proceeded without shaking at +37° C overnight. The prepared E.coli cultivation material was
added to 2x TY (5 g/l Bacto yeast extract (Difco Laboratories), 16 g/l Bacto tryptone (Difco
Laboratories), 5 g/l sodium chloride (Stanlab, Poland)) at maximum 1/10 ratio. Cells were
incubated at +37° C, 160-200 rpm (Infors HT Multitron (Infors AG, Switzerland)) till ODsao
reached 0.6-0.8. Cells were induced with 0.2 mM IPTG (Thermo Fisher Scientific, USA) and
grown for another 3-5 hours at +37° C, 160-200 rpm. Cell culture was harvested by centrifugation
and stored frozen at -20° C.
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2.13. Pichia pastoris cultivation for recombinant protein expression

Linearized DNA containing the target gene was added to competent cells and incubated 15
min in ice cold electroporation cuvette. Electroporation was done at 1.2 kV (Electroporator 2510,
Eppendorf) immediately adding 1 mL YEPG medium (19 g/l peptone, 9.5 g/l yeast extract, 2 mL
glucose) and incubating for 1 hour at 30° C. Cells were centrifugated at 8000 rpm (4° C),
supernatant was removed and 1mL of distilled water was added to the cells. After resuspension,
100 ul was spread on RDB plates (850 mL/1 agar, 20 mL/I glucose, 3.4g/1 yeast nitrogen base, 10g/1
ammonium sulphate, 10 mL/I amino acid mix (L-methionine, L-glutamine, L-lysine, L-leucine, L-
isoleucine 5g/l), 0.4 mg/L biotin). First colonies appeared after 2-3 days of incubation at 30° C. To
select for clones with multiple target gene integration , colonies from single plate were resuspended
in 2-3 mL of YEP medium (20 g/l peptone, 10 g/l yeast extract), diluted 10x with distilled water
and spread on YEPG agar plates (20 g/l peptone, 10 g/l yeast extract, 15 g/l agar, 20 mL/I glucose)
containing 2-4 mg/ml geneticin. Plates were incubated for 2-5 days at 30° C and selected colonies
were used for cultivation material preparation in YEPG medium with chloramphenicol (34 mg/l).
The cultivation material was incubated for 3 days at 30° C without shaking.

The prepared cultivation material was added to BMGY medium at 1:100 ratio (16 g/l
peptone, 11.4 g/l yeast extract, 10 g/l ammonium sulphate, 100 mL/l potassium phosphate buffer
pH 6.0 (2.3 g KoHPOg4, 11.8 g KH2POg4), 10 mL glycerol) with 34 mg/l chloramphenicol and
incubated at 30° C; 250 rpm until ODsgo reached 6-8. 1% methanol was added every 24 hours for
96 hours to induce protein synthesis. Cells were harvested by centrifugation and frozen until further

use.

2.14. Cell lysis using French press

Cells were resuspended in lysis buffer solution (40 mM Tris 8.0, 200 mM NacCl, proceeding
with three lysis cycles by French press at 20 000 psi using French Press cell disrupter (Thermo
Electron, USA). Cell debris was removed by centrifugation for 60 min at 10 000 rpm, 4° C using
centrifuge 5404 R (Eppendorf, Germany).

2.15. Protein purification using metal affinity chromatography

Lysed cell supernatant was purified using metal ion affinity Ni-NTA agarose columns
(Thermo Fisher Scientific). Column was washed with cell lysis buffer solution, following wash
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with lysis buffer containing 20 mM imidazole (AppliChem, Germany) and protein was eluted with

lysis buffer containing 300 mM imidazole.

2.16. His-tag cleavage using TEV protease

TEV cleavage was performed for 1 hour at room temperature in 40mM Tris-HCI 8.0, 300
mM NaCl, 300 mM imidazole, 1 mM DTT buffer. In-house produced TEV protease was used at
ratio 25-50 pg per 1 mg of the target protein.

2.17. Protein purification by gel filtration chromatography
Proteins were purified using Superdex 200 10/ 300 GL column (GE Healthcare Life Sciences,

Japan) linked to AKTA chromatography system (Amersham Biosciences, UK). Column was pre-
washed with 20 mM Tris-HCI 8.0, 200 mM NacCl. Flow rate was 1 mL/min, fraction size 1 mL.

2.18. Protein purification by using ion-exchange chromatography

For additional purification ion-exchange chromatography was performed - MonoQ TM
column (GE Healthcare Life Sciences, Japan), salt gradient 0.1-0.5 M NacCl, flow rate 1 mL/min,

fraction size 1 mL.

2.19. SDS-PAGE electrophoresis

Proteins were analyzed on SDS-PAGE electrophoresis by following procedure:
Main gel (10 %):

0.6 M Tris 8.8 (AppliChem, Germany)— 2 mL;

Water — 4.5 mL;

30 % acrylamide solution (Sigma, USA) — 3.3 mL;

10% SDS (AppliChem, Germany) — 0.1 mL;

10% ammonium persulfate (Sigma, USA) — 0.1 mL;

TEMED (AppliChem, Germany) — 0.01 mL.

After main gel is polymerized, upper layer of the gel (2%) is added:
0.6 M Tris 6.8 (AppliChem, Germany) — 0.5 mL;

Water — 3.75 mL;

30 % acrylamide solution (Sigma, USA) — 0.7 mL;

10 % SDS (AppliChem, Germany) — 0.05 mL;

10 % ammonium persulfate (Sigma, USA) — 0.07 mL,;
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TEMED (AppliChem, Germany) — 0.007 mL.

Samples were mixed with Laemmli sample loader (1% SDS (AppliChem, Germany), 40 mM
Tris HCI pH 8.0, 0.05 % bromophenol blue (Merck, Germany), 2 % 2-Mercaptoethanol (Sigma,
USA). 1x SDS running buffer (25 mM Tris (AppliChem, Germanyy), 192 mM glycine (AppliChem,
Germany), 0.1% SDS (AppliChem, Germany)) was used and loaded samples were run on the SDS-
PAGE electrophoresis until the bromophenol blue stain reached the bottom of the gel. Gel was
washed in 30% ethanol, 10% acetic acid solution for 20 min and proteins were stained using the
Coomassie blue G-250 solution (Serva, Germany) for 20 minutes. Afterwards, washing with water

was proceeded in order to wash away unbound stain.

2.20. Protein desalting and concentration

Proteins were desalted to 20 mM Tris-HCI, pH 8.0 buffer and concentrated to 10 mg/mL
using 10k amicon ultra centrifugal filter (Merck Millipore Ltd, Ireland) at 4900 rpm, +4° C using
centrifuge 5404 R (Eppendorf, Germany).

2.21. Protein crystallization in complex with the ligands

Crystallization was performed using TECAN crystallization robot (Evonik Industries,
Switzerland) (0.4+0.4 ul drops) by co-crystallization, sitting drop, vapor diffusion method. 5-10
mM inhibitor (final concentration, stock solution was prepared at 100 mM, dissolved in 100%

DMSO (AppliChem, Germany)) was added to the protein solution before the crystallization.

2.22. Diffraction data collection and structure determination

Diffraction data were collected at MAX Il and MAX IV (Lund, Sweden) or Bessy Il (Berlin,
Germany) synchrotrons. Images were indexed using MOSFLM (Leslie, 1992), scaled with SCALA
(Evans, 1997) and molecular replacement was done using MOLREP (Vagin & Teplyakov, 1997).
Ligand bond information was generated by LIBCHECK (Vagin et al., 1998). Ligand was manually
fitted in the electron density using COOT (Emsley & Cowtan, 2004) followed by further REFMAC
(Murshudov et al., 1997) runs. Structure was visualized using COOT (Emsley & Cowtan, 2004)
and the PyMOL Molecular Graphics System, Version 2.0 Schrddinger, LLC.
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3. Results

3.1. 5-Substituted-(1,2,3-triazol-4-yl) thiophene-2-sulfonamides strongly inhibit
human carbonic anhydrases I, 11, IX and XII: Solution and X-ray crystallographic

studies

Various thiophene-sulfonamide derivatives were crystallized with hCA 11 in order to explain
kinetic data displaying increase in selectivity for some of the hCA isoforms. In this work we
published two of the determined crystal structures. Structure of hCA Il in complex with compound
with naphthyl moiety as a tail was determined at 1.35 A resolution and with compound with phenyl
cyano tail at 1.82 A resolution. Both crystal structures displayed invariable orientation of
sulfonamide group, interacting with Zn?* ion and Thr199. Compound with naphthyl tail did not
have any other polar interactions to stabilize ligand binding mode and ligand tail moiety orientation
was achieved solely by hydrophobic and van der Waals contacts with residues Phel31, Val135,
Pro202 and Leu204, fitting perfectly in the hydrophobic part of the enzyme active site. Comparing
both structures, ligand binding differences can be noticed already starting from the thiophene ring,
orientation of which in “cyano” and “naphthyl” structures differs by 180 degrees and the phenyl
cyano tail is orientated towards the hydrophilic part of the enzyme active site pocket, while napthyl
tail occupies the hydrophobic part. The compound with phenyl cyano tail also makes hydrogen
bond with a highly conservative hCA residue GIn92, which according to the literature is a popular
interaction (De Simone et al., 2013). Phenyl cyano tail also interacts with residues Val121, Phe131,
Leul41, and Leul98. Due to the lack of cryoprotectant in the precipitant, 30% glycerol was added
during flash freezing of crystals in liquid nitrogen. Apparently, the short soaking in cryoprotectant
solution was long enough for a glycerol molecule to bind in the active site of hCA 11 in the same
place as observed earlier for other hCA 11 structures (Avvaru et al., 2010). As glycerol is attached
to the enzyme during cryoprotection it was assumed that it does not interfere with ligand binding
and can be considered as an artifact.

The obtained results suggest that the binding mode of compound can be directly influenced
purely from hydrophobicity of the tail moiety. The results can be used for rational design of
selective hCA Il inhibitors, harboring both napthyl and phenyl cyano tails, able to bind both parts
of the active site of enzyme.

Crystal structures are deposited on PDB with access codes: 4BF1 and 4BF6.

44



Bioorganic & Medicinal Chemistry 21 (2013) 5130-5138

Contents lists available at SciVerse ScienceDirect

Bioorganic & Medicinal Chemistry

journal homepage: www.elsevier.com/locate/bme

5-Substituted-(1,2,3-triazol-4-yl)thiophene-2-sulfonamides strongly
inhibit human carbonic anhydrases 1, II, IX and XII: Solution
and X-ray crystallographic studies

@ CrossMark

Janis Leitans ?, Agnese Sprudza ®, Muhammet Tanc 9, Igor Vozny °, Raivis Zalubovskis >,
Kaspars Tars®, Claudiu T. Supuran “%*

“Biomedical Research and Study Center, Ratsupites 1, LV 1067 Riga, Latvia

® Latvian Institute of Organic Synthesis, Aizkraukles 21, LV-1006 Riga, Latvia

© Universita degli Studi di Firenze, CSGI, Polo Scientifico, Laboratorio di Chimica Bioinorganica, Rm. 188, Via della Lastruccia 3, Sesto Fiorentino, 56019 Florence, Iraly
A Universitd degli Studi di Firenze, NEUROFARBA Dept., Sezione di Scienze Farmaceutiche e Nutraceutiche, Sesto Fiorentino, 50019 Florence, Italy

ARTICLE INFO ABSTRACT

Article history:

Received 18 May 2013
Accepted 16 June 2013
Available online 27 June 2013

We report here a series of 2-thiophene-sulfonamides incorporating 1-substituted aryl-1,2,3-triazolyl
moieties, prepared by click chemistry from 5-ethynylthiophene-2-sulfonamide and substituted aryl
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4.2.1.1), and more specifically against the human (h) cytoselic isoforms hCA [ and [I and the transmem-
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(Kis 0f 2,2-7,7 nM). The tumor-associated hCA IX was inhibited with K;s ranging between 5.4 and 811 nM,
whereas hCA XII with inhibition constants in the range of 3.4-239 nM. The X-ray crystal structure of the
adducts of two such compounds bound to hCA II (one incorporating 1-naphthyl, the other one 3-cyano-
phenyl moieties) evidenced the reasons of the high affinity for hCA IL. Highly favorable, predominantly
hydrophobic interactions between the sulfonamide scaffold and the hCA 1T active site were responsible
for the binding, in addition to the coordination of the sulfamoyl moiety to the zinc ion. The tails of the
two inhibitors adopted very diverse orientations when bound to the active site, with the naphthyltriaz-
olyl moiety orientated towards the hydrophobic half of the active site, and the 3-cyanophenyl one point-
ing Lowards the hydrophilic hall. These data may he used [or Lhe structure-based drug design ol even
more effective hCA 11 inhibitors, with potential use as antiglaucoma agents or as diuretics,
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1. Introduction

Carbonic anhydrase (CAs, EC 4.2,1.1) catalyze the interconver-
sion between €O, and bicarbonate by using a metal hydroxide
nucleophilic mechanism.'=> They constitute a superfamily of
metalloenzymes with five distinct genetic families known to date,
the a-, p-, v-, 8- and {-CAs, in organisms all over the tree of life.
These enzymes differ in their preference for metal ions used within
the active site for performing the catalysis: Zn{lII} ions may be used
by all five classes mentioned above, but the y-CAs are probably
Fe(ll) enzymes (being active also with bound Zn(ll) or Co(ll)
ions)*® whereas the ¢-class uses Cd(Il) or Zn(Il) to perform the
physiologic reaction catalysis.®

* Corresponding authors. Tel.: +371 67014826; fax: +371 67550338 (R.Z.); tel.:
+39 055 457 3005; fax: +39 055 457 3385 (C.T.5.).
E-mail addresses: raivis@osilv (R. Zalubovskis),
(C.T. Supuran).

claudiv.supuran@unifi.it

0968-0896/S - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doiorg/10.1016/j.bmc.2013.06.041

The inhibition and activation of CAs are well understood pro-
cesses, with most classes of inhibitors binding to the metal cen-
ter,'~* whereas activators bind at the entrance of the active site
cavity and participate in proton shuttling processes between the
metal ion - bound water molecule and the environment.” This
leads to the enhanced formation of the metal hydroxide, catalyti-
cally active species of the enzyme.” Inhibitors generally bind to
the metal ion from the enzyme active site in deprotonated state
(as anions),'® although alternative inhibition mechanisms in
which the inhibitor interacts with the zinc-coordinated water mol-
ecule/hydroxide ion*'° or does not interact at all with it,''~"
have been recently described. The zinc-binders are the most inves-
tigated classes of CA inhibitors (CAls), and they include the sulfon-
amides and their isosteres,'"*'*'> the dithiocarbamates,'® the
xanthates,'” and the hydroxamates/carboxylates'®!'? (although
some carboxylates may bind to the enzyme through the alternative
inhibition mechanisms, which do not involve directly the metal
ion)‘&g.l'lfB
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Sulfenamide/sulfamate CAls are in clinical use for decades as
antiglaucoma?® diuretic,®! antiobesity,®? and antitumor agents,??
targeting diverse of the various 16 CA isoforms known to date in
humans.'-3 Recently, targeting CAs from parasites (bacteria, fungi
and/or protozoca among others) with specific inhibitors was pro-
posed as an alternative for designing antiinfective agents with a
new mechanism of action.?*

Due to the high number of CA isoforms present in most organ-
isms, and because the clinically used sulfonamides such as aceta-
zolamide AAZ, methazolamide MZA; ethoxzolamide EZA, or
dichlorophenamide DCP do not show selectivity for inhibiting
any of the isoforms with pharmacologic applications,’3 there is a
constant search for new compounds belonging to the CAl class,
and the sulfonamides remain one of the most investigated such
chemotype, due to their strong affinity for CAs, ease of synthesis,
stability and lack of toxicity.!-3

Continuing our interest in sulfonamides as CAls, we report here
the synthesis of a series of 5-substituted-{1,2,3-triazol-4-yl)thic-
phene-2-sulfonamides, prepared by click chemistry from thioph-
enesulfonamides incorporating an alkyne functionality in the 5th
position of the heterocyclic ring and aryl azides.

2. Results and discussion
2.1. Chemistry

Thiophene-2-sulfonamides were already investigated in the
early 90s by Shepard et al.® in the search of topically-acting anti-
glaucoma CAlIs.”® One of the intermediates reported in this early
paper was the dimethylacetamide protected sulfonamide group
of 5-bromo-thiophene-2-sulfonamide 1. This compounds has been
used for the preparation of 4-acetylene-thiophene-2-sulfonamide
(4), the alkyne component used for click chemistry purposes in this
work.?”2® Compound 4 may be prepared in a two step process: the

first step involving the Sonogashira reaction of bromide 1 with tri-
methylsilylacetylene, whereas the second one, the trimethylsilyl
(TMS) protecting group cleavage. Unfortunately several attempts
to perform Sonogashira reaction with 1, under various conditions
did not provide the cross-coupling product, and only unreacted
bromo derivative 1 was detected. The most probable cause of this
lack of reactivity might be the unprotected sulfonamide group,
therefore protection of sulfonamide NH; employing N.N-dimethyl-
formamide dimethyl acetal was done as reported by Shepard
et al?® and the protected intermediate 2 was isolated in 93% yield
{Scheme 1). Reaction of compound 2 with trimethylsilylacetylene
under Sonogashira condition afforded the cross-coupling product
3in a 82% yield. The desired acetylene intermediate 4 was obtained
by treatment of compound 3 with TBAF, when TMS cleavage and
the simultanecus deprotection of the sulfonamide group took
place, affording the key intermediate 4 in 50% vield.

Cu(l) catalyzed azide-alkyne cycloaddition or ‘click chemistry’
is a powerful tool for the regioselective synthesis of 1,4-substituted
1,2,3-triazoles.?” After the first attempts to synthesize compound 5
under click chemistry conditions from alkyne 4 and phenylazide it
was observed that the reaction takes place in 99% conversion yield,
in 1:1 mixture ‘BuOH/H,0 and in the presence of sodium ascor-
bate, at 40 °C in seven days. However, when these reaction condi-
tions were medified by the recently published discovery of using
acetic acid as an additive in the Cu{l) catalyzed azide-alkyne cyclo-
addition,*® the reaction took place with full conversion in 30 min at
room temperature and compound 5 was isolated with a 96% yield.
With these optimal conditions in hand, the entire series of triazoles
5-19 was prepared in 54-96% yields {Scheme 1).

Apart the phenyl group present in compound 5, we incorpo-
rated various aryl such moieties in the new derivatives reported
here, of types 5-19, as it has been observed earlier’®?° that the nat-
ure of the tails present in sulfonamide CAls strongly influence the
inhibitory properties and isoform selectivity of such derivatives.
Thus we have chosen variously mono/-di-substituted phenyl

TMS—=—
Cul, Pd{PPh),Cl,
o] DMF DMA ’O\O EtsN
g, e pyp o CET gy
MeCN, RT 1 DMF, RT ™S )
0 e} / . 7
93% LN\ % o
o 82
) 2 o 3 \
Ar-N,
D D
= g S ~NH
= g NH v / 2
THF, RT g e CuSO & 5H,0 N
o Na ascorbate, AcOH Ar
50% 4 £BUOHH A0, RT 519

e OO O Ol

5 (96%) 6 (80%) 7 (80%) 8 (70%)
13 {92%) 4 (85%) 15 {89%}) 16 (90%)
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20 d

o

9 (69%) 10 (89%) 11 (70%) 54%)
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Scheme 1. Preparation of sulfenamides 5-19 from 1-bremo-thiophene-5-sulfenamide 1 by using click chemistry.
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moieties {in diverse positions of the ring with respect to the azide
moiety) as well as the naphthyl moiety {Scheme 1). In this way we
introduced chemical diversity in the small library of thiophene-2-
sulfonamide derivatives 5-19 reported here.

2.2. Carbonic anhydrase inhibition

Sulfonamides 5-19 reported here and acetazolamide AAZ as
standard drug were assayed as inhibitors of four physiologically
relevant CA isoforms, the cytosolic hCATand Il, as well as the trans-
membrane, tumo-associated ones CA X and XIL3! It should be
menticned that CA II and XII are targets for developing antiglauco-
ma drugs,?® whereas CA IX (and XII) are antitumor drug targets.?
hCA 1 is rather widespread in many tissues in humans, and it may
be considered as an offtarget isoform.!~3

The following structure-activity relationship (SAR) can be evi-
denced from data of Table 1 regarding the CA inhibitory properties
of sulfonamides 5-19:

(i) hCA I was moderately inhibited by sulfonamides 5-19, which
showed inhibition constants in the range of 224-7544 nM, being
thus similar {or less effective as hCA 1 inhibitors) to acetazolamide
AAZ (K of 250 nM). The best inhibitors were 13 and 18 {incorporat-
ing 3-cyanophenyl and 4-methylsulfonyl-2-fluorophenyl moieties
as Ar group) which showed (K5 in the range of 224-289 nM,
whereas the remaining compounds in the series were less effec-
tive, with K35 in the range of 499-7544 nM (Table 1). It may be thus
considered that the relatively weak inhibitory properties against
the widespread isoform hCA I constitute a favorable feature of this
class of CA is reported here.

(ii) The physiologically dominant isoform hCA 1I was highly
inhibited by the new class of sulfonamides investigated here, with
a flat (but excellent) inhibition profile. Indeed, the K;s only ranged
between 2.2 and 7.7 nM, making all these compounds highly effec-
tive hCA II inhibitors. Unexpectedly (however, see the X-ray crys-
tallographic part for an explanation of this finding) all the
substitution patterns present in compounds 5-19 lead to highly
effective CAls. All these compounds were better hCA 1II inhibitors
compared to the clinically used drug AAZ (Table 1).

(iii) A more complicate SAR has heen evidenced for the inhibi-
tion of the tumor-associated isoform hCA IX {Table 1). Several com-
pounds, such as 5, 9, 12 and 17, showed highly effective hCA IX
inhibitory properties, with K;s in the range of 5.4-10.9 nM. They

Table 1

Inhibition data of isoforms hCA [ II, IX and XII with sulfonamides 5-19 and a
standard, clinically used sulphonamide (acetazolamide AAZ), by a stopped-flow CO,
hydrase assay™

Compound K (nMY
hCAT hCA T hCA TX hCA XI1

5 459 6.1 7.2 7.3
6 1434 3.3 560 6.2
7 526 35 43.6 8.8
3 2540 2.9 713 45.4
9 746 6.3 6.4 8.4
10 750 2.4 101 7.4
1 3055 2.8 89.1 107.5
12 2420 7.7 108 303
13 28% 45 254 6.0
14 2132 3.2 63.5 247
15 2464 3.0 385 6.6
16 4273 2.7 81.9 58.8
17 709 2.9 5.4 9.6
18 224 2.7 140 34
19 7544 2.2 811 239
AAZ 250 12 25 5.6

* Errors were in the range of 5-10% of the reported values, from three different
assays.

incorporate phenyl, 4-methoxyphenyl-, 3-bromophenyl and 4-
icdophenyl moieties. Another group of derivatives, among which
7,11, 13, 14 and 16, showed inhibition constants in the range of
29.4-89.1 nM. They incorporate 4-tolyl, 4-trifluoromethylphenyl,
3-cyanophenyl, 3,4-dichlorophenyl and 3-chlore-4-methoxy-
phenyl moieties. It is obvius from these data that even small mod-
ifications of the Ar group from compounds 5-19, lead to important
changes in their affinity for CA IX {but not CA II, as mentioned
above). For example, introduction of a 3-Cl atom in 9, leading thus
to 16, had as a consequence a 12.8-times loss of hCA IX inhibitory
activity of 16 compared 9 {Table 1). Weaker hCA IX inhibition was
ohserved for compounds 6, 8, 10, 15, 18 and 19, which had K;s in
the range of 101-811 nM. Apparently, bulkier Ar moieties (as the
1-naphthyl one present in 10, the tert-butyl-phenyl present in 8,
etc.) lead to a loss of the hCA IX inhibitory activity for this series
of sulfonamide CAls.

{iv) hCA XII was also effectively inhibited by all sulfonamides
investigated here, with s in the range of 3.4-239 nM (Table 1).
Most of the new sulfonamides were highly effective, low nanomo-
lar hCA XII inhibitors, for example, compounds 5-7, 9, 10, 13, 15,
17 and 18 (Ks range of 3.4-9.6 nM). Several other derivatives, such
as 8,12, 14, and 16 showed inhibition constants of 24.7-58.8 nM.
Only two derivatives {11 and 19, both possessing CF; moieties in
their molecules) were less effective as hCA XII inhibitors, with K;s
of 107.5-239 nM (Table 1). Thus, as for hCAII; most of the substi-
tution patterns present in these new sulfonamides as Ar moieties
{except those from 11 and 19) lead to quite effective hCA XII
inhibitors.

(v) Except for the offtarget isforms hCA I, which is generally
poerly inhibited by sulfonamides 5-19, the remaining three iso-
forms (hCA II, IX and XII) are well inhibited by the compounds re-
ported here, with hCA II inhibition being in the low nanomolar
ramnge for all compounds, followed by hCA XII inhibition {most
derivatives low nanomolar inhibitors), whereas for hCA IX both
highly effective as well as less effective inhibitors have been de-
tected in this small series of derivatives.

2.3. Protein X-ray crystallography

In order to raticnalize some of the very interesting inhibition
data reported above, we have resplved the high resclution X-ray
crystal structures for the adducts of two of these inhibitors (10
and 13) bound to hCA Il {Tables 2 and 3 and Figs. 1-3).

The crystal structure of hCA II in complex with compound the
1-naphthyl derivative 10 was solved at 1.35 A resolution (Table 2).
The obtained electron density clearly revealed the expected fea-
tures of inhibitor (Fig. 1). Apart from interaction between the
deprotonated sulfonamide moiety and the metal ion, and the
hydrogen bond between the NH moiety of the sulfonamide and
the OH of Thr199 (present in all other sulfonamide-hCA Il com-
plexes)132232.3032 1 4y35 not involved in other polar contacts with
protein. This is one of the few cases in which positioning of the li-
gand within the hCA II active site was achieved solely by hydro-
phobic and van der Waals interactions (Fig. 1). Interestingly, the
binding mode of 10 is quite different from that, observed in an-
other similar compound 13, (Fig. 2, see latter in the text). The
naphthyl moiety of 10 fits perfectly well in a hydrophobic pocket
of the protein evidenced earlier for the binding of other sulfon-
amide CAls,1322323032 wijih residues Phe131, Vall35, Leu204 and
Pro202 being in van der Waals contact with the naphthyl tail of
the inhibitor {Fig. 2).

The crystal structure of CA Il in complex with compound 13 was
solved at 1.82 A resolution {Table 2). The cbtained electron density
was good for most of the molecule except for the phenylcyano
group, where it was weaker but still interpretable {Fig. 2). Along
the interactions with the metal ion and Thr199 (as mentioned
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Table 2

Data processing, refinement and validation statistics for the hCA II-10 complex
Space group P2y
Cell dimensions
a(A) 42.3
b(A) 41.5
c(A) 72.2
B(°) 104.3
Resolution (A) 20-1.34
Highest resolution shell (A) 1.34-1.41
Number of reflections 50,792
Number of reflections in test set 2615
Completeness (%) 93 (80")
Rimerge 0.05 (0.17)
<llgl> 12.7 (4.3)
Average multiplicity 2.0(1.2)
R-factor 0.13 (0.19)
Riree 0.18 (0.24)
Average B factor (A*) 11.7
Average B factor for inhibitor (A%) 11.0
<B> from Wilson plot (A%) 85
Number of protein atoms 2094
Number of inhibitor atoms 24
Number of solvent molecules 305
R.m.s. deviations from idea! values
Bond lengths (A) 0.022
Bond angles (°) 241
QOutliers in Ramachandran plot (%) 041

 Values in parenthesis are for the high resolution bin.

Table 3

Data processing, refinement and validation statistics for the hCA 1I-13 complex
Space group P2y
Cell dimensions
a(A) 424
b(A) 415
c(A) 72.2
() 104.2
Resolution (A) 20-1.82
Highest resolution shell (A) 1.82-1.86
Number of reflections 20916
Number of reflections in test set 1122
Completeness (%) 99.3 (86.8")
Ruerge 0.17 (0.36)
<ljol> 21.9(3.4)
Average multiplicity 7.5(2.8)
R-factor 0.14 (0.21)
Riree 0.20 (0.30)
Average B factor (A%) 12.2
Average B factor for inhibitor (A%) 15.6
<B> from Wilson plot (A%) 8.1
Number of protein atoms 2080
Number of inhibitor atoms 22
Number of solvent molecules 296
R.m.s. deviations from ideal vaiues
Bond lengths (A) 0.019
Bond angles (*) 2.14
QOutliers in Ramachandranplot (%) .40

* Values in parenthesis are for the high resolution bin.

above for 10), compound 13 was involved in another polar contact
with the protein, that is, a hydrogen bond with GIn92, an amino
acid residues known to be involved in the binding of sulfonamide
CAls.>*3%32 A number of hydrophobic and van der Waals interac-
tions are present as well in this adduct, and involved the following
amino acid residues: Val121, Leu141, Phel31, and Leu198 (Fig. 2).
In the electron density map of active site, we also located a glycerol
molecule, in a near identical location as reported earlier in a num-
ber of CA II structures by McKenna's group.®® As shown by these
researchers, the glycerol is bound within the enzyme active site
during the cryo-protection of the protein crystal, before freezing,
and that does not affect the binding of the sulfonamide inhibitor.**

48

5133

Pro 202

O

Leu ZW

Val 135

Phe 131

Figure 1. Binding of 10 within the hCA Il active site. The zinc ion is shown as a gray
sphere and its coordinating histidines (His94, 96 and 119) are shown in green.
Residues 131, 135, 204 and 205 participating in hydrophobic and van der Waals
contacts with inhibitor are indicated. For the sake of clarity, 2F,—F. electron density
is shown only for ligand, contoured at 1 and calculated in the absence of ligand. The
figure prepared by using Pymol (Delano The PyMOL Molecular Graphics System San
Carlos, CA, USA, Delano Scientific).

Leu 198

Figure 2. Binding of 13 within the hCA I active site. The zinc ion is shown as a gray
sphere and its coordinating histidines (His94, 96 and 119) are shown in green.
Residues 92,121, 131, 141 and 198 participating in hydrogen bonding, hydrophobic
and van der Waals contacts with the inhibitor are also indicated. A glycerol
molecule bound to the enzyme is shown as a thin stick model with sky blue carbon
atoms. For the sake of clarity, 2F,—F. electron density is shown only for ligand,
contoured at 1 and calculated in the absence of ligand. The figure was prepared by
using Pymol {Delano, The PyMOL Molecular Graphics System San Carlos, CA, USA,
Delano Scientific).

It should be also noted the very different orientation of the two
inhibitors 10 and 13, when bound to the hCA 1II active site (Fig. 3).
Only the sulfamoyl moieties of the two compounds are superim-
posable, whereas the rest of the molecule is not (even at the level
of the thiophene ring, rather close to the metal ion), Indeed, the
aryl-triazolyl moieties of the two compounds adopt highly diverse
orientation within the hCA 1l active site cavity, being completely
non-superimposable. The 3-cyanophenyl group of 13 is oriented
more towards the hydrophilic half of the active site and the triazole
ring participates in the hydrogen bonding with the oxygen of
the CONH; moiety of GIn92 (Figs. 2 and 3). On the contrary, the
naphthyl (and triazole ring) of 10 are orientated towards the
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Figure 3. Comparison of the binding modes of 10 and 13 when bound to hCA I Sulfonamide 10 is shown with black carbons and 13 with gray carbons. The protein is shown
as a surface model, coloured according to surface atoms (carbon-green, nitrogen-blue, oxygen-red) and the zinc ion is sown as a gray sphere. Interactions of the sulfonamide
group with the metal ion and a hydrogen bond of the triazole ring of 13 to the oxygen of the GIn92 residue are also shown.

hydrophobic half of the hCA Il active site, occupying completely
this binding pocket. The perfect fit of the aryl-triazolyl moiety of
these compounds within the hCA II active site, may explain the
excellent inhibition profile of all these compounds against the
dominant CA isoforms, as shown above in Section 2.2,

3. Conclusions

We report here a series of 2-thiophene-sulfonamides incorporat-
ing 1-substituted aryl-1,2,3-triazolyl moieties, prepared by click
chemistry from 5-ethynylthiophene-2-sulfonamide and substi-
tuted aryl azides. The new sulfonamides were investigated as inhib-
itors of the zinc metalloenzyme CA, and more specifically against
the cytosolic isoforms hCA I and II and the transmembrane, tu-
mor-associated ones hCA IX and XlI: The new compounds were
medium-weak hCA I inhibitors (inhibition constants in the range
of 224-7544 nM), but were compactly, highly effective, low nano-
molar hCA Il inhibitors (K;s in the range of 2.2-7.7 nM). The tu-
mor-associated hCA IX was inhibited with K;s ranging between 5.4
and 811 nM, whereas hCA XII with inhibition constants in the range
of 3.4-239 nM. The X-ray crystal structure of the adducts of two
such compounds complexed to hCA Il (one incorporating 1-naphthyl,
the other one 3-cyanophenyl moieties) evidenced the reasons of
the high affinity for this enzyme. Highly favorable, predominantly
hydrophobic interactions between the sulfonamide scaffold and
the hCA II active site were responsible for the binding, in addition
to the coordination of the sulfamoyl moiety to the zinc ion. The tails
of the two inhibitors adopted very diverse orientations when bound
to the active site, with the naphthyltriazolyl moiety orientated towards
the hydrophobic half of the active site, and the 3-cyanophenyl
pointing towards the hydrophilic half. These data may be used for
the structure-based drug design of even more effective hCA Il inhib-
itors, with potential use as antiglaucoma agents or as diuretics.

4. Experimental protocols
4.1. Chemistry

Reagents and starting materials were obtained from commer-
cial sources and used as received. The solvents were purified and
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dried by standard procedures prior to use; petroleum ether of boil-
ing range 40-60 °C was used. Flash chromatography was carried
out using Merck silica gel (230-400 mesh) or reversed phase
PR18 (25-40 pm). Thin-layer chromatography was performed on
silica gel, spots were visualized with UV light (254 and 365 nm).
Melting points were determined on an OptiMelt automated melt-
ing point system. IR spectra were measured on a Shimadzu FTIR
IR Prestige-21 spectrometer. NMR spectra were recorded on Varian
Mercury (400 MHz) spectrometer with chemical shifts values (8) in
ppm relative to TMS using the residual DMSO-dg signal as an inter-
nal standard. HRMS data were obtained with a Q-TOF micro high-
resolution mass spectrometer with ESI (ESI*/ESI™).
5-Bromo-N-[(E)-(dimethylamino )methylidene]thiophene-2-sul-

fonamide (2)%:

To a solution of 5-bromothiophene-2-sulfonamide (1) (7.00 g,
28.91 mmol) in acetonitrile (50 mL) N,N-dimethylformamide di-
methyl acetal (5.50 mL, 41.34 mmol) was added. The mixture
was stirred at room temperature for 24 h. Solvent evaporation in
vacuum afforded 2 (7.98 g, 93%) as light yellow solid. Mp 104-
105°C. IR (KBr, cm ') vmae 1631 (N=C), 1331 (S=0), 1142
($=0), 1127 (5=0); 'H NMR (400 MHz, DMSO-d) §: 2.94 (s, 3H),
3.16 (s, 3H), 7.27 (d, J=3.9 Hz, 1H), 7.36 (d, J = 3.9 Hz, 1H), 8.21
(s, 1H); '3C NMR (100 MHz, DMSO-dg) 6: 35.3, 41.1, 117.1, 130.6,
131.0, 145.7, 160.0.

N-[(dimethylamino )methylidene]-5-[2-(trimethylsilyl Jethy-
nyl)Jthiophene-2-sulfonamide (3):

To a solution of compound 2 (2.00 g, 6.73 mmol) in dry DMF Cul
(0.13 g, 0.68 mmol), Pd(PPhs),Cl, (0.24 g, 0.34 mmol), trimethylsi-
lylacetylene (1.35 mL, 9.46 mmol) and EtsN (4.70 mL, 33.78 mmol)
were added. The mixture was stirred at room temperature under
an argon atmosphere for 48 h, diluted with EtOAc (30 mL), filtered
though a celite plug. Saturated aqueous NH4Cl (50 mL) was added
and the product was extracted with EtOAc (3 x 50 mL). The organic
extract was washed with H,O (2 x 50 mL) and brine {50 mL), dried
over Na,SQOy, solvent driven off in vacuum. Purification of the crude
product by silica gel chromatography (EtOAc/PE 2:1) afforded 3
(1.75 g, 82%) as light brown solid. Ry= 0.7 (EtOAc/PE 2:1). Mp
120.5-121.5°C. IR (KBr, cm 1) IR (KBr, cm™ 1) vy, 2147 (C=C),
1635 (N=C), 1345 (S=0), 1148 (S=0); 'H NMR (400 MHz,
DMSO-dg) &: 0.24 (s, 9H), 2.95 (s, 3H), 3.17 (s, 3H), 7.32 (d, J =
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3.9 Hz, 1H),7.43 (d,] = 3.9 Hz, 1H), 8.22 {5, 1H); *C NMR (100 MHz,
DMSO-dg) 6: —0.45, 35.3, 41.1, 96.0, 101.9, 126.0, 130.0, 133.2,
145.7, 160.0; HRMS (ESI) [M+H]": m/z Calcd for (Cy5H;9N20,5,5i)
315.0657. Found 315.0652.

5-Ethynylthiophene-2-sulfonamide (4)*%:

To a solution of compound 3 {1.00g, 3.18 mmol) in dry THF
{(30mL) 1M TBAF in THF (6.36 mL, 6.36 mmol) was added. The
mixture was stirred at room temperature for 3 h, diluted with
H20 (30 mL), extracted with EtOAc (3 x 25 mL). The organic phase
was washed with brine (25 mL), dried over Na,50,, solvent was
driven off in vacuum. Purification of the crude product by silica
gel chromatography (EtOAC/PE 1:1) afforded 4 (0.30g, 50%) as
brown solid. Rf= 0.8 (EtOAc/PE 1:1). Mp 125.5-126.5 °C. IR (KBr,
em™ ") v 3330 (NH), 3233 (NH), 2100 (C=C), 1341 (5=0),
1150 (5=0); 'H NMR (400 MHz, DMSO-dg) é: 4.81 (s, 1H), 7.38
{(d, j= 3.9 Hz, 1H), 747 (d, J= 3.9 Hz, 1H), 7.83 (s, 2H}; *C NMR
(100 MHz, DMSO-dg) 4: 75.4, 87.6, 125.4, 130.0, 133.3, 146.5.

General procedure for the synthesis of 1,2,3-triazolylderivatives of
sulfamoylthiophene

To a solution of 5-ethynylthiophene-2-sulfonamide (4)
(1equiv) in 1:1 ‘BuOH/H,0 {10 mL per 1.07 mmol of 4) corre-
sponding arylazide (1equiv) and solution of CuS045H,0
(1.3 equiv) in H,0 {1.5 mL per 1.36 mmol) were added. The mix-
ture was stirred at room temperature for 5 min before solution of
sodium ascorbate (4 equiv) in H,O (2 mL per 4.27 mmel) was
added. The mixture was stirred at rcom temperature for another
15 min before AcOH (20 equiv) was added and stirring was contin-
ued for 30 min. Solvent was driven off in vacuum and the crude
product was purified by reversed phase chromatography {C-18,
H,O-MeCN gradient MeCN 10-90%) with followed re-crystalliza-
tion from MeCN/HZ20.

5-(1-Phenyl-1H-1,2 3-triazol-4-yl thiophene-2-sulfonamide (5)

Compound 5 was prepared according to the general procedure
from 4 (0.20 g, 1.07 mmol), azidobenzene®3% (0.13 g, 1.07 mmol),
CuS045H;0 (0.34g, 1.36 mmol), sodium ascorbate (0.85g,
4.27 mmel) and AcOH (1.22 ml, 21.36 mmol) as a yellowish solid
(031 g, 96%). Mp 287-288 °C. IR (KBr, cm™!) vy, 3324 (NH),
3238 {NH), 1325 {5=0), 1151 {5=0); '"H NMR (400 MHz, DMSO-
dg) 5: 7.46 (d, J= 3.7 Hz, 1H), 7.50 (d, f= 3.7 Hz, 1H), 7.51-7.56
(m, 1H), 7.61-7.67 {m, 4H), 7.92-7.96 (m, 2H)}, 9.32 (s, 1H}; 3C
NMR (100 MHz, DMSO-dg) é: 120.0, 120.2, 124.1, 129.1, 1296,
130.0, 135.6, 136.4, 141.7, 147.0; HRMS (ESI) [M+H]*: mjz Calcd
for {C12H11N402S2) 307.0323. Found 307.0325.

5-[1-(3-Methylphenyl)-1H-1,2,3-triazol-4-yl]thiophene-2-sulfon-
amide (6):

Compound 6 was prepared according to the general procedure
from 4 (0.20g, 1.07 mmol), 1-azido-3-methylbenzene®’ (0.14 g,
1.07 mmol), CuS045H;0 (0.34 g, 1.36 mmol), sodium ascorbate
(0.85 g, 4.27 mmol) and AcOH (1.22 mL, 21.36 mmol) as a yellow-
ish solid {0.27 g, 80%). Mp 222-223 °C. IR (KBr, cm1™ 1) vpq: 3309
(NH), 1340 (5=0), 1151 {S=0); '"H NMR {400 MHz, DMSO-ds) 5:
2.43 (s, 3H), 7.33-7.37 {m, 1H), 7.50 (d, /= 3.9 Hz, 1H), 7.51-7.54
(m, 1H), 7.60 (d, j = 3.9 Hz, 1H), 7.70-7.74 {m, 1H), 7.76-7.79 (m,
3H), 9.33 (s, 1H); '*C NMR (100 MHz, DMSQ-dg) é: 20.8, 117.3,
120.2, 1206, 124.2, 129.7, 129.8, 1308, 136.3, 136.8, 139.8,
141.4, 144.4; HRMS (ESI) [M+H]|*: m/z Calcd for {Cq3H;3N40,55)
321.0480. Found 321.0505.

5-[1-(4-Methylphenyl)-1H-1,2,3-triazol-4-ylthiophene-2-sulfon-
amide (7):

Compound 7 was prepared according to the general procedure
from 4 (0.20g, 1.07 mmol), 1-azido-4-methylbenzene® (0.14 g,
1.07 mmol), CuS045H,0 (0.34 g, 1.36 mmol), sodium ascorbate
(0.85¢g, 427 mmol) and AcOH (1.22 mlL, 21.36 mmol) as a light
brown solid {0.27 g, 80%). Mp 275-276°C. IR (KBr, cm™") vy
3324 (NH), 3232 (NH), 1340 (5=0), 1152 (5=0); 'H NMR
(400 MHz, DMSO-dg) 4: 2.39 (s, 3H), 741-7.46 (m, 2H), 7.50 (d,
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J=3.9Hz, 1H), 7.59 (d, = 3.9 Hz, 1H), 7.78 (s, 2H), 7.79-7.83 (m,
2H), 9.29 (s, 1H); "*CNMR {100 MHz, DMSO-dg) d: 20.7, 120.1,
120.2,124.2, 130.4, 130.9, 134.1, 136.9, 138.9, 141.4, 144.4; HRMS
(ESI) [M+H]": mfz Calcd for {Cy3H3N40,5;) 321.0480. Found
321.0527.

5-{1-(4-tert-Butylphenyl)- 1H-1,2 3-triazol-4-yl]thiophene-2-sul-
fonamide (8):

Compound 8 was prepared according to the general procedure
from 4 (0.20 g, 1.07 mmol), 1-azido-4-tert-butylbenzene® (0.19 g,
1.07 mmol), CuS045H,0 (0.34 ¢, 1.36 mmol), sodium ascorbate
(0.85 g, 4.27 mmol) and AcOH (1.22 mL, 21.36 mmol) as a light
brown solid (0.27 g, 70%). Mp 213-214°C. IR (KBr, cm™') via
3303 [NH), 1341 (5=0), 1152 {5=0); 'H NMR {400 MHz, DMSO-
ds) 8: 1.34 (s, 9H), 7.50 {d, f= 3.9 Hz, 1H), 7.59 (d, J = 3.9 Hz, 1H),
7.62-7.67 (m, 2H), 7.78 (s, 2H), 7.81-7.86 (m, 2H), 9.31 (s, 1H);
3¢ NMR (100 MHz, DMSO-dg) 8: 31.0, 34.6, 120.0, 1202, 124.2,
126.7, 130.8, 134.0, 136.9, 141.3, 1443, 151.8; HRMS (ESI)
[M+H]": mjz Calcd for (CysHaN4055,) 363.0948. Found 363.0952.

5-{1-(4-Methoxypheny! )-1H-1,2,3-triazol-4-yl[thiophene-2-sul-
Jfonamide (9):

Compound 9 was prepared according to the general procedure
from 4 (0.30 g, 1.60 mmol), 1-azido-4-methoxybenzene3® (0.24 g,
1.60 mmol), CuS0,45H,0 (0.51 ¢, 2.04 mmol), sodium ascorbate
(1.27 g, 6.41 mmol) and AcOH (1.83 mL, 32.04 mmol) as a light
brown solid {0.37 g, 69%). Mp 258-259 °C. IR {KBr, cm™!) v,
3337 (NH), 3233 (NH), 1340 (5=0), 1151 {5=0); 'H NMR
(400 MHz, DMSO-dg) é: 3.85 (s, 3H), 7.15-7.20 {m, 2H), 7.49 (d,
J=3.9Hz, 1H), 7.59 {d, J = 3.9Hz, 1H), 7.77 (br 5, 2H), 7.81-7.86
(m, 2H), 9.25 (s, 1H); *C NMR (100 MHz, DMSO-ds) &: 55.5,
115.0, 120.3, 122.0, 124.1, 129.7, 1308, 137.0, 141.2, 144.3,
159.6; HRMS (ESI) [M+H]|": mjz Calcd for (C,3H;3N4035,)
337.0429. Found 337.0435.

5-{1-(Naphthalen-1-yl)- 1H-1,2,3-triazol-4-yl Jthiophene-2-sulfon-
amide (10):

Compound 10 was prepared according to the general procedure
from 4 (0.20g, 1.07 mmol), 1-azidonaphthalene®® (0.18¢g,
1.07 mmol), CuS0,4.5H,0 (0.34 ¢, 1.36 mmol), sodium ascorbate
(0.85 g, 4.27 mmol) and AcOH (1.22 mlL, 21.36 mmol) as a brown
solid {0.34g, 89%). Mp 228-229°C. IR (KBr, cm™!) v 3307
(NH), 1346 (5=0), 1153 (5=0); 'H NMR (400 MHz, DMSO-dg) é:
7.55 {d, f = 3.9 Hz, 1H), 7.57-7.60 {m, 1H), 7.61 (d, J = 3.9 Hz, 1H),
7.63-7.76 {m, 3H), 7.80 (s, 2H), 7.84 (dd, j= 7.3, 1.2 Hz, 1H),
8.14-8.17 (m, 1H), 8.22-8.26 (m, 1H), 9.22 (s, 1H); *C NMR
(100 MHz, DMSO-ds) 4: 122.0, 124.1, 124.3, 124.7, 125.5, 127.3,
127.8, 1283, 1284, 130.7, 1309, 1329, 133.7, 137.0, 140.9,
144.4; HRMS (ESI) [M+H]|: mjz Caled for (CyeH;3N40252)
357.0480. Found 357.0488.

5-{1-{4-(Trifluoromethyl)phenyl]-1H-1,2 3-triazol-4-yi}thiophene-
Z-sulfonamide (11):

Compound 11 was prepared according to the general procedure
from 4 {0.20 g, 1.07 mmol), 1-azido-4-(trifluoromethyl)benzene®”
(0.20g, 1.07 mmol), CuS0,5H,0 (0.34g, 1.36 mmol), sodium
ascorbate {0.85 g, 4.27 mmol) and AcOH (1.22 mL, 21.36 mmol)
as a light brown solid (0.28 g, 70%). Mp 252-253 °C. IR (KBr,
em™!) v 3320 (NH), 1340 (S=0), 1152 ($=0); 'H NMR
(400 MHz, DMSO-ds, 8): 7.53 (d, J= 3.8Hz, 1H), 7.61 (d, J=
3.8 Hz, 1H), 7.80 (s, 2H), 8.02-8.07 {m, 2H), 8.17-8.23 (m, 2H),
9.51 (s, TH); '3C NMR {100 MHz, DMSO-dg) 8: 120.5, 120.7, 123.8
(q, J= 273 Hz), 124.5, 127.4 (q, /= 3.8Hz), 129.0 (q, ] = 32.0 Hz),
130.9, 136.4, 139.1, 141.7, 144.7; HRMS (ESI) [M+H]": mjz Calcd
for (C13H10F3N40,5,) 375.0197. Found 375.0250.

5-{1-(3-Bromophenyl )-1H-1,2,3-triazol-4-yl]thiophene- 2-sulfon-
amide (12):

Compound 12 was prepared according to the general procedure
from 4 (0.30 g, 1.60 mmol), 1-azido-3-bromobenzene!! (0.32 g,
1.60 mmol), CuS0,45H,0 {0.51¢g, 2.04 mmol), sodium ascorbate
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{1.27 g, 6.41 mmol) and AcOH (1.832 mL, 22.04 mmol) as a yellow-
ish solid (0.33 g, 54%). Mp 246-247 °C. IR (KBr, cm™1) v, 3304
{NH), 1342 {5=0), 1152 (5=0); '"H NMR (400 MHz, DMSO-dg) 5:
7.49 (d, j= 3.9Hz 1H), 7.57-7.63 (m, 2H), 7.72-7.76 (m, 1H),
7.79 {br s, 2H), 7.97-8.01 (m, 1H), 8.18-18.21 (m, 1H), 9.42 (s,
1H); 3C NMR (100 MHz, DMSO-ds) é: 119.2, 120.5, 122.5, 122.8,
124.3, 130.9, 131.8, 131.9, 136.5, 137.4, 141.5, 144.6; HRMIS {ESI)

[M+H]*: mjz Caled for {C;3H;pBrN4O,S;) 384.9429. Found
384.9454.

5-11-(3-Cyanophenyl)-1H-1,2,3-triazol-4-yl[thiophene-2-sulfon-
amide (13):

Compound 13 was prepared according to the general procedure
from 4 (020g 1.07 mmol), 3-azidobenzonitrile®” (0.15¢g,
1.07 mmol), CuS045H,0 (0.34 g, 1.36 mmol), sedium ascorbate
{0.85 g, 427 mmol) and AcOH (1.22 mL, 21.36 mmol) as a yellow
solid (0.32 g, 92%). Mp 243-244°C. IR (KBr, cm™') v, 3331
{NH), 3232 {NH), 2235 {C=N), 1336 (5=0), 1157 (5=0); "H NMR
{400 MHz, DMSO0-ds) 8: 7.50 (d, f = 2.9 Hz, 1H), 6.61 (d, = 3.9 Hz,
1H), 7.80 {s, 2H), 7.86 {app t, J= 8.2 Hz, 1H), 8.00-8.04 (m, 1H),
8.32 (ddd, J= 8.2, 24, 1.2Hz, 1H), 8.46-8.48 (m, 1H), 9.45 (s,
1H}; 3C NMR {100 MHz, DMSO-dg) 4: 112.9, 117.8, 120.6, 123.7,
124.5,124.9, 1309, 131.4, 132.7, 136.4, 136.8, 141.6, 144.7; HRMS
{ESI) [M+H]": m/z Caled for {Cy3H;gN50,5,) 332.0276. Found
332.0335.

5-[1-(3,4-Dichlorophenyl)- 1H-1,2,3-triazol-4-yljthiophene-2-sul-
fonamide (14):

Compound 14 was prepared according to the general procedure
from 4 (0.20 g, 1.07 mmol), 4-azido-1,2-dichlorobenzene®’ {0.20 g,
1.07 mmol), CuS045H20 (0.34 g, 1.36 mmol), sodium ascorbate
{0.85 g, 4.27 mmol) and AcOH (1.22 mL, 21.36 mmol) as a white
solid (0.34 g, 85%). Mp 260-261°C. IR (KBr, cm™!) v, 3325
{NH), 3218 (NH), 1342 (§=0), 1155 (5=0); 'H NMR (400 MHz,
DMSO-dg) §: 7.49 (d, J= 3.9 Hg, 1H), 7.60 (d, j= 3.9 Hz, 1H), 7.79
{s, 2H), 7.93 (d, J= 8.7 Hz, 1H), 7.99 {dd, j= 8.7, 24 Hz, 1H), 8.29
{d, J= 2.4 Hz, 1H), 9.44 (s, 1H); '*C NMR (100 MHz, DMSO-dg) 4:
120.3, 120.6, 122.0, 124.4, 130.9, 131.4, 1319, 132.4, 13538,
136.4, 141.6, 144.7; HRMS (ESI) [M+H]": m/z Calcd for {C12HgClaN,.
0455) 374.9544. Found 374.9597.

5-[1-3-Chloro-4-fluorophenyl)- 1H-1,2,3-triazol-4-ylJthiophene-
2-sulfonamide (15):

Compound 15 was prepared according to the general procedure
from 4 (0.20g, 1.07 mmol), 4-azido-2-chloro-1-fluorobenzene®?
{0.18 g, 1.07 mmol}, CuS045H.0 (0.34g, 1.36 mmol), sodium
ascorbate (0.85 ¢, 4.27 mmol) and AcOH (1.22 mL, 21.36 mmol)
as a light yellow solid (0.34 g, 89%). Mp 240-241°C. IR {KBr,
cm™ ) vmax 3314 (NH), 1340 (5=0), 1152 (5=0); 'H NMR
{400 MHz, DMSO-dg) 8: 7.48 (d, ] = 3.9 Hz, 1H), 7.60 (d, ] = 3.9 Hz,
1H), 7.72 {app t, = 9.0Hz, 1H), 7.79 (s, 2H), 7.99 (ddd, J= 9.0,
4.3, 2.7Hz, 1H), 8.24 (dd, = 6.3, 2.7 Hz, 1H), 9.38 {s, 1H); 1°C
NMR (100 MHz, DMSO-dg) 4: 118.3 (d, j= 22.8 Hz), 120.7, 120.9
{d,j= 19.3 Hz), 121.2 (d, j= 7.9 Hz), 122.7, 1244, 130.9, 133.3 (d,
J=3.1Hz), 136.5, 141.5, 144.6, 157.1 {d, J = 249 Hz); HRMS (ESI)
[M+H]": mjz Caled for (Ci5HoCIFN40,S;) 358.9839. Found
358.9866.

5-[1-(3-Chloro-4-methoxyphenyl)-1H-1,2,3-triazol-4-yl[thio-
phene-2-sulfonamide (16):

Compound 16 was prepared according to the general procedure
from 4 {0.10 g, 0.53 mmol), 4-azido-2-chloro-1-methoxybenzene®
{(0.10 g, 0.53 mmol), CuS04.5H,0 {0.17 g, 0.68 mmol), sodium
ascorbate {042 g, 2.14 mmol) and AcCH {0.61 mL, 10.68 mmol)
as a light brown sclid (0.20¢g, 90%). Mp 262-263 °C. IR (KBr,
cm™!) vpae 2332 (NH), 1326 (5=0), 1156 (5=0); 'H NMR
{400 MHz, DMSO-ds) 8: 3.95 (s, 2H), 7.29 (d, J= 9.0 Hz, 1H), 7.47
{d, = 3.9 Hz, 1H), 7.59 (d, [ = 3.9 Hz, 1H), 7.78 {s, 2H), 7.90 (dd,
f=19.0,2.7 Hz, 1H), 8.05 {d, j= 2.7 Hz, 1H), 9.21 (s, 1H); '*C NMR
{100 MHz, DMSO-dg) 4: 56.7, 113.6, 1204, 120.5, 121.9, 1220,

124.2, 1298, 1309, 136.8, 1413, 1444, 154.9; HRMS (ESI)
[M+H]": m/z Caled for {C;3H3CIN403S;) 371.0039. Found 371.0047.
5-[1-(4-lodophenyl)- 1H-1,2,3-triazol-4-yl|thiophene-2-sulfon-

amide (17):

Compound 17 was prepared according to the general procedure
from 4 {0.10g, 0.53 mmol), 1-azido-4-icdebenzene>3% (0.13 g,
0.53 mmol), CuS045H,0 (0.17 g, 0.68 mmol)}, sodium ascorbate
(042 g, 2.14 mmol) and AcOH {0.61 mL, 10.68 mmeol) as a light
brown solid {0.20 g, 90%). Mp 274-275°C. IR (KBr, cm™1) vpa
3349 (NH), 3246 (NH), 1342 (5=0), 1150 (5=0); 'H NMR
(400 MHz, DMSO-ds) 3: 7.50 (d, = 3.9 Hz, 1H), 7.59 (d, J = 3.9 Hz,
1H), 7.74-7.77 (m, 2H), 7.78 (s, 2H), 7.99-8.03 (m, 2H), 9.37 (s,
1H); *C NMR (100 MHz, DMSO-ds) d: 94.9, 120.2, 122.1, 124.4,
130.9, 136.0, 136.6, 138.8, 141.6, 144.5; HRMS (ESI) [M+H]": m/z
Caled for (Cy2H:0IN40,S,) 432.9290. Found 432.9306.

5-{1-12-Fluoro-4-{ methylsulfonyl)phenyl]-1H-1,2,3-triazol-4-
yl}thiophene-2-sulfonamide (18):

Compound 18 was prepared according to the general procedure
from 4 (0.10g, 0.53 mmol), 1-azido-2-fluoro-4-{methylsulfo-
nyl)benzene (0.12g, 0.53 mmol) prepared: Te a solution of
2-fluoro-4-{methylsulfonyl)aniline {1.00 g, 5.28 mmol) in mixture
of H,0 (6.7 mL) and conc. HCl (3.3 mlL) aqueous 4 M NaNO,
(1.72 mL, 6.87 mmol) dropwise was added at 0°C. The mixture
was stirred at 0 °C for 10 min before aqueous 4 M NaN; {1.59 mL,
6.36 mmol) dropwise was added at 0 °C and stirring was continued
at the same temperature for 1 h. H20 (15 mL) was added and the
product was extracted with Et;0 (2 x 25 mL). The organic phase
was washed with H,0 (25 mL) and dried over Na,S04. Solvent
evaporation afforded 1-azido-2-fluoro-4-{methylsulfonyl )benzene
(0.89 g, 78%) as orange solid.

IR (KBr, em™") Vimax: 2142 {N3), 2101 (N3), 1318 {5=0), 1148
(S=0); "H NMR (400 MHz, DMSO-ds) d: 3.26 {s, 3H), 7.58 {app t,
J=83Hz 1H), 7.77 {ddd, j= 8.3, 2.0, 0.8 Hz, 1H), 7.88 (dd, /=
10.6, 2.0 Hz, 1H); 3C NMR {100 MHz, DMSO-dq) §: 43.3, 115.7 (d,
J=21.8Hz), 122.3 (d, ] = 1.6 Hz), 124.3 {d, J = 3.6 Hz), 133.1 (d, j =
0.9 Hz), 127.7 (d, J= 3.9Hz), 153.0 (d, j= 252 Hz).), CuS04 5H,0
(0.17 g, 0.68 mmol), sodium ascorbate (0.42 g, 2.14 mmoel) and
AcOH (0.61 mL, 10.68 mmol) as a light brown solid (0.15 g, 72%).
Mp 279-280 °C. IR (KBr, cm ') v 3343 (NH), 3261 {NH), 1349
(5=0), 1298 {5=0), 1164 (5=0), 1133 (5=0); 'H NMR (400 MHz,
DMSO-dg) é: 7.59-7.62 (m, 2H), 7.80 (s, 2H), 8.01-8.05 (m, 1H),
8.20-8.28 (m, 2H), 9.27 (d, J= 2.3 Hz, 1H}; 3C NMR (100 MHz,
DMSO-ds) 8: 43.1, 116.7 (d, j= 22.9Hz), 1233 (d, j= 5.5Hz),
124.4 {d, = 3.5Hz), 125.0, 126.6, 128.3 {d, /= 10.8 Hz), 130.9,
136.1, 141.5, 1429 (d, j= 6.2 Hz), 144.8, 153.1 {d, f= 257 Hz);
HRMS (ESI) [M+H]': mjz Caled for (Cq3H12FN40453) 403.0005.
Found 402.9996.

5-{1-[4-Cyano-3-(trifluoromethyl)phenyl]-1H-1,2,3-triazol-4-
vl}thiophene-2-sulfonamide (19):

Compound 19 was prepared according to the general procedure
from 4 (0.20g, 1.07 mmol), 4-azido-2-trifluoromethyl)benzoni-
trile {0.23 g, 1.07 mmol) prepared: To a solution of 4-amino-2-(trif-
luormetyl)benzonitrile (1.00g, 5.37 mmol) in mixture of H,0
(6.7 mL}and conc. HC1{3.3 mL} aq 4 M NaNO; (1.75 mL, 6.98 mmol)
dropwise was added at 0 °C. The mixture was stirred at 0 °C for
10 min hefore aq 4 M NaN; {1.61 mL, 6.44 mmol) dropwise was
added at 0 °C and stirring was continued at the same temperature
for 1 h. H,0 {15 mL) was added and the product was extracted with
Et20 (2 x 25 mL). The organic phase was washed with H»0 (25 mL),
dried over Na,;SO,4. Solvent evaporation afforded 4-azido-2-(trifluc-
romethyl)benzonitrile (0.71 g, 62%) as light brown solid. IR (KBr,
em™!) Viae 2229 (C=N), 2123 (Ng); 'H NMR (400 MHz, DMSO-
ds) &: 7.61-7.66 {m, 2H), 8.17 (d, j= 8.2Hz, 1H); *C NMR
(100 MHz, DMSO-dg) : 103.7 {(q, J= 2.2 Hz), 115.4, 118.3 (q, J=
4.8Hz), 122.1 {q, j= 274 Hz), 123.7, 132.5 {q, Jv32.7 Hz), 137.0,
145.8.), CuS045H0 (0.34¢g, 1.36 mmol), sodium ascorbate
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(0.85 g, 4.27 mmel) and AcOH (1.22 mL, 21.26 mmol) as a yellow
solid {(0.31 g, 73%). Mp 254-255°C. IR (KBr, cm™!) v, 3368
{NH), 3276 (NH), 2230 {CN), 1340 (5=0), 1138 (5=0); 'H NMR
{400 MHz, DMSO-dg) &: 7.52 {d, J= 3.9 Hz, 1H), 7.62 {d, J= 3.9 Hz,
1H), 7.81 (s, 2H), 8.45-8.56 {m, 3H), 9.65 (s, 1H); *C NMR
(100 MHz, DMS0O-dg) é: 108.2, 115.0, 118.5 {q, J= 4.9 Hz), 120.9,
122.0 (q, J= 274 Hz), 124.1, 124.7, 131.0, 132.7 (q, J = 32.7 Hz),
136.0, 137.6, 139.4, 142.0, 145.0; HRMS (ESI) [M+H]*: mjz Calcd
for { C14HoF3N50252) 400.0150. Found 400.0161.

4.2 Protein production and purification

hCA 1, hCA I, hCA IX and hCA XII were produced and purified as
described earlier by our groups.®®!!

4.3. CA inhibition assay

An Applied Photophysics stopped-flow instrument has been
used for assaying the CA catalysed CO, hydration activity.3! Phenol
red (ata concentration of 0.2 mM ) has been used as indicator, work-
ing at the absorbance maximum of 557 nm, with 20 mM Hepes (pH
7.5) as buffer, and 20 mM Na,S0, (for maintaining constant the ic-
nic strength), following the initial rates of the CA-catalyzed CO,
hydration reaction for a pericd of 10-100 s. The CO; concentrations
ranged from 1.7 to 17 mM for the determination of the kinetic
parameters and inhibition constants. For each inhibitor at least
six traces of the initial 5-10% of the reaction have been used for
determining the initial velocity. The uncatalyzed rates were deter-
mined in the same manner and subtracted from the total chserved
rates. Stock solutions of inhibitor (0.1 mM) were prepared in dis-
tilled-deionized water and dilutions up to 0.01 nM were done
thereafter with the assay buffer. Inhibitor and enzyme solutions
were preincubated together for 15 min at room temperature prior
to assay, in order to allow for the formation of the E-1 complex.
The inhibition constants were cbtained by non-linear least-squares
methods using PRISM 3, as reported earlier® and represent the
mean from at least three different determinations. All CA isofoms
were recombinant ones cbtained in-house as reported earlier.>®!!

4.4. Crystallization and data collection

Protein was concentrated to 10.8 mg/ml in 20 mM tris-HCI pH
8.0 using 10 kDa cutoff Amicon concentrator. Crystallization was
done by sitting drop technique in 96-well MRC plates {Molecular
Dimensions). 1 pl of protein was mixed with 1 pl of bottom solu-
tion, {1.5M Na citrate, 80 mM tris-HCl pH 9.0) and 0.2 pl of
100 mM inhibitor in 100% DMSO. The obtained crystals were
flash-frozen in liquid nitrogen. Data were collected at beamline
1911-3, MAX-lab synchrotron, Lund, Sweden.

4.5. Structure determination

Images were processed by MOSFLM* and scaled by SCALA*
The structure was refined by REFMAC*® using unliganded CA Il mu-
tant {PDB code 3DC2)? as an initial model. The parameter files for
sulfonamides 10 and 13 were generated by LIBCHECK.*’ The ligand
was fitted in electron density in COOT {Emsley and Cowtan
200418 followed by further REFMAC runs. Data scaling, refine-
ment, and validation statistics are listed in Table 1. Atomic coordi-
nates and structure factors were deposited in PDB with accession
code 4bf1 and 4bf6.
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3.2. X-ray crystallography-promoted drug design of carbonic anhydrase inhibitors

It has been known previously that saccharin has properties of carbonic anhydrase inhibitor
(Kohler et al., 2007). Saccharin proved to be much more selective to some of the mammalian CA
isoforms than most of the medically used sulfonamide inhibitors. In later studies binding modes of
saccharin-sulfonamide derivatives were tested. It was discovered that by addition of a sulfonamide
group to the saccharine moiety it is energetically more favorable for the compound to bind to the
Zn?* jon via its sulfonamide moiety (Alterio et al., 2015b). Further saccharin-sulfonamide derivates
were synthesized and three of them tested by crystallographic studies on hCA 1. Atomic resolution
crystal structures were achieved with clearly visible electron density for the ligand. The results
were totally unpredicted — isothiazole cycle in the saccharin moiety was hydrolyzed and
compounds were bound to the enzyme in a previously undescribed way. Unforeseen hCA I1l-ligand
3D structures inspired synthesis of novel CA inhibitors — open ring saccharine derivatives.

Further analysis of the compound suggested that all three of the tested compounds bind to
the enzyme in a similar manner. Compounds formed hydrogen bonds with residues Asn67, GIn92
and interacted with residues Phe131, Val135, Leu198, Pro202 and Leu204.

This study is an example of how X-ray crystallography can promote drug design. All of the
further saccharin-sulfonamide derivates were synthesized, inspired by these X-ray structures.

Crystal structures are deposited on PDB with access codes: 5SAMD, 5AMG and 5AML.
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1-N-Alkylated-6-sulfamoyl saccharin derivatives were prepared
and assayed as carbonic anhydrase inhibitors (CAls). During X-ray
crystallographic experiments an unexpected hydrolysis of the iso-
thiazole ring was evidenced which allowed us to prepare highly
potent enzyme inhibitors with selectivity for some isoforms with
medical applications.

The artificial sweetener saccharin (SAC) (Fig. 1) was previously
reported as an efficient inhibitor of several isoforms of the
human metalloenzymes carbonic anhydrases (Cas, EC 4.2.1.1)
with promising selectivity towards the cancer associated iso-
forms hCA IX and hCA X11," both of which have been recently
validated as drug targets for anti-cancer therapy or imaging
of hypoxic tumors.” It should be noted that CAs are efficiently
but indiscriminately inhibited by most sulfonamides such as
acetazolamide (AAZ) but hCA IX selective inhibitors, such as
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Fig.1 Chemical structures of known CAls.
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SLC-0111, are also known, this compound being in Phase 1
clinical trials for the treatment of patients with advanced solid,
metastatic tumeors overexpressing CA DUXILY

Despite promising achievernents in selective inhibition of
hCA IX and hCA XII there is still a demand for more effective
and selective inhibitors of various CA isoforms, such as CA 11,
VA, VB, IX, ete.”

The mechanism of CA inhibition by SAC is rather different
compared to that of primary sulfonamides, the most investiganed
class of CA inhibitors (CAls] including those used clinically (AAZ).
Even though in both cases the binding to the Zn ion within the
active site of CA takes place by the deprotonated nitrogen of the
sulfonamide group, the SAC binding significantly differs from
that of primary sulfonamides. The presence of the acyl group
incorporated into the isothiazole ring and the absence of a
proton on the nitrogen exhibit a rather different binding pattern
of SAC to the enzyme compared to primary sulfonamides.”

Such different interactions directly reflect the inhibition
profile of SAC, which efficiently inhibits only the otosolic
isoform hCA VI and the wamor associated one hCA X compared
o primary sulfonamides such as AAZ, which is a highly efficient
inhibitor of 14 out of the 15 hCAs known to date.™ For this purpose
SAC was extensively used as a lead molecule for obeaining novel CAls
ultimately."™ For example, we synthesized ésulfamoylsaccharin 1
and its 1-substinuted derivatives 2 (Scheme 1)" where the opportunity
to investigate competition of hinding of the primary and secondany
sulfonamide to the enzyme (in the case of 1) emerged.”

Indeed, recently we reported the high resolution X-ray crystal
structure of the adduet of hCA 1T with 1, which proved that only
the primary sulfonamide participates in the interaction with the
metal ion” Thus a series of N-substituted saccharin derivatives
2a-2i appeared to be of interest for being prepared by reacting 1
with alkyl/aralkyl bromides in DMF (Scheme 1, see the ESIT for
details). We investigated the inhibitory propemies of these
compounds and their binding to the enzyme by means of kinetic
experiments and X-ray crystallography,

In order o visualize the binding mode of saccharin sulfon-
amide derivatives 2 to hCA 11, we solved the high resolution

s joumal 58 The Royal Society of Chemistry 2015
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Scheme 1 Synthesis of 1-N-substituted 6&-sulfamoylsaccharing 2 and
their hydrolysis products 3 and 4.
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Fig. 2 Comparison of binding modes of compounds 2i, 2e and 2d within the
hCA Il active site. Compound 2i/3i is shown in panel A, 2e/3e is shown in panel
B and 2d/3d is shown in panel C. The zinc ion is the gray sphere and its
coordinating residues (His94, 96 and 119) are shown in green. Residues 67, 92,
131, 135,198, 200 and 202 participating in hydrogen bonding, hydrophobic and
van der Waals contacts with inhibitors are also indicated. For the sake of clarity,
Fo — Fc OMIT electron density is shown only for ligands and contoured at 3e.
The figure was prepared by using Pymol (Delano ThePyMOL Molecular
Graphics System San Carlos, CA, USA, Delano Scientific).

crystal structures of hCA II in complex with compounds 2i, 2e
and 2d reported here. The electron density was interpretable for all
inhibitors (Fig. 2) and surprisingly revealed that the isothiazole ring
was open in all of them. Even though the isothiazole ring opening
occurs most probably by alkaline hydrolysis due to the relatively high
pH {of 9.0) in the crystallization buffer it unexpectedly and clearly
revealed a new possibility of designing CAls. One should mention
that initially we explored the possibility that the enzyme itself
hydrolyzed the amide bond from derivatives 2, but this did not
oceur {data not provided). Indeed, although the CAs have esterase
and thioesterase activity,®® they do not possess peptidase activity.
Notably all three compounds were bound in a very similar fashion,
coordinating to the zinc ion with their primary sulfonamide,
whereas oxygens of carboxyl and sulfone groups made H-bonds
with the Asn67 and GIn92 side chains. The R moieties occupied a
hydrophobic pocket, formed by the side chains of residues Phe131,
val135, Leu198, Let204 and Pro202 {Fig. 2).

The observed binding mode of all three compounds is
substantially different from that previously reported for unsub-
stituted saccharin {PDB code 2Q38),' or derivative 1,” when the
two inhibitors were not hydrolysed. Thus, the binding ohserved for
compounds 3, obtained by hydrolysis of derivatives 2 reported here,
is indeed very different compared to other saccharin based CAls
reported so far*” (Fig. 3). Inspired by these crystallographic results

This journal is© The Roval Society of Chemistry 2015
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Fig. 3 Different binding modes of SAC (grey carbons, thin sticks) and
N-substituted ‘open’ saccharin 3e (black carbons, thick sticks). Both
compounds are coordinating active site Zn ions (grey sphere), but 3e is
bound to the metal ion by its primary sulfonamide whereas SAC by the
secondary, acylated sulfonamide.

we thereafter prepared all the corresponding open forms of the
6-sulfamoyl saccharins 1 and 2, obtaining the bissulfamoyl
carboxylic acids 3 and 4 {Scheme 1), under alkaline hydrolytic
conditions. Even though we expected that these carboxylic acids
3 and 4 might undergo a ring closure under neutral or acidic
conditions, we did not observe the isothiazole ring closure even
by storing compounds 3 and 4 for a prolonged period at ambient
temperatures.

All compounds obtained were subjected to CA inhibition
studies summarized in Table 1.

Four hCA isoforms were included in this study: two eytosolic
ones hCA T and hCA 11, and two tumor-associated transmembrane
isoforms hCA IX and hCA XII, all of which are drug targets for
various applications of their inhibitors.>® Data of Table 1 show the
following interesting findings.

Against the slow cytosolic isoform hCA I the activity range of
compounds 1-4 was between 2.6 and 451 nM. Almost all
compounds showed a better inhibition compared to the non-
selective compound AAZ. Only compound 4 showed low inhibition
against this isoform, whereas derivatives 1, 2a and 3g had a
comparable inhibition profile to that of AAZ. However the most
interesting observation was that in pairs of closed/open ring
derivatives 1/4 and 2/3, the net reduction of the inhibitory activity
for the open forms 4 and 3 (1.7 to up to 43 times) compared to the
corresponding closed form ones 1 and 2 occurred. The most
significant reduction of activity, by two orders of magnitude, was
observed for compounds 3e and 3g, which were 27 and 43 times,
respectively, less inhibitory compared to the corresponding benz-
isothiazoles 2e and 2g. The only exceptions to this rule were the
pairs 2a/3a and 2h/3h, for which the closed form was less inhibitory
than the open ones {Table 1).

For the rapid isoform hCA IT a similar inhibition pattern was
observed as for hCA I discussed above. All compounds except 4
showed an excellent, better inhibitory activity than AAZ, with
Kis in the range of 0.2-8.4 nM. A similar reduction of the
inhibitory activity of the open versus the closed forms was also
observed with most compounds, but already many of the closed
ones were low nanomolar hCA II inhibitors and thus, this
reduction seems to be less relevant for this isoform than for
hCA I The nature of the R group also influenced the inhibition
pattern of these derivatives significantly. Thus, an increase of the
aliphatic chain from C2 to C4 led to an increase of the hCA II

Chem. Commun. 2015, 51, 7108-7111 | 7109
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Table 1 CA inhibition data of isoforms hCA I, 1, IX and XIl with saccharin
derivatives 1-2 and the corresponding open forms 3—4 reported in this
communication, by a CO» hydrase stopped-flow assay®®

K (HM)

Compound R hCAI hCAII hCAIX hCAXII
1 — 251 8.4 337 52.9
2a Et 257 1.0 452 7.2
zh nPr 49 0.6 278 5.9
2c nBu 4.8 0.6 51.2 5.7
2d nCsHyy 4.3 3.5 380 5.2
ze CH,CHCHMe 4.6 0.4 271 9.5
2f Bn 2.6 0.4 51.8 5.8
2e CH,GCeH,(4-NO,) 4.9 0.2 52.9 7.9
2h CH,CeH,{4-Br) 57.8 0.8 321 14.3
2i CH,CH,Ph 9.1 0.4 378 6.7
3a Et 66.2 1.7 92.8 77.7
3b nPr 81.4 0.2 89.5 63.6
3¢ nBu 41.4 141 130 58.7
3d nCsHyy 29.9 6.0 333 68.3
3e CH,CHCHMe 125 0.7 78.1 67.8
3f Bn 64.0 1.5 67.4 50.5
3¢ CHGCeH(4-NO,) 213 2.2 73.6 195
3h GH,GeH,(4-Br) 38.7 0.3 70.5 27.0
3i CH,CH,Ph 59.0 2.8 71.6 48.6
4 — 451 317 42.1 63.3
AAZ? — 250 12 25 5.7

¢ Acetazolamide (AAZ) was used as a standard inhibitor for all CAs
investigated in this communication.

inhibitory properties but a further increase to C5 was detrimental
for the inhibitory activity {compare 2d to 2a-c, Table 1). However,
unsaturated or aralkyl chains {as in 2e-2i) led again to highly
effective, subnanomolar CATs, for all the substitution patterns of
compounds 2e-2i, Le, benzyl, 4-substituted benzyl moietes or
phenethyl.

An opposite inhibition pattern was observed in the case of the
turnor-associated transmembrane isoform hCA IX with compounds
2-4 reported here. Even though none of the compounds was
superior to AAZ, the inhibitory activity increased going from the
closed to the open forms for the compound pair 1/4 and most of
the pairs 2/3. As shown in 'Table 1, the highest increase, more than
4 times, was observed for compounds 3a, 3h, 3i and 4 with K;s in
the range of 42.1-92.9 nM, which are effective inhibitors of this
tumor-associated isoforrm.

For the second transmembrane isoform, hCA XII, the inhibi-
tion pattern was similar to those of the cytosolic isoforms hCA 1
and hCA IT discussed above. All closed forms except 1 and 2h
exhibited comparable inhibitory activity with AAZ, whereas the
open forms 3a-3f, 3h-4 were around one order of magnitude less
inhibitory compared to AAZ. Overall, many low nanomolar hCA
XII inhibitors were detected such as for instance 2a-2i, which
had inhibition constants ranging between 5.2 and 14.3 nM, in
the same range as the classical sulfonarmide inhibitor AAZ.

The most interesting finding of this communication is
however the fact that our drug design has been guided by the
crystallographic work, which evidenced a hydrolytic process
taking place during the crystallization experiments. Unexpectedly,
the hydrolysis afforded compounds possessing a free COOH moiety
in addition to the primary and secondary sulfamoyl moieties. This
type of sulfonamide was in fact not synthesized so far using other
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synthetic procedures, and as shown above, they possess notable
inhibitory properties, with a profile quite different from that of the
structurally related, closed form {or the primary sulfonamide AAZ).
In fact all sulfonamides 3a-3i were highly effective, CA II-selective
inhibitors, and this type of profile is very rare or even absent among
the many sulfonamide CAls reported so far.'® Furthenmore, the
crystallographic experiments {Fig. 2 and 3) also showed that the R
moiety present in these compounds may adopt a variety of
orientations within the CA II active site, which may explain their
very high affinity for this isoform and the relatively lower ones for
other isoforms such as hCA T, IX and XII (Table 1). As hCA 11 is the
main target for designing anti-glaucoma CAls (in clinical use for
decades but with many side effects due to inhibition of other
isoforms)," these findings may lead to the design of watersoluble
(due to the presence of the COOH muoiety, which may form sodium
salts), highly effective and selective hCA 1T inhibitors belonging to a
novel chemical space.

In conclusion we report here new CAls obtained by a ‘side
reaction’ which occurred during an X-ray crystallographic study
of sulfonamide-CA adducts. We have demonstrated the high
potential of the newly obtained compounds {open/closed forms
of 1-N-substituted saccharins or the unsymmetrically substituted
bissulfamoyl benzoic acids), possessing an improved selectivity
towards some CA isoforms with medical applications. Considering
the chemical simplicity and good water solubility of the newly
obtained CAls, their scaffold may find applications in the develop-
ment of new types of CAls, probably by modulating the nature of the
moieties substituting in position 1 the saccharin derivatives {the R
moiety). Indeed, in this communication we explored few substitution
patterns which are aliphatic, alkenyl and aralkyl groups. By extend-
ing the type and nature of these moieties, which as shown in the
crystal structures, interact with amino acid residues critical for the
binding of inhibitors, compounds with improved potency and
selectivity may presurnably be obtained.

This research was in part financed by two FP7 EU projects
(InnovaBalt and Dynano).
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3.3. Efficient Expression and Crystallization System of Cancer-Associated Carbonic

Anhydrase Isoform IX

There is a limited number of semi-selective CA 1X inhibitors described in literature. One of
the reasons is the poor structural background of hCA IX-ligand interactions. Up until 2015 there
was only one hCA 1IX crystal structure available in the PDB (Alterio et al., 2009). Limited number
of available structural data for hCA 1X can be explained by inefficient expression and purification
systems. Also, the described crystallization conditions in literature could not be easily reproduced.

We decided to develop hCA IX protein production and purification protocol suitable for X-
ray crystallography studies. hCA X gene was genetically fused with MBP and N-terminal 6x His
tag. Further, hCA IX gene was incorporated in Pichia pastoris by transfer plasmid vector. After
selection of the most promising clones (in terms of protein production) the expression temperature
was optimized to 24° C. Initially hCA IX-MBP was purified with a metal ion affinity column,
followed by digestion with TEV protease. Additional purification using gel filtration column and
ion exchange column was necessary to obtain 90+ % pure protein. Obtained hCA IX was
crystallized using JCSG+ screen from Molecular Dimensions with following optimization. Three
high resolution structures of hCA IX complexes with thiophene-2-sulfonamide derivatives were
solved at resolutions ranging from 1.82 A to 2.05 A. Compounds were bound within the active site
of hCA IX without additional polar contacts apart from the standard sulfonamide-Zn?*/Thr199
interactions, meaning that the compound binding mode was stabilized solely by hydrophobic and
van der Waals contacts.

The observed electron density for all three compounds was good and interpretable throughout
the whole ligand. Within the active site of hCA IX these compounds were bound in a similar way
and their tail moieties were oriented towards the region which differs most between a-CA isoforms
(“hot spot”) (Alterio et al., 2009). The compounds made interactions with residues GIn92, Vall131,
Leul35, Leul198, Thr200 and Pro202 (CA 1l numbering).

Notable differences were observed comparing binding modes between hCA 1l and hCA IX.
By analyzing the binding modes, we concluded that ligand tail moieties could not bind in the same
way in hCA Il as in hCA IX due to potential clash with Phe131 (CA Il numbering).

These results open wider possibilities for structure-based hCA IX targeted drug design in
order to develop more selective compounds suitable for medical use.

Crystal structures are deposited in PDB with access codes: 5FL4, 5FL5, 5FL6.
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ABSTRACT: Human carbonic anhydrase IX (CA IX) is overexpressed in a number of
solid tumors and is considered to be a marker for cellular hypoxia that it is not produced
in most normal tissues. CA IX contributes to the acidification of the extracellular matrix,
which, in turn, favors tumor growth and metastasis. Therefore, CA IX is considered to be
a promising anti-cancer drug target. However, the ability to specifically target CA IX is
challenging due to the fact that the human genome encodes 15 different carbonic
anhydrase isoforms that have a high degree of homology. Furthermore, structure-based
drug design of CA IX inhibitors so far has been largely unsuccessful due to technical
difficulties regarding the expression and crystallization of the enzyme. Currently, only one
baculovirus-produced CA IX structure in complex with a nonspecific CA inhibitor,
acetazolamide, is available in Protein Data Bank. We have developed an efficient system for the production of the catalytic
domain of CA IX in methylotrophic yeast Pichia pastoris. The produced protein can be easily crystallized in the presence of
inhibitors, as we have demonstrated for several 2-thiophene-sulfonamide compounds. We have also observed significant
differences in the binding mode of chemically identical compounds to CA IX and CA II, which can be further exploited in the
design of CA IX-specific inhibitors

H INTRODUCTION benzenesulfonamides (Figure 1).°~'> It is worth mentioning
Carbonic anhydrases (CAs, EC 42.1.1) catalyze the rapid that the ureido-benzenesulfonamide compound SLC-0111 has

; : 2 2 ) entered Phase I clinical trials for the treatment of advanced
interconversion of carbon dioxide and water into bicarbonate, a . . . 13
- . . . . i solid, metastatic tumors overexpressing CA IX/XIIL
reaction that, in mammals, is important in a variety of biological ; : :
: ; S ; Information about the three-dimensional structure of an
processes, including maintaining the acid—base balance and N
transporting carbon dioxide." Carbonic anhydrase IX (CA IX) ) P &

is a membrane protein, containing a proteoglycan-like domain,
thought to be important in cell adhesion, a catalytic domain, a m X
transmembrane domain, responsible for anchoring of enzyme ° C(Digo
in the membrane, and an intracellular tail. CA IX is expressed in A B
a limited number of normal tissues; however, it is overexpressed
in many solid tumors and is considered to be one of the best i
markers for cellular hypoxia” CA IX contributes to the /©/ \g/ \CL
acidification of the extracellular matrix, which, in turn, favors F SO,NH,
tumor growth and metastasis.” Consequently, CA IX is C
considered to be an attractive anti-cancer drug target.”
However, the human genome encodes 15 carbonic anhydrases Figure 1. Some of the known inhibitors of CA: .(A) coumarin, (B)
(CAs) that have a considerable degree of homology; therefore, sulfocoum‘ar.m, ar.'nd (C) ureidobenzenesulfonamide SLC-0111 (in
the ability to specifically target a particular CA is challenging.” Ehie: L cliticalicale;
Currently, there are a limited number of CA IX-selective

inhibitors reported in the literature, with their predominant Received: ~September 2, 2015
core structures being coumarins, sulfocoumarins, and ureido-
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design. In fact, the first unequivocal example of structure-based
drug design is dorzolamide, an efficient CA inhibitor, used in
the treatment of glaucoma. However, structure-based drug
design of CA IX inhibitors has been hampered by difficulties in
the expression and crystallization of the enzyme; to date, only
one CA IX structure in complex with the non-isoform-specific
inhibitor acetazolamide (Figure 1) is available in Protein Data
Bank (PDB code 3IAI)"

Here, we report an efficient system for the production of the
catalytic domain of CA IX in yeast and the crystal structure of
the obtained enzyme in complex with 2-thiophene-sulfonamide
derivatives, which act as highly efficient inhibitors.

Bl RESULTS AND DISCUSSION

Cloning, Expression, and Purification of CA IX
Catalytic Domain. cDNA of the catalytic domain (CAT) of
CA IX, comprising residues 137—391, was fused in-frame with a
6xHis-tagged maltose binding protein (MBP) gene and
inserted into a yeast (Pichia pastoris) expression transfer
plasmid vector, as shown in Figure 2. Two point mutations

1 D137 _C174S N346Q P391 459
| CAIX ‘ CATALYTIC DOMAIN
tgc—stct aac—caa
BamHI Ecl13611 SnaBl
S —— L
S I | B
P,ox GHis FTEV

s 8§ S|[E N L Y F Q@ G|D Q 8§ H W
.. . TCGAGCTCGGAAAACCTGTATTTCCAAGGCGACCAGAGTCATTGG. . .

Figure 2. Mutagenesis and cloning of the CA IX CAT gene. Upper
panel: schematic presentation of CA IX protein. CAT domain, flanked
by residues D137 and P391, and mutated residues C174 and N346 are
shown. Lower panel: design of the MBP—CAT fusion gene, with a
more detailed picture of the gene fusion region depicted below. The
rTEV amino acid recognition sequence introduced between genes is
shown in the box, and its cleavage site is indicated by an arrow. The
Ecl13611 restriction site used for to create the gene fusion is
underlined.

were introduced within the CAT-encoding sequence, namely,
C174 — § and N346 — Q, to avoid possible aggregation and
glycosylation of the recombinant protein, respectively.

Ten individual clones obtained under G418 selection at a
concentration of 2.5 mg/mL were cultivated under standard
expression conditions, and one of them was selected as the
most promising clone in terms of its production level (data not
shown). To optimize the synthesis, we analyzed the influence of
temperature on production of the target protein. It was
observed that cultivation temperatures below 30 °C and down
to 24 °C led to increased production of soluble MBP—CAT
protein (Figure 3A). Further decreasing the temperature down
to 20 °C reduced the amount of soluble protein (data not
shown). Thus, cultivation of cells for preparative purposes was
performed at 24 °C.

The initial capture of the target protein from cell supernatant
was performed by Ni-affinity chromatography (Figure 3B, lane
1). Eluted MBP—CAT protein was then efficiently cleaved by
rTEV protease in the presence of imidazole (Figure 3B, lane 2).
The next purification step was size-exclusion chromatography.
Although this approach did not result in the separation of MBP
and CAT proteins, a significant portion of the impurities was
removed (Figure 3B, lanes 3-S5, and Figure 3D). Our attempts
to separate MBP and CAT by either a Ni- or MBP-affinity
column failed, as both proteins co-migrated in the same eluate
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fractions (data not shown). Further experiments revealed that
separation can be accomplished on a MonoQ_anion-exchange
column in the presence of 100 mM NaCl. Under these
conditions, MBP passed through the column, whereas CAT
remained attached and eluted with ~200 mM NaCl (Figure 3B,
lane 6, Figure 3C, and Figure 3E). The final product yielded
~0.15 mg per 1 g of wet cells, with a purity suitable for
crystallization.

Protein X-ray Crystallography. To determine the binding
mechanisms of compounds 1—3 (Figure 4) within the active
site of CA IX (compounds 1—3 were previously reported in a
recent publication'® as very active at CA TI, with K, values in the
nanomolar range (Table 1), and the binding mechanism of
compound 2 was tested on cytosolic CA II), we solved X-ray
crystal structures of CA IX in complex with these compounds at
resolutions of 2.05 A (compound 1), 1.82 A (compound 2),
and 1.95 A (compound 3). Currently, there is only one CA IX
structure available in Protein Data Bank (PDB code 3IAI'"),
and all three of our described structures have noticeably better
resolution. The statistics for the refinement and data collection
are shown in Table 2. The obtained electron density revealed
that CA IX’s structure is essentially identical to that previously
published, although the expression system used was changed
from a baculovirus-insect cell expression system to P. pasforis.
As in all CA-sulfonamide complexes, the deprotonated
sulfonamide moiety of this compound is coordinated to the
Zn®* ion and a hydrogen bond is formed between the
sulfonamide’s NH moiety and the OH of Thr200. Apart from
these interactions, compounds 1—3 are not involved in other
polar contacts with CA IX, as was also the case in the CA TI-2
complex."® Thus, ligand binding within the CA IX active site is
achieved mostly by van der Waals and hydrophobic
interactions, involving amino acid residues GIn92, Vall30,
Leul34, Leul99, Thr201, and Pro203 (Figure 5). In the CA
IX—1 complex, the ligand’s electron density was good, except
for the methyl group of the methoxyphenyl moiety (Figure
SA). For all three compounds, a glycerol molecule is clearly
visible in the electron density map that is bound within the
active site of CA IX in a nearly identical position as that
observed in the previous CA IX structure.'* Presumably, the
glycerol molecule was bound during the cryoprotection of the
crystals and, therefore, it should not affect the binding and
positioning of the sulfonamide inhibitor. The electron density
of the ligand in the CA IX—2 complex was good for most of the
molecule, except for the naphthyl moiety, where it was weaker,
but it was still interpretable (Figure 5B). In the CA IX-3
complex, the electron density was good for all of the ligand
(Figure SC). All three compounds bind very similarly within
the CA IX active site, and it is notable that their binding
mechanism is very similar to that of acetazolamide in complex
with CA IX'* despite the fact that they are missing the
hydrogen bond between the thiadiazole moiety and Thr201
(Figure 6). Interestingly, the binding mode of compound 2
between the CA IX and II isoforms is noticeably different
(Figure 7). In the CA IX—2 complex, the ligand is positioned
toward the hydrophobic half of the CA IX active site and
interacts with residues GIn92, Vall30, Leul34, Leul99,
Thr201, and Pro203, whereas in CA II-2, the naphthyl moiety
of the ligand fits in a hydrophobic pocket and interacts with
residues Phel31, Val135, Leu204, and Pro202. It should be
noted that the ligand in CA II-2 cannot be bound in the same
way as that in CA IX—2 due to a clash with residue Phel3l
(Figure 5). Importantly, in complexes CA IX—1, CA IX—2, and
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Figure 3. Purification of the CAT of CA IX. (A) Optimization of the cultivation temperature. Two individual colonies from the selected producer
clone were cultivated in parallel at the indicated temperature. (B, C) Individual purification steps. Lanes 1 and 2, protein eluate from Ni-affinity
column before and after rTEV cleavage, respectively; lanes 3-S5, peak fractions from Superdex column; lanes 6 and 7, nonbound and bound material
on the MonoQ_column, respectively; M, protein molecular mass marker. (D, E) Superdex and MonoQ_chromatography profiles, respectively.
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Figure 4. CA inhibitors used in this study.

CA IX-3, the tails of all ligands are positioned at the CA IX
active site region, which differs the most among CA isoforms,
ie, the region comprising residues 127—137, described
previously as a hot spot for structure-based drug design."*

M CONCLUSIONS

Our results can be used for the rational design of novel CAls
and provide broad possibilities to improve isoform-selective
inhibitors for tumor-associated CA IX, a validated anti-tumor/
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Table 1. CA Inhibition Data'®

K, (nM)
entry compound CA1 CA Il CA IX
1 1 746 6.3 6.4
2 2 750 2.4 101
3 3 526 3.5 43.6
4 AAZ" 250 12 25

“AAZ, acetazolamide, a nonselective CA inhibitor. AAZ inhibition data
are presented for comparison.

anti-metastatic drug target. The P. pastoris based expression and
purification system will probably provide an efficient pipeline
for determining crystal structures with a variety of CA IX
inhibitors.

Regarding the solved structures, of particular importance is
the different binding mode of compound 2 to CA IT and CA IX
and the fact that all bound compounds are positioned in a CA
IX active site region that differs both in its structure and
sequence among the other CA isoforms.

W EXPERIMENTAL SECTION

Cloning and Expression. A synthetic gene encoding full-length
human CA IX (GenBank DQ892208) was purchased from IDT
(Germany). All further manipulations were performed only with the
catalytic domain of CA IX (CAT; residues 137—391). Point mutations
were introduced by PCR mutagenesis and verified by sequencing. The
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J. Med. Chem. XXXX, XXX, XXX—XXX



Journal of Medicinal Chemistry

Table 2. Data Processing, Refinement, and Validation
Statistics for the CA IX—1, CA IX-2, and CA 1I-3
Complexes

structure CA IX-1 CA IX-2 CA IX-3
space group H3 H3 H3
cell dimensions
a (A) 1524 152.3 153.2
¢ (A) 170.6 172.1 170.8
resolution (A) 38-2.05 62—1.82 48-1.95
highest resolution shell (A)  2.05-2.16 1.82-1.92 1.95-2.06
no. of reflections 92 662 133 470 108 977
no. of reflections in test set 4640 6944 5344
completeness (%) 100.0 100.0 100.0

(100.0%) (100.0%) (100.0%)
Rinerge 0.13 (0.68) 006 (049%)  0.15 (0.58%)
(I/oT) 82 (2.09) 99 (2.09) 52 (209
average multiplicity 3.8 (3.89) 29 (2.5%) 2.9 (2.99)
R-factor 016 (0167} 019 (0.327) 017 (026%)
Rec 020 (020%) 022 (033%) 020 (028%)
average B factor (A%) 26.4 31.8 237
average B factor for inhibitor 34.1 36.8 342
5

(B) from Wilson plot (A*) 194 209 236
no. of protein atoms 7706 7768 7710
no. of inhibitor atoms 88 96 84
no. of solvent molecules 902 1050 1146
rms deviations from ideal values
bond lengths (A) 0.01 0.01 0.01
bond angles (deg) 178 172 1.70
outliers in Ramachandran 0.10 0.20 0.00

plot (%)
“Values in parentheses are for the high-resolution bin.

modified CAT gene was fused in-frame with a 6XHis-tagged maltose
binding protein (MBP) gene by PCR. The MBP—CAT expression
cassette was then cloned under the control of the AOXI promoter in
the pPIC3.5K vector (Invitrogen) between the BamHI and SnaBl
restriction sites, resulting in the pPICMalECAIX vector.

- 13% f Leu 134
Pro 203
Q
Gln 92 Leu 199
His 94 | 2.
» Thr 201
Q Zn*
His 96
His 119

Figure 6. Comparison of binding modes of compound 1 (thin lines
with black carbons) and CA inhibitor acetazolamide (PDB code 3IAL;
thick lines with green carbons) within the active site of CA IX. The
zinc ion is shown as a gray sphere, and its coordinating histidines
(His94, 96, and 119) are shown in green. Residues 92, 130, 134, 199,
201, 203, and 131, participating in hydrogen bonding, hydrophobic,
and van der Waals contacts with the inhibitors, are indicated. The

figure was prepared using PyMOL.

After sequencing, the pPICMalECAIX plasmid was linearized with
Pmel in the AOXI promoter region and used for transformation of the
P. pastoris GS115 his4 strain by electroporation. Mut™His™ trans-
formants were isolated on agar plates containing minimal medium
(1.34% yeast nitrogen base, 2% glucose, 4 X 107°% biotin, 2% agar).
For selection of clones with multiple integration units, transformants
were replica-plated onto agar plates containing yeast extract peptone
dextrose (YEPD) medium containing increased concentrations of the
G418 antibiotic (1.8—2.5 mg/mL). Selected clones were cultivated at
30 °C on a shaker in 0.5 L Erlenmeyer flasks containing 100 mL of
buffered complex glycerol medium (BMGY) for 20—24 h until ODsg,
reached 6—8. Then, and each subsequent day, 100% methanol was
added to a final concentration of 1%, and cells were harvested 3 days

SE Asp 131
Val 130 ( Leu 134
Pro 203

>

Thr 201

Val 130

Val 130

Leu 134 Leu 134
l » t
P Pro 203 Pro 203
b Leu 199 Leu 199
201 Thr 201

His 119
His 96

Figure 5. Comparison of the binding modes of compounds (A) 1, (B) 2, and (C) 3 within the active site of CA IX. The zinc ion is shown as a gray
sphere, and its coordinating histidines (His94, 96, and 119) are shown in green. Residues 92, 130, 134, 199, 201, 203, and 131, participating in
hydrophobic and van der Waals contacts with the inhibitors, are indicated. A glycerol molecule bound to the enzyme is shown as a thin stick model
with sky blue carbon atoms. For clarity, ¥, — F. omit electron density is shown only for the ligand and is contoured at 3. The figure was prepared

using PyMOL (San Carlos, CA, USA).
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Figure 7. Comparisen of binding mode of compound 2 within the
active site of CA IX (carbons are green) and CA II (PDB code 4BF1;
carbons are light blue). The zinc ion is shown as a gray sphere, and its
coordinating histidines (His94, 96, and 119) are shown in green for
CA IX and light blue for CA IL Residues 130, 131, 134, 135,
participating in hydrophobic and van der Waals contacts with the
inhibitor, are indicated. It should be noted that compound 2 in CA IX
is placed in a region that differs significantly between these two
isoforms. The figure was prepared using PyMOL.

after induction. The level of soluble CAT production was determined
by disrupting 1 g of yeast cells by 425—600 1 glass beads (Sigma) in
10 mL of lysis buffer LB (20 mM Tris-HCI, pH 8.0, 300 mM NaCl) by
vortexing 10 times for 0.5 min. The supernatant was incubated with 50
uL of Niagarose beads (Qiagen) for 1 h on a rotatory shaker. Ni-
beads were then washed with LB containing 20 mM imidazole, and
agarose-bound material was analyzed in PAGE.

Protein Purification. The cells were resuspended in LB, at a
proportion of 5 mL of buffer per 1 g of wet cells, and disrupted with a
French press (three cycles, 20000 psi). The soluble fraction was
separated by centrifugation for 30 min at 15 500g and manually (with
syringe)} passed through a 1| mL HisTrap FF crude column (GE
Healthcare). The column was washed with § mL of LB and
subsequently with 2 mL of LB containing 20 mM imidazole.
Column-bound proteins were eluted with 2 mL of LB containing
300 mM imidazole. Eluted protein was cleaved with rTEV protease in
the presence of 1 mM DTT overnight at 4 °C. After cleavage, the
protein mixture in 1 mL portions was loaded on a Superdex 200 10/
300 GL column connected to an AKTA chromatography system
(Amersham Biosciences). The column was pre-equilibrated with 20
mM Tris-HCl, pH 8.0, 200 mM NaCl and run at 0.5 mL/min. Peak
fractions were pooled, diluted twice with 20 mM TrisHCI, pH 8.0, and
applied to a MonoQ TM column pre-equilibrated with 20 mM Tris-
HC], pH 8.0, 100 mM NaCl. Celumn-bound proteins were eluted by a
linear salt gradient {0.1-0.5 M NaCl in 15 mL) at 1 mL/min. All
purification steps were monitored by SDS-PAGE, with a 4% stacking
and 13% separating gel, according to standard protocols. To visualize
protein bands, the gels were stained with Coomassie brilliant blue G-
250.

Crystallization and Data Collection. Protein was concentrated
to 10 mg/mL in 20 mM Tris-HCl, pH 8.0, using a 10 kDa cutoff
Amicon concentrator. Crystallization was performed using the sitting
drop technique in 96-well MRC plates (MolecularDimensions). To
determine the structure of the CA IX—1 complex, 1 4L of protein was
mixed with 1 gl of bottom solution, which contained 0.2 M lithium
sulfate, 1.26 M ammenium sulfate, and 0.1 M Tris-HCI, pH 8.5. To
determine the structures of the CA IX—2 and CA IX—3 complexes,
the bottom solution contained 1.0 M diammonium hydrogen
phosphate, 0.1 M sodium acetate, pH 4.5. To fully grown crystals
was added 2 gl. of mother liquor buffer containing 5 mM of the
respective compound, and the crystals were left to soak for $ days. The
crystals were flash frozen in liquid nitrogen in mother liquor
supplemented with 30% glycerol.

Data were collected at beamline 1911-3, MAX-lab synchrotren,
Lund, Sweden.

Structure Determination. Images were processed by MOSFLM '
and scaled by SCALA.'” The CA TX—1, CA IX-2, and CA IX—3
structures were solved by molecular replacement in MOLREP'® using
the CA IX structure with PDB 11> 3IAl as a search model. The
parameter files for inhibitors were generated by LIBCHECK." The
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electron density fits for the ligands were carried out in CooT,*

followed by refinement in REFMAC.”" Water molecules were picked
automatically in COOT and inspected manually. Data scaling,
refinement, and validation statistics are listed in Table 2.
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3.4. Novel fluorinated carbonic anhydrase IX inhibitors reduce hypoxia-induced

acidification and clonogenic survival of cancer cells

Using the previously described hCA IX expression, purification and crystallization system,
multiple fluorinated benzene-sulfonamides were co-crystallized with the enzyme. Judging from the
available kinetic data the tested sulfonamides had a remarkable increase in selectivity to hCA IX.
The resolutions of obtained crystal structures were in a range from 1.75 A to 2.47 A with clearly
interpretable electron densities for the ligands. The sulfonamide part and trifluorobenzene cycle
part of the ligand fitted in the conservative region of hCA IX almost invariably compared to
literature (Dudutiene et al., 2015). For all the tested compounds the cycloalkane moiety was
oriented to the hydrophobic part of the enzyme active site while relatively more polar tail moiety
with terminal hydroxyl group was oriented towards polar part of the hCA active site.

The impressive selectivity against hCA 11 can be explained by occupation of the most diverse
region of hCA by the bulky 12-carbon ring and potential collision with residue Phe131 in the case
of compound VR16-09.

Comparing to an un-liganded hCA [IX structure, the determined crystal structures clearly
displayed shifts in positions of conserved residues GIn67 and GIn92. This was the first time when
it was observed that the ligand could interfere with the active site pocket conformation of hCA IX.

Crystal structures are deposited on PDB with access codes: 6G98, 6G9U, 6FEQ, 6FE1, 6FE2.
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ABSTRACT

Human carbonic anhydrase (CA) IX has emerged as a promising anticancer
target and a diagnhostic biomarker for solid hypoxic tumors. Novel fluorinated CA
IX inhibitors exhibited up to 50 pM affinity towards the recombinant human CA IX,
selectivity over other CAs, and direct binding to Zn(II) in the active site of CA IX
inducing novel conformational changes as determined by X-ray crystallography. Mass
spectrometric gas-analysis confirmed the CA IX-based mechanism of the inhibitors in
a CRISPR/Cas9-mediated CA IX knockout in HeLa cells. Hypoxia-induced extracellular
acidification was significantly reduced in HeLa, H460, MDA-MB-231, and A549 cells
exposed to the compounds, with the IC , values up to 1.29 nM. A decreased clonogenic
survival was observed when hypoxic H460 3D spheroids were incubated with our
lead compound. These novel compounds are therefore promising agents for CA IX-

specific therapy.

INTRODUCTION

Tumor hypoxia promotes invasiveness and is
associated with resistance to chemotherapeutics and
radiation and thus poor prognosis [1-5]. Human carbonic
anhydrase IX (CA TX) shows limited expression in normal
tissues [6] and is significantly up-regulated by hypoxia-
inducible factor la (HIF-1a) [7] or other alternative
microenvironmental factors [8-12] in a variety of
tumors. CA TX is crucial for cancer cell survival because
bicarbonate and protons, produced upon CA TX-catalyzed

reversible hydration of CO,, are necessary to maintain the
cellular pH balance: bicarbonate is transported into the
cell to neutralize intracellular acid, while protons increase
extracellular acidification [13-16]. CAIX also stimulates
cell spreading and epithelial-mesenchymal transition
[17, 18]. Therefore, CA TX has been proposed to be a
promising tumor hypoxia biomarker for diagnostic and
targeted drug delivery applications [19].

Sulfonamides are classical CA inhibitors, where
the deprotonated sulfonamide group 1s required
for displacement of the catalytic Zn*-bound water
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molecule to bind directly with Zn*" in the active site
to inhibit CA [20, 21]. Therefore, the binding affinity
can be enhanced using inhibitors with the lowered
pK_ of the sulfonamide group [21, 22] Introduction of
fluorine atoms that lower the pX_due to their electron-
withdrawing capabilities is one of the choices due to
unique features, such as high electronegativity, small
size, low atomic weight, and contribution to increased
lipophilicity. Fluorine is found in ~20% of current
pharmaceuticals and this trend is increasing [23].
Krishnamurthy and colleagues investigated fluorinated
benzensulfonamides and concluded that fluorine is the
best choice for electron-withdrawing substituents [21].
We expanded this strategy and created new routes for
functionalization of pentafluorobenzensulfonamides
[24, 25] including para-, ortho-, and meta- substituted
fluorinated benzensulfonamides. The bulky hydrophobic
groups at ortho or meta positions are necessary for the
favorable hydrophobic contacts with the amino acids of
CA TX binding pocket [26]. Here we present novel the
ortho-substituted fluorinated benzenesulfonamides VR 16-
09 and VR16-10 (Table 1, Scheme 1) in combination with
the previously chemically and biophysically characterized
meta and ortho-substituted fluorinated inhibitors VD11-
4-2 and VD12-09 [26]. We hypothesized that these
benzenesulfonamides will exhibit high affinity and
strong selectivity towards recombinant CA TX and will
possess significant functional effects in cancer cell lines
on reducing hypoxia-induced acidosis as well as hypoxia-
dependent clonogenic survival, providing efficacious
opportunity to target CA IX-expressing cells.

RESULTS AND DISCUSSION

Binding and inhibition of recombinant CA
isoforms

The affinities of VR16-09 and VR16-10 to 12
catalytically active recombinant CA isoforms were
determined by the fluorescent thermal-shift assay (FTSA)
and compared with previously published [26] inhibitors
VD11-4-2 and VD12-09 (Table 1). The K, values against
CA TX and CA XTI were also measured by the stopped-
flow ihibition assay (SFA) of the CO, hydration CA
enzymatic activity (Table 1). FTSA revealed that VR16-
09 bound CA IX significantly (K, = 0.16 nM) stronger
than other CA isoforms (K s > 200 uM) (Table 1, Figure
1A-1C). VR16-09 with the bulky aminocyclododecyl
group exhibited greater selectivity towards CA TX as
compared with VR16-10, VD12-09, and VD11-4-2
bearing aminocyclooctyl groups. SFA did not allow the
determination of K, < ~2 nM against CA IX, because
the concentration of CA IX was 10 nM, thus limiting
the determination of /C at 5 nM. Therefore, the K s
determined by the FTSA should be used rather than SFA.
Nevertheless, SFA confirmed that VR16-09 and VR16-10

efficiently inhibited the CA IX activity (Figure 1D-1F).
These compounds are advantageous compared to SLC-

0111 that has entered the clinical trials (K ., ., = 45 nM,
K iy = 45 nM and only 20-fold selectivity over CA

11, thus would possibly exhibit larger adverse effects [27,
28]). In contrast, selectivity of VR16-09 for CA IX over
CATand CATI is more than one million-fold.

Crystal structures of inhibitors bound to
recombinant CA IX

The structures of the CA IX catalytic domain
in complex with VR16-09 (PDB ID: 6G98), VR16-
10 (PDB ID: 6G9U), VD12-09 (PDR ID: 6FE0Q) and
VDI11-4-2 (PDB ID: 6FE1) were determined by X-ray
crystallography at resolutions ranging from 1.75 A to 2.47
A (Figure 2, Supplementary Table 1). The sulfonamide
moiety and trifluorobenzene cycle of all observed
ligands fit in the conserved region of the CA IX active
site, the cycloalkane tail moieties were guided towards
the hydrophobic part of the active site and moieties with
terminal hydroxyl group were located in the hydrophilic
part of the active site. The sulfonamide amino group
formed a coordination bond with Zn(Il), as observed
in many other CA-sulfonamide complexes. All ligands
were positioned very similarly within the active site of
CA TX, except with some differences occurring in the
case of VD11-4-2 (Figure 2). VD11-4-2 also formed
two additional hydrogen bonds with Asn62 and GIn92,
which might explain its stronger affinity for CA IX as
compared to other analyzed compounds. All four crystal
structures showed that some conformational changes have
occurred in the CA TX active site pocket as compared
to other known CA TX structures [29, 30]. In order to
fully understand conformational changes occurring in
those cases, we also determined apo (ligand free) CATX
structure at 1.87 A resolution (PDB ID: 6FE2). Tn case
of VR16-09, the cyclododecyl moiety altered rotamer of
GIn92, which in turn changed the conformation of Gln67
(Figure 2).

CA IX-dependent functional activities of
inhibitors in cancer cells

Compounds were evaluated for their biological
functional activities in a panel of human cancer cell
lines. CA IX expression was increased in hypoxic (0.2%
0,) A549 (lung), AsPC-1 (pancreatic), MDA-MB-231
(breast), H460 (lung), and Hel.a {cervical) cancer cells,
whereas CA XIT expression was similar under normoxia
and hypoxia (Supplementary Figures 1, 2). We evaluated
the potency of the compounds to inhibit the CA catalytic
activity in hypoxic MDA-MB-231 cells by determining
the rate of the CO,/HCO, hydration/dehydration
reaction via 'O depletion from “C™O,, measured by
mass-spectrometric (MS) gas analysis. Addition of cell
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Table 1: The dissociation constants (X s) of VR16-09, VR16-10, VD11-4-2, and VD12-09 for 12 recombinant catalytic

domains of human active CA isoforms as determined by FTSA at pH 7.0 (37° C)

K, (K), nM
VR16-09 VYR16-10 VD11-4-2" VD12-09
SO,NH, SO,NH, SO,NH, SO,NH,
N N : : y
Ot X O O
s s S0, S
b b
CAisoform COoH COOH
CAI =200 000 5000 710 50 000
CATII =200 000 1000 60 1300
CATII =200 000 =200 000 40000 =200 000
CATV =200 000 1820 25 1700
CAVA =200 000 5000 2500 3300
CAVB 45000 100 56 210
CAVI =200 000 26300 95 4300
CAVII 37000 100 98 330
CATX 0.16 (<1) 0.20 (<1) 0.05 1.1
CAXII 710 (100) 370 33 330
CAXII 20 40 36 140
CAXIV 170 170 1.6 170

The K, values determined by SFA (pH 7.5, 25° C) are shown in the parentheses. Uncertainties of FTSA and SFA

measurements do not exceed 2-fold.

K, values of VD11-4-2 and VD12-09 towards CA isoforms have been already published [26].

suspension resulted in an acceleration of the reaction,
indicating CA catalytic activity in MDA-MB-231 cells
(Figure 3A). Pre-incubation of the cell suspension with
VR16-09, VD11-4-2, or VDI12-09 resulted in a dose-
dependent decrease in CA activity (Figure 3B-3D).
To verify the CA TX specificity, hypoxic Hela cells, in
which CA IX was knocked out (KO) (Supplementary
Figure 3), were exposed to VRI16-09, VDI11-4-2 and
VD12-09 at concentrations of near maximum inhibition
of extracellular CA activity in hypoxic MDA-MB-231
cells. In both HeLLa CAIX KO lines, VR16-09 (300 nM),
VD11-4-2 (300 nM), or VD12-09 (30 uM) did not alter
CA activity (Figure 3E}, although considerable CA activity
remained, indicating activity of other CA isoforms. In
HeLa wild-type (WT) cells, CA activity decreased (P <
0.01) to 30-40%, values that did not significantly differ
from the two HelLa CA IX KO cell lines. Thus, VR16-
09, VD11-4-2, and VD12-09 specifically target CA TX,
while other CAs remain unaffected. Previously Frost
and colleagues reported a K value of 853 nM against
extracellular CA for the fluorescent sulfonamide Cpd 5¢
in intact hypoxic MDA-MB-231 cells using the same 0

exchange assay [31]. Extracellular CA activity of MDA-
MB-231 cells was also significantly reduced by 1 uM
acetazolamide [32]. The inhibitors VR16-09 and VD11-
4-2 exhibited higher effect towards CA IX expressed in
cellular models than previously reported compounds likely
due to higher affinity.

The functional activity of inhibitors was further
confirmed by measuring the rise in extracellular pH
directly inside a hypoxic chamber [33] VR16-09, VD11-
4-2, and VDI12-09 significantly (p < 0.05) reduced
hypoxia-induced acidification of HeLa cells in a dose-
dependent manner, while the effect on cells exposed to
normoxia was negligible (Figure 4A). This functional
activity was the most pronounced for VR16-09 at 50
pM,  which significantly reduced hypoxia-induced
acidosis of 4 investigated cell lines (Figure 4A, 4B).
VD11-4-2 also significantly reduced (p < 0.05) hypoxic
acidification of HelLa, H460, MDA-MB-231, and A549
cells (Figure 44, 4C). A 4-fold lower concentration of
sodium bicarbonate in the medium was used for A549
to determine the functional effects of the compounds
due to relatively low levels of hypoxia-induced CA TX

www.oncotarget.com

Oncotarget



VR16-10 VR16-09
Br Br Br SH
d e f
_— _& . .
COOH COOH
(¢]
4 5 6 7

Scheme 1: Synthesis scheme of VR16-09 and VR16-10. Reagents and conditions: (a) NH, aq, THF, -10° C; (b) 7, E{,N, MeOH,
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Figure 1: The binding aflinity by FTSA (panels A—C) and inhibition by SFA (panels D-F)of VR16-09 towards human recombinant CAs.
Thermal melting curves of 8 uM CA TX (A) and 5 uM CA I (B) determined by ANS fluorescence in the presence of various VR16-09
concentrations. (C) Melting temperatures (7)) of CATX (m), CATI (¥) and CA XTI ( A) as a function of added compound concentration.
The lines were regressed according o [60]. Abserbance decrease due lo enzymalic acidification of the medium by CA IX (D)yor CA XII (E)
for various VR16-09 concentrations. (1) I'raction inhibition of CA IX (m) or CA XII (A ) as a function of the total VR16-09 concentration.
The lines are fit according to the Morrison equation [30].
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(Supplementary Figure 1). VD 12-09 cxhibited functional
activity in HeLa cells (Figure 4A). The smallest, albeit
significant (» < 0.05), impact on extracellular acidification
was found for VRI16-10 (Supplementary Figure 4).
Interestingly, inhibitors VR16-09 and VR16-10 differ
structurally by the size of the hydrophobic ring at ortho
position. Thus, a 12-carbon ring of VR16-09 was found
to be more favorable than an 8-carbon ring of VR16-10
because ~3-fold higher functional effects of VR16-09 on
the reduction of hypoxia-induced acidification of H460
cells were observed. even though their affinities towards
recombinant CA IX were similar (K s of 0.16 and 0.20
nM, respectively). Functional activities of several CA
[X-targeting agents. such as fluorescent sulfonamide [33]
and nitroimidazole-based inhibitors |34, 35] have been

previously reported using the same method in HeLa cells,
where a dose-dependent reduction in hypoxia-induced
extracellular acidification was observed. Results of the
current study indicate that the inhibitors investigated
here are more cfficacious in decreasing extracellular
acidification than previously described compounds
because of their significant functionality at lower
concentrations (5-50 pM), highlighting the potential for
CA IX-targeting therapy.

Interestingly, hypoxia-induced acidosis of AsPC-
1 cells increased after exposure to VR16-09 or VDI11-
4-2 (Figurc 4B, 4C), rclated to the unique cxpression
of monocarboxylate transporter 1 (MCTI1) under
both normoxic and hypoxic conditions in these cells
(Supplementary Figure 5A). Recently, CA IX was

Gln 92 Gln 67

Arg 60

(VR16-09/VR16-10)

GIn 92

A (VD11-4-2)

Figure 2: Crystal structurc of VR16-09 (pancl A, PDB ID: 6G98) bound in the active site of human recombinant CATX. The F — T _omit
map is contoured at 3o. (Panel B) shows that VR16-09 fitted in apo-CA IX structure (PDB ID: 6FE2), demonstrating collision points with
residues indicating too short inter-atomic distances if conformational changes had not occurred. Protein and ligand carbons are shown in
green and black, respectively, and apo-CA IX residues are shown in light blue. Atom colors are: oxygen (red), nitrogen (blue), fluorine
(light blue), and sullur (vellow). (Panel €) shows comparison of binding modes for compounds VR16-09 (black carbons), VR16-10 (green
carbons), VD12-09 (yellow carbons), and VD 11-4-2 (light blue carbons). The zinc ion is shown as a gray sphere and residues participating
in hydrogen bonds or charged interactions are also specified for the respective inhibitors. The figure was prepared using Pymol [61].
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Figure 3: IC_ determination of VR16-09, VD11-4-2, and VD12-09 in hypoxic MDA-MB-231 cells and CA IX-dependent
mode of action for inhibitors in hypoxic HeLa CA IX KO cells. (A) Original recordings of the log enrichment of MDA-MB-231
cells pre-incubated with VID11-4-2 for up to 3 h. The beginning of each trace shows the rate of degradation of the '*O-labeled substrate
n the non-catalyzed reaction. (B-) — Relative CA activity in MDA-MB-231 cells, mcubated under hypoxia (1% ) for 3 days. Cells
were pre-incubated with VR16-09 (B), VD11-4-2 (C), or VD12-09 (D) for up to 3 h. CA aclivily was determined by MS gas-analvsis [rom
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. (E) CA activity in HeLa-WT and HelLa-CA TX-KO cells, before (white bars) and after addition of VR16-
09, VD11-4-2 or VD12-09 (black bars). Average + SD of 4 independent experiments per cell line are shown. Asterisks indicate significant
difference between CA activity before and after addition of inhibitor ("p < 0.01, ™"p < 0.001, n.s.: not significant).
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proposcd to be a “H'-distributing antcnna’ for MCT1
to facilitate rapid extrusion of lactate and H' from the
cell [36]. Even though the catalytic activity of CA IX
was inhibited in AsPC-1 by compounds, the risc of
acidification might be caused by MCT1 which is further
non-catalytically stimulated by CA IX. In contrast. MCT4
was expressed in all tested cell lines and was up-regulated
in responsc to hypoxia (Supplementary Figure 5B), in line

with previously confirmed HIF-1o-dependent mechanism
of MCT4 expression in cancer cells [37].

Inhibitor-induced cytotoxicity

Cytotoxicity of tested compounds was higher in
normoxic than hypoxic cell monolayers. as determined by
cell viability assay using alamarBlue® after treatment for 48
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Figure 4: (A) 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,; grey bars). (B-C) Effect of VR16-09 (B) and VI311-4-2 (C) on the hypoxia-induced
extracellular acidification of 11460, MDA-MI3-231, A349, and AsPC-1 after the exposure for 72 h. Average + SD ot at least 3 independent
experiments 1s shown. Asterisks mdicate significant difference between medivm pH of cells exposed to DMSO and cells treated with
various doses of inhibitor under hypoxic conditions ("p < 0.03; “p < 0.01, ™p < 0.001, " p < 0.0001).
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h or 72 h (Supplementary Figure 6A. 6B. Supplementary
Table 2). Inhibitors were less effective in reducing viability
of hypoxic CA TX-expressing cells than normoxic cells
without or with significantly lower CA [X expression.
Sensitivity of HeLa and H460 cells to VR16-10 was the
lowest and is in line with the lowest VR16-10 Tunctional
activity measured by extracellular pH assay. Therefore,
VR16-10 was not investigated further. Similarly,
compounds were more effective in reducing clonogenic
survival in normoxic compared to hvpoxic monolayer
HeLa cells (Supplementary Figure 6C). Our results
corrclate with previously published cytotoxicity profiles of
benzenesulfonamides, including SLC-0111 [38], sulfamate
S4 [39], and dual-target compounds bearing various CA I[X-
targeting moictics combined with different anti-cancer drugs
[40]. which showed more effective cell kill in normoxia
than hypoxia. We hypothesize that higher cytotoxicity of
inhibitors in normoxic cells as compared with hypoxic
cells could be due to the affinity of investigated compounds
towards CA XII, expressed in all cell lines investigated here
and shown to be up-regulated to compensate the CA IX

knockdown [41]. Thus. new cellular models with both CA
IX and CA XIT KO would be crucial to determine the link
between functional activity of compounds and CA TX or CA
XlI-dependent cellular mechanisms.

Hypoxia-dependent effect on spheroid clonogenic
survival

To confirm the CA TX-dependent efficacy of
the compounds, H460 spheroids were employed.
Immunofluorescence analysis confirmed overlap between
CA IX expression and pimonidazole (PIMO)-positive
hypoxia in sections of H460 spheroids grown for 11
days, whereas neither CA IX nor hypoxia were found in
spheroids grown for 7 days (Figure 5A). Therefore, non-
hypoxic (4 days) and hypoxic (11 days) H460 spheroids
were exposed to VR16-09 using an effective dose based
on extracellular pH assays (Figure 4A. 4B) for 24 h and
afterwards plated for clonogenic survival. In contrast to 2D
cell viability and clonogenic survival assays, a hypoxia-
dependent effect on clonogenic survival of VR16-09 was

CAIX

Merged
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B
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Figure 5: (A) Immunofluorescence images of 11460 spheroids stained for DAPI (blue), PIMO (green) and CA TX (red). The scale bar
mdicates 100 uM. (B) Survival of clonogenic cells derived from non-hypoxic (m) and hypoxic (0) H460 spheroids exposed to VR16-09 for
24 h onday 4 or day 11, respectively. Asterisks indicate statistically significant differences between the surviving fractions of clonogenic
cells derived from normoxic or hypoxic spheroids after exposure to the same dose ("p < 0.03, *"p < 0.001).
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found in H460 spheroids (Figure 5B). The 3D cell models
reflect important properties of in vivo tumors such as
interactions between cells, oxygen gradients, penetration of
drugs, response and resistance, and production/deposition
of extracellular matrix, which are absent in rapidly and
uncontrollably growing 2D cells [42-44]. Our study
confirms the importance of using in vitro 3D cellular
models for screening of CA [X-targeting mhibitors.

MATERIALS AND METHODS

Chemistry

VR16-09 and VR16-10 were synthesized following
a similar route as described in our previous research [24].
Pentaflucrobenzenesulfonyl chloride (1, Acros Organics)
was converted to pentafluorobenzenesulfonamide
(2) via amination with aqueous ammonia (scheme
1) by our improved method [25]. On the basis of our
previous investigations, sulfonamide 2 undergoes
aromatic nucleophilic substitution reactions with sulfur-
centered nucleophiles readily and forms exclusively
the para-substituted products. High reactivity of
polyfluorinated compounds leads to the formation of
monosubstituted or even further substituted compounds.
The subsequent ortho-substitution occurs in the case of
4-substituted-2_3, 5 6-tetrafluobenzenesulfonamides,
bearing non-oxidized sulfur-centered substitutes at
para position. Similarly, sulfonamide 2 was treated
with 4-(2-mercaptoethyl)benzoic acid (7) to furnish
para-substituted compound 3 and  subsequent
aromatic nucleophilic substitution reactions with
cyclododecylamine and cyclooctylamine in DMSO in the
presence of Et,N yielded desirable compounds VR16-09
and VR16-10. Since suitable sulfur-centered nucleophile
7 was not commercially available, it was synthesized
using literature methods. Starting from commercially
available (2-bromoethyl)benzene (4, Acros Organics),
Friedel-Crafts acylation with acetyl chloride proceeded in
high vield. Acylation was accomplished as described in
literature [45], except for changing highly toxic solvent
carbon disulfide to more acceptable dichloromethane.
Conversion of methyl ketone 5 into benzoic acid 6
was carried out via haloform reaction by the method
of Foreman and McElvain [46]. Finally, benzoic acid 6
was treated with thiourea in refluxing water to generate
intermediate salt, which was partitioned by adding sodium
hydroxide solution as described by Takano [47].

Compound characterization

All starting materials and reagents were commercial
products. They were used without further purification.
Melting points of the compounds were determined in open
capillaries on a Thermo Scientific 9100 Series and are
uncorrected. 'H and *C NMR spectra were recorded on

a Bruker spectrometer (400 and 100 MHz, respectively)
in DMSO-d, using residual DMSO signals (2.52 ppm and
40.21 ppm for 'H and "“C NMR spectra, respectively)
as internal standard. ¥F NMR spectra were recorded
on a Bruker spectrometer (376 MHz) with CFCI, as an
internal standard. Proton, carbon and fluorine chemical
shifts were expressed in parts per million (ppm) in the
indicated solvent. Multiplicity was defined as s (singlet), d
(doublet), t (triplet), q (quartet), dd (a doublet of doublets),
ddd (a doublet of doublet of doublets), m (multiplet), br
s (broad singlet). TL.C was performed with silica gel 60
F,,, aluminum plates (Merck) and visualized with UV
light. Column chromatography was performed using
silica gel 60 (0.040-0.063 mm, Merck). High-resolution
mass spectra (HRMS) were recorded on a Dual-ESI
Q-TOF 6520 mass spectrometer (Agilent Technologies).
The purity of final compounds was verified by HPLC to
be =95% using the Agilent 1290 Infinity instrument with
a Poroshell 120 SB-C18 (2.1 mm % 100 mm, 2.7 pm)
reversed-phase column.

Pentafluorobenzenesulfonamide (2)

The solution of pentafluorobenzenesulfonyl chloride
(1) (1.00 g, 3.75 mmol) and THF (60 mL) was cooled to
~—10° C and aqueous ammonia (~1.20 mL, 25 %) was
added dropwise while stirring until the solution was at
pH ~7. After stirring for an additional 1 h, the solvent
was removed under reduced pressure and the white
sclid was washed with cold H,O. Recrystallization was
accomplished from H,O. Yield: 0.84 g (90 %), mp 156—
157° C close to the value in the literature, mp 156° C [48].
'H NMR (400 MHz, DMSO-d): 8.48 (2H, s, SO,NH,).
PF NMR (376 MHz, DMSO-d): -139.5 (2F, dd, '/ =19
Hz, 27 = 6 Hz), -149.39 (1F, t, J = 22 Hz), ~161.03 (2F, t,
J=20Hz).

4-(2-{[4-(Aminosulfonyl)-2,3,5,6-
tetrafluorophenyl]thio}ethyl)benzoic acid (3)

SO,NH;

F F

F g F
S

COQOH

The mixture of pentafluorobenzenesulfonamide (2)
(2.00 g, 8.09 mmol), 4-2-mercaptoethyl)benzoic acid
(N (1.77 g, 971 mmol), Et,N (2.50 mL, 17.9 mmol), and
MeOH (20 mL) was stirred at ambient temperature for 24
h. The solution was acidified to pH = 5 with conc. HCl and
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MeOH was removed under reduced pressure. The white
solid was washed with water and dried. Recrystallization
was accomplished from EtOH. Yield: 2.42 g (73 %), mp
235-236° C.'"H NMR (DMSO-d,. 400 MHz) 6 12.87 (1H,
brs, COOH), 8.40 (2H. s, SO,NH,), 7.85 (2H.d,./= 8.1
Hz, ArH). 7.36 (2H. d, /= 8.1 Hz. ArH), 3.36 2H. t, /=
7.3 Hz, SCH CH,), 2.95 (2H,t,./= 7.3 Hz, SCH,CH ). “°C
NMR (DMSO-d,, 100 MHz) & 167.57 (CO), 146.85 (C3.
C3, dd, 17 (¥F-13C) = 244.2 Hz, °J (*F-13C) = 17.1 Hz),
142.99 (C2, C6, dd. 4T (¥F-1*C) = 254.0 Hz. °J (¥F-*C) =
17.1 Hz), 144.79 (Ar). 129.78 (Ar), 129.53 (Ar), 129.28
(Ar), 122.92 (C4,1,J (¥F-2C)= 153 Hz), 118.64 (C1. 1,
(WF-RC)=20.4 Hz), 35.91 (SCH,CH,), 34.79 (SCH CH,).
“F NMR (DMSO-d_, 376 MHz) 6: —133.0 (2F. dd. 'J =
24.3 Hz, °J = 99 Hz). —139.1 (2F, dd. °J = 24.2 Hz. °J
= 99 Hz). HRMS for C _H FNO,S, [(M-H)]: calcd.

157711

407.9993, found 407.9986.

4-(2-{|4-(Aminosulfonyl)-3-(cyclododecylamino)-
2,5,6-tetrafluorophenyl]thio}ethyl)benzoic acid
(VR16-09)

SOQNEZ
F @ N
F7 F

S

COOH

The mixture of 4-(2-{[4-(aminosulfonyl)-2,3.5.6-
tetrafluorophenyl|thio}ethy Dbenzoic acid (3) (0.40 g,
0.98 mmol). cyclododecylamine (0.286 g. 1.56 mmol),
ELN (0.34 mL, 2.44 mmol). and DMSO (6 mL) was
stirred at 70° C for 36 h. The solution was cooled to room
temperature, diluted with water (20 mL) and acidified
to pH = 5 with 2 M HClL. The white solid was filtered,
washed with water and dried. Recrystallization was
accomplished from EtOH:H, O (2:1). Yield: 0.36 g (64
%), mp 169-170° C.'H NMR (DMSO-d,, 400 MHz)
6 12.86 (1H. br s, COOH), 8.13 (2H, s. SO,NH,). 7.85
(2H, d.J =8.1 Hz, ArH), 7.33 (2H. d. J = 8.1 Hz, ArH).
6.19 (1H, d. /= 9.2 Hz, NH), 3.69 (1H. br s (unresolved
m), CH of cyclododecane), 3.28 (2H, t. J = 7.3 Hz,
SCH,CH,), 2.91 (2H, t. J = 7.3 Hz, SCH,CH)). 1.8-1.1
(22H, m, cyclododecane). “C NMR (DMSO-d. 100
MHz) & 167.63 (CO). 148.18 (C3, d. J (“F-3C) = 244
Hz), 144.84 (C6, ddd, J (“F-"C) = 249.6 Hz, °J (“F-1C)
=15.6 Hz). 3/ (“F-C) = 3.6 Hz), 144.86 (Ar), 141.62
(C5, ddd, 4J ("F-13C) = 236.5 Hz, J ("PF-PC) = 153
Hz. 3J ("F-C) = 4.6 Hz), 132.81 (C2, d. J ("*F-*C) =
15.1Hz), 129.78 (Ar), 129.57 (Ar), 129.14 (Ar), 119.53

(CL, dd, 'J (¥F-13C) = 11.9 Hz. °J (¥F-*C) = 4.5 Hz).
117.52 (C4. dd, 47 (*F-3C) = 23.8 Hz, 27 (“F-1C) = 19.1
Hz), 52.68 (CH of cyclododecane, d, ./ = 10.6 Hz), 35.85
(SCH,CH,). 34.73 (SCH,CH,). 30.95 (cyclododecane).
24.10 (cyclododecane), 23.75 (cyclododecane), 23.40
(cvclododecane). 23.23 (cvclododecane). 21.28 (cvclo
dodecanc). “F (DMSO-d,, 376 MHz) & —120.6 (C3-F,
d.J =113 Hz), -137.0 (C5-F, dd, /=27 Hz. 2/ = 11.5
Hz), —145.1 (C6-F, dd. J = 27 Hz, 3J = 2.5 Hz). HRMS
for C,H, F.N.OS [(M-H)]: caled. 571.1918, found

2777357 3 27472

571.1924,

4-(2-{[4-(Aminosulfonyl)-3-(cyclooctylamino)-
2,5,6-tetrafluorophenyljthio}ethyl)benzoic acid
(VR16-10)

SOQNEZ
F @ N
F F
S

COOH

The mixture of 4-(2-{[4-(aminosulfonyl)-2,3.5,6-
tetrafluorophenyl]thio}ethyl)benzoic acid (3) (0.40 g,
0.98 mmol), cyclooctylamine (0.214 mL, 1.56 mmol),
EtN (0.34 mL. 2.44 mmol), and DMSO (6 mL) was
stirred at 70° C for 24 h. The solution was cooled to room
temperature, diluted with water (20 mL) and acidified
to pH = 5 with 2 M HCI. The white solid was filtered.
washed with water and dried. Recrystallization was
accomplished from EtOH:H, O (2:1). Yield: 0.32 g (64 %),
mp 166-168° C.'H NMR (DMSO-d,, 400 MHz) 5 12.87
(1H, br s, COOH). 8.11 (2H, s. SONH,), 7.85 (2H, d, J
=8.1 Hz, ArH), 7.33 (2H. d, J = 8.1 Hz, ArH). 6.33 (1H.
d..J=8.7Hz, NH), 3.71 (1H, br s (unresolved m), CH of
cyclooctane), 3.30 (2H. t./=7.3 Hz, SCH CH,). 2.91 (2H.
t,.J =73 Hz, SCH,CH,), 1.9-1.4 (14H, m, cyclooctane).
BC NMR (DMSO-dé, 100 MHz) 6 167.64 (CO), 148.16
(C3, d, J (“F-1C) = 242.7 Hz), 144.84 (C6, ddd, J
("“F-13C) = 249.7 Hz, °J (*F-3C) = 15.7 Hz, °J ("F-"C) =
3.8 Hz). 144.9 (Ar). 141.62 (C5. ddd. *J (F-2C) = 236.0
Hz, J ("“F-C) = 15.1 Hz, i/ (“F-13C) = 4.4 Hz), 132.21
(C2. d,J ("F-C) =14.1 Hz). 129.81 (Ar), 129.53 (Ar).
129.21 (Ar). 119.41 (C1, dd. %J (PF-C) = 11.5 Hz, *J
(“F-13C) = 4.9 Hz). 117.51 (C4. dd. 'J (“F-"*C) = 23.7
Hz. 2J (PF-13C) = 18.5 Hz). 55.66 (CH of cyclooctane, d,

J=11.4 Hz), 35.86 (SCH,CH), 34.63 (SCH,CH,), 32.62

(cvclooctane), 27.29 (cyclooctane), 25.94 (cyclooctane),
2553 (cvclooctane), 23.38 (cyclooctane). "F NMR
(DMSO—(I’61 376MHz) 6 —120.81 (C3-F, dd, '7 = 11.4 Hz,
2J = 3.1 Hz), —137.1 (C5-F. dd, 7 = 27.0 Hz, °J = 11.5
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Hz), -145.2 (C6-F, dd, &J = 26.9 Hz, 2/ = 3.0 Hz). HRMS
for C,H, FNO,S, [(M-H)]: caled. 515.1292, found

515.1284.

1-[4-(2-Bromoethyl)phenyljethanone (5)

A mixture of AICL (2.91 g, 21.82 mmol), acetyl
chleride (1.71 mL, 24.05 mmol) and CH,CL, (50 mL) was
stirred at 0° C —+5° C until AICI, dissolved. Solution of
(2-bromoethyl)benzene (4) (2.00 mL, 14.64 mmol} in
acetyl chloride (3.4 mL) was then added dropwise at 0° C
—+2° C. The resulting mixture was stirred at 0° C —+2° C
for 1h and then poured into a mixture of concentrated HC1
(20 mL) and ice (200 mL). This mixture was extracted
with CILCL, (30 mL = 3). The combined organic extracts
were washed with 1N NaOH. water and brine, dried over
Na, 80, and concentrated under reduced pressure. The
resultant residue was subjected to flash chromatography
(silica gel, hexane/EtOAc, 9:1) to afford compound 5
(2.83 g, 85 %) as an o1l. '"H NMR (400 MHz, DMSO-4,)
8794 (2H,d,J=82Hz ArH), 733 (2H, d,J =82 Hz,
ArlT), 3.61 (21, t,J = 7.3 Mz, CT1,), 3.24 21, 1, J = 7.3
Hz, CH,), 2.60 (3H, s, COCH ).

4-(2-Bromoethyl)benzoic acid (6)

A solution of sodium hydroxide (4.16 g, 104 mmol)
in H,O/dioxane (50 mL/40 mL) was prepared in three-
necked, round bottomed flask fitted with a thermometer
and a dropping funnel. The solution was cooled to
0% C in an ice-salt bath, and bromine (2.04 mL., 39.6
mmol) was slowly added with stirring at 0° C — +7° C.
1-[4-(2-Bromoethyl)phenyl]ethanone (5) (3.00 g, 13.2
mmol) was then added dropwise to sodium hypobromite
solution at 0 C — +2% C. The resulting mixture was
stirred at 0° C — +5% C for 1.5 h and then acidified with
concentrated HCl. The precipitated acid was filtered,
washed with water and dried. Recrystallization was
accomplished from toluene. Yield: 2.50 g (83 %), mp 207—
208° C, close to the value in the literature mp 205-207°
C [46]. 'H NMR (400 MHz, DMSO-d,) § 12.91 (1H, brs,
COOH), 7.89 (2H, d,J = 8.3 Hz, ArH), 741 (2H, d,J =
8.4 Hz, ArH), 3.78 CH.t,J=7.1Hz CH), 321 CH.t,J
=7.1Hz CH,).

4-(2-Mercaptoethyl)benzoic acid (7)

The mixture of 4-(2-bromoethyl)benzoic acid (6)
(2.00 g, 8.73 mmol), thiourea (0.80 g, 10.43 mmol}), H,O
(20 mL) was refluxed for 3 h. The solution was cooled to
room temperature and 10 % (w/v) aqueous NaOH (18 mL)
was added and the mixture was refluxed again for 1h. The
solution was then cooled to room temperature, acidified
to pH = 5 with 2 M HCI and filtered. The white solid
was washed with water and dried. Recrystallization was
accomplished from EtOH. Yield: 1.47 g (92 %), mp 157

159° C, close to the value in the literature mp 156-158°
C [47]. 'HNMR (400 MHz, DMSO-d) 8 12.85 (1H, brs,
COOH), 7.88 (2H, d,J = 8.2 Hz, ArH), 7.36 (2H, d,J =
8.2Hz ArH), 292 (2H,t,J=7.4Hz CH).2.77(2H, q.J =
6.8 Hz, CH,), 230 (1H, t,./ = 7.7 Hz, SH).

CA inhibition assay

The enzymatic activity of carbonic anhydrase
isoforms and their inhibition was determined by the
stopped-flow CO, hydration assay where the formed acid
was followed by the absorbance change of a pH indicator.
The Applied Photophysics SX.18MV-R  stopped-flow
spectrometer was used to measure the absorbance change
of Phencl-Red pH indicater at 557 nm [49]. Saturated CO,
solution was prepared by bubbling the CO, gas in MilliQ
water at 25° C for 1 h. Experiments were performed at
25° C using 25 mM Hepes buffer containing 50 mM NaCl
(pH 7.5), 0-10 pM compound with the final 0.4% (v/v)
DMSO concentration. The final enzyme concentration was
10 nM for CA IX and 20 nM for CA XII. Raw curves
of absorbance change were analyzed using Origin 8.1
(OriginLab Corporation) and the slope values were used
to evaluate the rates of CO, hydration. Spontaneous CO,
hydration rate was used as a zero value, while the CA
catalyzed reaction rate - as a maximum value. The K
values were determined using the Morrison equation [50]:

([CA]+[I]+Kd)7J([CA]+[I]+Kd)2 —4{CA][T]
2[CA]

CA acr.(%)—£1 100%

Fluorescent thermal shift assay

The binding affinity of synthesized compounds to
recombinant human CAs was measured by the fluorescent
thermal shift assay (FTSA) where the thermal stabilization
of the protein by the compound was determined by
following the fluorescence dependence on temperature
at various added compound concentrations. The melting
temperature (7' ) of CA was measured using the Corbett
Rotor-Gene 6000 instrument (QTAGEN Rotor-Gene Q,
excitation at 365 + 20 nm, emission detection at 460 +
15 nm}. The protein was heated from 25 to 99° C at a
rate of 17 C/min and the flucrescence change of the
solvatochromic dye 8-anilino-1-naphthalene sulfonate
(ANS) was followed. The samples consisted of 5-10 pM
CA, 0-200 uM ligand, 50 uM ANS, and 50 mM sodium
phosphate buffer containing 100 mM NaCl at pH 7.0,
with the final DMSO concentration of 2% (v/v). Protein
unfolding profiles and the melting temperatures were
determined at each ligand concentration while recording
extrinsic fluorescence of ANS. Data analysis was
performed as previously described [31]. All experiments
were repeated at least twice.
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CAIX purification, crystallization and X-ray
crystallography data collection

Protein was prepared and crystalized as described
previously [30]. Data were collected at beamline BL.14.1,
Helmholtz-Zentrum Berlin, in Berlin, Germany. Images
were processed by MOSFLM [52] and reflections
scaled by SCALA [53]. The structure was determined
by molecular replacement in MOLREP [54]. The ligand
parameter files were generated by LIBCHECK [53].
Ligand modeling and manual refinement of the structure
were done in COOT, followed by refinement in REFMAC.
Data processing, refinement, and validation statistics are
shown in Supplementary Table 1.

Cell culture

Human cervical (HeLa), lung (H460, A549), breast
(MDA-MB-231), and pancreatic (AsPC-1) cancer cells
were cultured in Dulbecco™s Modified Eagle’s Medium
(DMEM, Lonza) supplemented with 10% fetal bovine
serum (FBS, Lonza). Cells were exposed to hypoxic
conditions in the hypoxic chamber (MACS VAS500
microaerophilic workstation, Don Whitley Scientific, UK)
with 0.2% O,, 5% CO, and residual N,. Simultaneously,
normoxic cells were grown in the humidified incubator
with 21% O, 5% CO,_ at 37° C.

Generating Hel.a CA IX knockout cells

Hel.a CA IX knockout (KO) clones were
established as described elsewhere [56]. Hela
cells were routinely cultured in DMEM (Lonza)
supplemented with 10% FBS (Lonza) and transfected
with a vector containing a CA IX-CRISPR guide RNA
(CACCGGGGAATCCTCCTGCATICCG) using linear
polyethylenimine (P-PEI, Polysciences Inc.). 24 h after
transfection, selection with puromycin was started and
maintained for 48 h, after which monoclones were picked
and routinely cultured. After exposure to hypoxia (0.2%,
24 h), an initial screening for CA IX expression was
performed by Western blotting (Supplementary Figure
3), followed by genetic confirmation of CA IX KO in
clones that showed no CA TX expression. This was done
by single allele sequencing using the TOPO® TA Cloning®
Kit (Invitrogen) according to the manufacturer’s protocol.
KO-causing mutations in the C49 gene were confirmed in
two alleles per clone.

Determination of CA catalytic activity in cancer
cells via gas-analysis mass spectrometry

Catalytic activity of CA in hypoxic MDA-MB-231
and HelL.a cancer cells was determined by monitoring the
*0 depletion of doubly labeled “C™O, through several
hydration and dehydration steps of CO, and HCO - at 24° C
[57, 58]. The reaction sequence of *O loss from PCOB0

(m/z = 49) over the intermediate product *C®0*0 (m/z
= 47) and the end product PC1®0OY¥0 (m/z = 45) was
monitored with a quadrupole mass spectrometer (OmniStar
GSD 320, Pfeiffer Vacuum, Asslar, Germany). The relative
150 enrichment was calculated from the measured 45, 47,
and 49 m/z abundance as a function of time according
to: log enrichment = log (49x100/(49+47+45)). For the
calculation of CA activity, the rate of ®O depletion was
obtained from the linear slope of the log enrichment over
the time, using OriginPro 8.6 (OriginLab Corporation).
The rate was compared with the corresponding rate of the
non-catalyzed reaction. Enzyme activity in units (U) was
calculated from these two values as defined by Badger and
Price [59]. From this definition, one unit corresponds to
100% stimulation of the non-catalyzed *O depletion of
doubly labeled “C#0,. MDA-MB-231 cells were cultured
in Gibco Leibovitz-L15 medium (Life Technologies
GmbH, Darmstadt, Germany), supplemented with
10% fetal calf serum, 5 mM glucose and 1% penicillin/
streptomycin, pH 7.4. HeLa cells were cultured in RPMI-
1640 Medium (Sigma Aldrich, Schnelldorf, Germany),
supplemented with 10% fetal calf serum and 1% penicillin
/ streptomycin. Both cell lines were cultured under hypoxia
(1% O,) for 3 days prior to measurements. Cells were
trypsinized, washed and resuspended in HEPES-buffered
saline (143 mM NaCl, 5 mM KCI, 2 mM CaCl,, 1 mM
MgS0,, 1 mM Na HPO,, 10 mM HEPES, pH 7.2} For
determination of IC_ values, 2 cell culture plates (58
cm?), grown to 80% confluency, were used for every
single measurement. To ensure an equal amount of cells
within one set of measurements, cells from several plates
were pooled and then aliquoted according to the number
of tested inhibitor concentrations. For the determination
of IC,, the cell suspensions were incubated in the
corresponding concentration of inhibitor for up to 3 h.
For every measurement, the non-catalyzed reaction was
determined for 6 min in the presence of inhibitor, before
cell suspension was added to the measuring cuvette and the
catalyzed reaction was determined for 8 min. CA activity
in the presence of inhibitor was normalized to the activity
in the absence of inhibitor. IC  values were determined
by Hill equation using OriginPro 8.6. To investigate
specificity of the inhibitors in HelLa WT and HeLa CATX
KO cells, the non-catalyzed reaction was determined for 6
min in the absence of inhibitor, before a suspension of 3
% 108 cells was added to the measuring cuvette. After the
catalyzed reaction was determined for 6 min, the inhibitor
was added to the cuvette and the reaction was determined
for another 6 min.

Extracellular acidification (pH) assay

HeLa, H460, MDA-MB-231, and AsPC-1 cells were
cultured in DMEM (Lonza) supplemented with 10% FBS
(Lonza), whereas A549 cells were grown in-house made
analogous medium differing only by a lower amount of

www.oncotarget.com

Oncotarget



sodium bicarbonate (final concentration 10 mM). Cell
densities for each cell line were optimized to get ~100%
confluence at the end of experiment under normoxic
and hypoxic (0.2% O,) conditions upon vehicle (0.05%
DMSQO) treatment. Such conditions were necessary to
obtain the highest possible level of CA TX-dependent
extracellular acidification. Cells were plated in & cm
dishes and allowed to attach overnight in normoxia. The
next day cells were exposed to 5-50 uM doses of each
inhibitor or DMSO for 72 h in parallel under normoxic
or hypoxic conditions and pH of the culture medium was
measured at the end of each experiment as previously
reported [33]. Results are shown as a difference between
the pH of medium in the control plate (without seeded
cells) and the pH of medium in the targeted plate (cells
exposed to the compound or vehicle).

Cell viability assay

Cytotoxicity of inhibitors was determined by the
alamarBlue® cell viability assay (Life Technologies). Cell
densities for HelLa, H460, MDA-MB-231, A549, and
AsPC1 were optimized to get ~80% confluence at the
end of experiment under normoxic and hypoxic (0.2%
O,) conditions upoen vehicle (0.25% DMSO) treatment.
Briefly, cells were seeded in 96-well plates and allowed to
attach overnight in normoxia. On the next day, cells were
exposed to normoxia or hypoxia and medium was replaced
with pre-incubated normoxic or hypoxic medium with
final concentrations of 10-150 pM of inhibitor or DMSO.
After 72 h, cells were incubated with 10% alamarBlue®
for 2 h under normoxia at 37° C. The fluorescence
signal was measured using the multi-mode microplate
reader (FLUOstar® Omega, BMG Labtech) at 580 nm
(excitation wavelength 540 nm). Response to treatments
was quantified by evaluating EC, values (concentration
of inhibitor that leads to half-maximum viability response
determined by Hill fit).

Clonogenic cell survival assays

Clonogenic survival of Hel.a cell monolayers was
evaluated using cell densities applied in the extracellular
acidification assay to determine the effect of inhibitors
on the clonogenic cell survival while having the same
acidification conditions. Cells were exposed to 10-50 uM
VR16-09, VD11-4-2, VD12-09, or 0.25% DMSO for 72
h upon normoxic or hypoxic conditions (0.2% O,). Such
doses of inhibitors significantly reduced hypoxia-induced
acidification. Then cells were trypsinized, reseeded in
triplicate with known cell densities and allowed to form
colonies for 14 days. To test inhibitors in 3D cell models,
non-hypoxic and hypoxic H460 spheroids were exposed to
5-15 uM doses of VR16-09 or 0.25% DMSO for 24 h on
day 4 or day 11, respectively. Single cell suspensions were
prepared and cells were plated in triplicate with known

cell densities and allowed to form colonies for 14 days.
Colonies were quantified after staining and fixation with
0.4% methylene blue in 70% ethanol. Surviving fraction
was normalized to vehicle (DMSO).

Spheroid growth

To prepare plates for the growth of attachment-
free H460 spheroids, autoclaved 1.5% w/v agarose
(Sigma-Aldrich) was dispensed in the inner 60 wells of
96-well plates (50 puL/well) and left for polymerization at
room temperature for 30 min. H460 cells were plated in
modified 96-well plates to the surface of agarose menisci
with a density of 500 cells/well. The DMEM was refreshed
every two days. After 7 or 11 days in culture, spheroids
were incubated with 20 pg/ml pimonidazole (PTMO,
Hypoxyprobe-1, HP-1000, BioConnect) for 2 h at 37°
C, collected and cryoconserved for immunofluorescence
analysis (see below). In parallel 4 or 11 days after cell
seeding, spheroids of homogeneous volume were treated
with 5-15 uM VR16-09 or 0.25% DMSO for 24 h and
collected for clonogenic survival assay.

Western blot

Protein isolates were prepared by incubating scraped
cells in RIPA buffer on ice for 30 min, followed by
centrifugation to remove cell debris. Protein concentrations
were determined using Bradford protein quantification
reagent (BioRad). Western blot was performed using
primary antibodies, including mouse anti-CA IX (M75,
1:40, kindly provided by Silvia Pastorekova, Institute of
Virclogy, Slovak Academy of Science, Slovak Republic),
mouse anti-CA XIT (clone 15A4, 1:100, kindly provided
by Aurelija Zvirbliens, Institute of Biotechnology, Vilnius
University, Lithuania), rabbit anti-MCT1 (1:100), rabbit
anti-MCT4 (1:400, kindly provided by Holger M. Becker,
University of Veterinary Medicine Hannover, Hannover,
Germany), rabbit anti-lamin A (1:10.000, Sigma-Aldrich),
and mouse anti-actin (1:2.000.000, MP Biomedicals).
Primary antibodies were incubated overnight at 4°
C, whereas horseradish peroxidase-linked secondary
antibodies (1:2.000, Cell Signaling) were incubated for 1
h at room temperature. Amersham ECL Wastern Blotting
Detection Reagent (GE Healthcare Life Sciences) was
applied for the detection of CA XII, MCT1, MCT4,
and lamin A, while SuperSignal™ West Pico PLUS
Chemiluminescent Substrate (Life Technologies) was used
for the visualization of CA IX and actin.

Immunofluorescence analysis

H460 spheroids of day 7 and day 11 were
cryoconserved. Frozen sections (7 um) of spheroids were
fixed in acetone (4° C, 10 min), air-dried and rehydrated
in phosphate buffered saline (PBS). Non-specific binding
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was blocked by incubation with 0.5% goat serum in PBS
for 30 min at room temperature. Sections were stained
(37° C, 1 h) using primary rabbit anti-PIMO (1:250) or
mouse anti-CA IX (1:100, M75), followed by incubation
(37° C, 1 h) with secondary goat anti-rabbit Alexa488
or goat anti-mouse Alexa594, respectively (both 1:500,
from Invitrogen). Nuclei were stained with DAPT (final
concentration 5 pg/mL) for 2 min at room temperature.
Staining without primary antibody was used as negative
control. Sections were viewed at 10x magnification by
Nikon Eclipse E800 microscope (Nikon Instruments Inc.).

Statistics

Statistical analysis was performed using GraphPad
Prism (version 6.01). A non-parametric Mann-Whitney U/
test for small groups was applied to evaluate the statistical
significance of differences between two independent
groups of variables and p < 0.05 was assumed to be
significant (p < 0.05; "p < 0.01, ™"p < 0.001, ™p <
0.0001).

CONCLUSIONS

In conclusion, the integrative set of synthesis,
inhibitory  activities, biophysical binding profiles,
crystallographic analysis, and effects in 2D and 3D cancer
cell culture models 1s described in the present study.
X-ray analysis demonstrated novel, previously unseen
conformational changes in CA TX active site due to ligand
binding. Our compounds exhibited high affinity and
selectivity towards recombinant CA TX, reached nanomolar
CATX-dependent functional effects as well reduced hypoxia-
induced acidification in a variety of cancer cell lines.
Interestingly, hypoxia-dependent reduction of clonogenic
survival was only observed in spheroids, highlighting the
importance of investigating CA IX-targeting compounds in
3D cell models resembling the naturally occurring hypoxic
microenvironment with clonogenic survival as endpoint. The
newly designed compounds are therefore promising agents
for CA IX-specific therapy.
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4. Discussion

CAs are widespread in many life forms. There are at least 16 mammalian CA isoforms and
some of them are associated with different diseases. In general — the enzymatic activities of various
CA isoforms are favorable for various physiological processes, but in some cases, they promote
development of various diseases (Supuran, 2012). The main focus of my thesis was on structural
studies of ligand complexes with hCA 1l and hCA IX. hCA 1X is considered to favor tumor cell
proliferation (Chiche et al., 2009), while inhibition of hCA Il lowers the intraocular pressure, thus
relieving symptoms of glaucoma and lowering damage to the eye nerve (Mincione et al., 2008).
All of the mammalian CAs display relatively high sequence identity but differ by localization in
the cell and tissue and despite the same catalyzed reaction play different physiological roles. hCA
isoforms display high sequence identity (23%-60%), and residues forming the active site pocket
are even more conservative (Pinard et al., 2015). Only six residues out of 21 in the active site pocket
are highly diverse between the isoforms thus making isoform selective inhibitor design a
challenging task. Selective inhibition of an unwanted isoform is crucial to avoid disfunction of vital
processes. Currently available medications, such as Diamox (acetazolamide), have poor selectivity
and they target most of the CA isoforms with nanomolar affinity, thus displaying numerous side
effects (Supuran, 2008b). Designing a molecule which fits the active site of CA enzyme so
perfectly, that it has significantly lower affinity to all other isoforms is an ongoing research
challenge.

Available structural data of the protein — ligand interactions are essential for rational drug
design. X-ray crystallography can give precise insight in ligand-enzyme complexes at atomic
resolution. The obtained information notably increases the chance to design a compound targeted
towards a specific isoform.

At the beginning of my thesis work | crystallized hCA 11 in complex with five similar
thiophene-2-sulfonamides. The thiophene-2-sulfonamides were designed based on available
structural data of similar compounds - thiadiazole-2-sulfonamides. Acetazolamide is thiadiazole-
2-sulfonamide and it has been determined that acetazolamide with its thiadiazol moiety forms a
hydrogen bond to highly conservative hCA active site residue Thr200. Since thiophene-2-
sulfonamide has no nitrogen atoms to form a hydrogen bond at that position we expected some
difference in the ligand positioning due to weaker Van der Waals forces. Analysis of X-ray data

showed that four of the compounds were bound very similarly within the active site of hCA Il
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interacting with the polar part, while compound with more hydrophobic tail moiety fitted in the
hydrophobic part of hCA Il. From the obtained results it could be concluded that orientation and
binding mode of compound in the active site of enzyme can be directly affected solely by
hydrophobicity of its tail moiety. Importantly, the obtained results can be used to generate an
improved compound with combined binding properties of parent compounds — potential “dual tail”
compounds possessing both polar and non-polar tails for potentially wider active site coverage and
higher selectivity.

Artificial sweetener saccharine was previously determined as a CA inhibitor by another research
group with increase in selectivity comparing to sulfonamide class inhibitors (Kéhler et al., 2007).
It was previously determined that saccharine moiety with attached sulfonamide group prefers
binding to the enzyme through its sulfonamide ZBG, as it is energetically more favorable (Alterio
et al., 2015b). As newly synthesized compound tail moiety was attached to saccharine ZBG it was
expected that compounds will bind to the Zn?* ion through its sulfonamide group. The acquired
crystal structures had atomic resolution and the attained electron density map clearly demonstrated
an unexpected hydrolysis of the isothiazole cycle in the saccharine moiety. Although hydrolysis
of the isothiazole cycle most probably occurred due to the high pH level of the precipitant in the
crystallization mix, the binding mode of the compound allowed design of further CA-ligands with
series of new open-ring saccharine derivatives with increase in selectivity to some of the CA
isoforms (lvanova et al., 2017). Although structural studies of hCA Il are nothing unique,
considering more than 775 structures available on the PDB, hCA 11 is still the most popular hCA
isoform for studies of new ligand types due to easy experimental procedures. Even so, despite the
massive structural data of hCA I, there is still no isoform specific inhibitor for hCA 11 and drug
design for anti-glaucoma medicaments and diuretics is still an ongoing research field.

One of the main targets for pharmacologically important enzyme drug design in the CA field
is tumor associated hCA IX. The available data in literature suggests that enzymatic activity of
hCA 1X favors tumor growth and its inhibition could prevent cancer cell spread (Chen et al., 2005).
Limited expression of hCA X in normal tissues and overexpression in many tumors makes it a
valid target for anti-cancer drug research (Mahalingam et al., 2018). A serious problem for design
of an isoform specific hCA IX inhibitor was the lack of structural data about hCA IX — ligand
interactions. Until 2015 there was only one hCA X structure available in the PDB (Alterio et al.,
2009). Repeating crystallization conditions from the first published hCA 1X catalytic domain

structure failed and at that time the described expression method in baculovirus yielded very limited
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quantity of protein. Therefore, we decided to develop a new protein expression and purification
pathway suitable for structural studies. We managed to express a soluble and active hCA 1X
catalytic domain. Furthermore, we produced hCA 1X crystals in complex with previously described
thiophene-2-sulfonamides. Comparing binding modes of compounds among hCA Il and hCA IX
isoforms it was noted that all tested compounds were bound quite differently within the active sites
of hCA 1X and hCA IlI. By analyzing the binding modes, we concluded that all of the tested
thiophene-2-sulfonamides were oriented to the part of the enzyme active site which differs most
between all of the mammalian CA isoforms. Orientation differences of the tested thiophene-2-
sulfonamides can be explained by potential collision of the tail moiety with hCA 11 residue Phe131.
Further research of thiophene-2-sulfonamide derivatives is ongoing targeting the most diverse hCA
residues.

Using our designed hCA X catalytic domain expression, purification and crystallization
system, multiple highly efficient fluorinated benzene-sulfonamides were co-crystallized with the
enzyme. From the obtained data we solved several high resolution structures of ligand-hCA IX
complexes of various nanomolar CA inhibitors. The obtained structure of inhibitor VR16-09 in
complex with hCA IX could explain the observed 1,000,000 fold selectivity of binding to hCA 1X
over hCA IlI. Being a good example of selective inhibitor design, VR16-09 made specific
interactions in both polar and hydrophobic parts of the active site.

By comparison of crystallographic and kinetic studies, it can be can concluded that the 8/12
carbon ring at the ortho position results in a lower affinity towards many hCA isoforms whilst
remaining a pico/nano molar inhibitor to hCA IX. The fluorobenzene cycle is positioned similarly
in hCA 1X-VR16-09, hCA IX-VR16-10 and hCA 1X-VD12-09 crystal structures, despite
differences in tail moieties. Fluorobenzene cycle fit in the conservative part of hCA IX and can be
used for further inhibitor design. There are small differences regarding affinities to some hCA
isoforms among the compounds VD12-09 and VR16-10, although they are structurally similar and
differ only in polar tail moiety parts. The hydrophobic cycloalkane moiety and binding mode is
identical within hCA X of these compounds. Judging from X-ray data, the hydrophilic tail moieties
of compounds VD12-09 and VR16-10 are oriented to the conservative part of hCA.

If bound to hCA I, hydrophobic tails of VD12-09 and VR16-10 could potentially clash with
one of the most diverse residues - Phel31. This provides higher selectivity against hCA Il and
many other hCA isoforms.
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The cycloalkane group at meta- position results in much weaker selectivity against hCA 11 for
compound VD11-4-2. The big eight carbon cycle at meta- position does not affect the positioning
of the hydrophobic ring but has an overall effect on fluorobenzene cycle orientation. Another
difference between VD11-4-2 and other compounds is the fact that the there is -SO»- group instead
of -S- at the para- tail which results in two additional hydrogen bonds with residues Asn62 and
GIn92. Sulfonyl part of the VD11-4-2 hydrophilic tail moiety linker perfectly fits between two
polar residues occupying that part of the hCA X active site thus potentially providing further clue
for rational design of polar tail of similar derivatives.

In conclusion, my work has provided several clues for isoform-specific inhibitor design of hCAs.
The most important part of the performed study was creation of efficient hCA IX production,
purification and crystallization system, which was successfully used for further structural and

kinetic studies.
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5. Conclusions

Thiophene-2-sulfonamides are effective human carbonic anhydrase inhibitors, with
tail moiety orientation towards the hot spot for isoform selective drug design.
Ligand orientation within the active site of carbonic anhydrases can be affected solely
by hydrophobicity of tail moiety.

Isothiazole cycle in saccharin moiety can be hydrolyzed in high pH environment
forming open ring saccharine derivatives which work as semi-selective CA inhibitors.
Genetic fusion of catalytic domain of hCA IX with MBP in combination with
expression in Pichia pastoris results in high yields of soluble and enzymatically
active enzyme.

Fluorinated benzene-sulfonamides with cycloalkane moiety at the ortho position are
nanomolar hCA [IX inhibitors with notable increase in selectivity, comparing to
widely used carbonic anhydrase inhibitors.

Fluorinated benzene-sulfonamides can alter enzyme active site pocket conformation

by changing the side chain rotamers to their favorable orientation.

88



6. Main thesis for defense

. Thiophene-2-sulfonamides can be used for targeting the most diverse region of hCA
active site.

Open form 1-N-substituted saccharins are highly efficient hCA 11 inhibitors.
Expression system in Pichia pastoris is suitable for production of hCA IX catalytic
domain in high amounts.

Increase in selectivity for fluorinated benzene-sulfonamides with cycloalkane tail
moiety at ortho- position interacts with the most diverse hCA residues thus providing
a promising anti-cancer drug candidate.
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