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ABSTRACT

Maliukova A. 1. Interaction of carbonic anhydrase with inhibitors. Diploma theses
for Master of Science Degree. V. N. Karazin Kharkiv National University, 2024. 67 p., 17

figures, 5 tables, 160 references.

CARBONIC ANHYDRASE, INHIBITOR, STRUCTURAL STUDY, STOPPED
FLOW METHOD, X-RAY CRYSTALLOGRAPHY, TUMOR

The object of research: two proteins (carbonic anhydrase Il and carbonic anhydrase

IX) and three selected inhibitors.

Subject of research: the interaction of selected carbonic anhydrase inhibitors with

specific carbonic anhydrase proteins.

The purpose of the work: investigation of inhibition properties.

Research methods: Stopped Flow method, vapour diffusion crystallisation by the

hanging drop, X-ray crystallography.
Research results: X-ray crystallography studies have demonstrated that the selected

inhibitors bind to the active sites of enzymes, forming strong hydrogen bonds with amino
acid residues; kinetic studies have shown that the inhibitors have a high affinity for protein
and are effective in reducing enzymatic activity. These results are relevant for further stud-

ies of these compounds.

Human carbonic anhydrases are metalloenzymes that are involved in a number of
physiological processes within the body. Additionally, these enzymes are important in the
pathogenesis of a multitude of diseases. Under physiological conditions, the expression

of carbonic anhydrase IX (CA IX) is significantly less prevalent in comparison to the
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fourteen alpha class isozymes. However, during hypoxia, this enzyme is highly overex-
pressed on the cell surface. For this reason, this enzyme represents an excellent target for
the development of new therapies and diagnostic tools for tumors. Various anti-CAIX spe-
cific inhibitors are being developed.

The present study examines the interaction of three carbonic anhydrase inhibitors
with two proteins, CA IX and CA II. Two of the three inhibitors are sulfonamides, and one
of them 1s a thiazolidinedione. The inhibitory properties were investigated through the use
of stopped-flow, crystallization, and X-ray diffraction techniques. Kinetic studies have
demonstrated that the inhibitors possess a high binding affinity for proteinaceous sub-
strates and are capable of significantly reducing enzymatic activity. X-ray crystallography
studies have demonstrated that the selected inhibitors form strong hydrogen bonds with
amino acid residues within the active sites of enzymes, thereby inhibiting enzyme func-
tion.

These findings can be a basis for further investigation of these compounds.



PEOEPAT

MamokoBa A. 1. B3aemogis kap6oanrinpasu 3 iHriditopamu. [lummomaa po6ota
JUISL MariCTEpPChKOTO CTyNeHs. XapKiBChbKUN HallioHanbHUN yHiBepcuteT imeni B. H. Ka-

pazina, 2024. 67 ct, 17 puc., 5 Tabmn., 160 mxepern.

KAPEOHAHI'TAPA3A, IHT'IBITOP, CTPYKTYPHE JOCJIB/DKEHHA, METO/]
3YIIMHEHOI'O I[TOTOKY, METOJ PEHTTEHIBCHLKOI KPYCTOJIOT PA®II, ITYX-
JINHA

OO0'exT nocnipkeHHs: 1Ba O1ku (kapOoanrigpasa Il ta kapboanrigpasza [X) ta Tpu
B1/1i0paHi 1HT161TOpH.

[Ipenmet mocmiKeHHS: B3a€EMO/Iisl BUOpaHUX 1HT10ITOPIB KapOoaHTipa3u 31 cre-
nudiyHIMU O17TKaMu KapOoaHT1Apasu.

Meta nociiKeHHS: T0CIIKEHHS 1HT10yBaJIbHUX BIACTUBOCTEH.

Metonu nociimxeHHs: MeTo 3ylTMHEHOTO MOTOKY, apoaudy3iiina kpuctamizaiis
BUCSIUOIO KpaIUJIEI0, PEHTI€HIBChbKa KpucTaiorpadis.

Pesynbrati  pocnigkeHb: PEHTTeHOCTPYKTYypHI JOCHIIKEHHS TMOKa3alH, 10
B1J110paHi 1HT101TOpH 3B'SI3yIOTHCS 3 aKTUBHUMHU LIEHTpaMU ()EPMEHTIB, YTBOPIOIOYH MilIHI
BOJIHEBI 3B'SI3KU 3 aMIHOKHUCJIOTHUMHU 3aJIHAIIKAMU; KIHETUYHI JOCIIIKEHHS OKa3aJlIHy, 1110
1HT101TOpHU MaIOTh BUCOKY CIOPIIHEHICTD J10 OUIKa Ta €PEKTUBHO 3HUKYIOTh (pepMeHTa-
THUBHY aKTUBHICTb. Lli pe3y/bTaT € akTyaTbHUMU JJIS TOAABIITNX JTOCTIKEHb IUX CII0-

TyK.

KapOon anrigpasu jgronuHu - 1e MeTalopepMeHTH, sKi OepyTh y4acTb y HM3II

¢i3ionoriyHux mpouecis B opranizmi. Kpim toro, 111 pepmeHTH BiIIrpatoTh BaKIUBY POJIb
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y maroreHe3i 0ararbO0X 3axBOpIOBaHb. Y (Di310JOTIYHMX yMOBaxX €Kcrmpecis KapoOo-
aarigpasu [X (CA IX) 3Ha4HO MEHIII MOMIMPEHA MOPIBHSIHO 3 YOTHPHAIIATEMA 130(hep-
MeHTaMH anbda-kiacy. OgHax i1 yac rinokcii neit GepMeHT CUITBHO TIePEKCIPECY€EThCS
Ha MOBEPXHI KIITUH. 3 1€l MPUUMHU LeH (PepMEHT € UyT0OBOIO MIIIEHHIO JJIsI PO3POOKH
HOBHX METO/IIB JIIKyBaHHS Ta JIIarHOCTUKY MyXJIMH. Pi3HOMaHITHI cnienndivHi iHr161TOpH
anTu-CAIX B nanuii yac po3poOmsitoThCsl.

VY 1poMy JOCHIJIKEHHI BHUBYAETHCS B3a€EMOAIS TPbOX 1HT1OITOPIB KapOOHOBOI
anriapasu 3 gBoma oiikamu, CA I1X 1 CA 1. JIBoe 3 TpboX 1HTI01TOPIB € CynbhoHaAMITaMHU,
a OJINH 3 HUX - T1a30J1IUH/10H. J{0CITiIPKEHHSI BIAaCTUBOCTEHN 1HT10yBaHHS OYyI0 371HCHEHO
METOJJaMH 3yMTMHEHOTO MOTOKY, KpUCTalli3allli Ta peHTTeHOCTPKYKTYpHOTO aHamizy. Kine-
THYHI JOCTIIHKSHHS TTOKa3aIH, 10 1HT101TOPH MalOTh BUCOKY CIIOPITHEHICTh J10 O1JTKOBUX
CyOCTpariB 1 3[aTHI CyTT€BO 3HWKYBaTH (DEPMEHTATUBHY aKTHUBHICTb. PEHTreHOCTpyK-
TYpH1 JTOCHIPKCHHS IMOKa3ald, IO BigiOpaHi 1HTiOITOPH yTBOPIOIOTH MIIHI BOIHEBI
3B'SI3KM 3 aMIHOKHCJIOTHUMHM 3aJTUIIIKaMH B aKTUBHHX IIEHTpax (EpPMEHTIB, THM CaMUM
MPUTHIYYIOUH iXHIO (PYHKIIIIO.

L{i pe3ynbTaTd MOXYTh CTATH OCHOBOIO JIJISl TTOJAIBIIINX JOCTIHKEHD IIUX CIOJIYK.
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INTRODUCTION AND AIMS

Carbonic anhydrase (CA) belongs to a large family of metalloenzymes. These pro-
teins catalyze the reversible reaction of carbon dioxide hydration to bicarbonate ions and
protons. This process plays a pivotal role in regulating the acid-base balance. Given their
involvement in numerous biological processes, these enzymes are also also involved in
various pathological conditions. This makes the inhibition of specific CA isoenzymes an
important goal in the development of therapeutic agents for a wide range of diseases.

This work focuses on human carbonic anhydrase IX (CA IX) which is one of three
membrane located CA isoforms. CAIX plays a significant role in cellular adaptation to
low pH levels and is involved in the progression of cancer, as has been demonstrated. The
protein expression on cell surface is induced in hypoxic conditions, thereby generating an
acidic microenvironment through proton formation. This results in acidosis, which in turn
fosters the survival and progression of cancer cells. In light of the aforementioned evi-
dence, it is currently of great importance to create selective inhibitors of carbonic anhy-
drase IX and to investigate their inhibition properties. Carbonic anhydrase 11 (CA II) is
not associated with cancer. It is widely distributed intracellular isoform that plays crucial
physiological role. It has similar structure to CA IX, with the exception lacking PG and
thansmembrane and intracellular domains that are unique to CA IX.

This study studies interaction of three carbonic anhydrase inhibitors with two pro-
teins, CA IX and CA II. The objective is elucidating the inhibitory effects of these com-
pounds in enzymatic assay and study the details of protein-inhibitor interactions by X-ray
crystallogprphy.

To summarize:

The object of research: two proteins (carbonic anhydrase Il and carbonic anhydrase

IX) and three selected inhibitors.

Subject of research: the interaction of selected carbonic anhydrase inhibitors with

specific carbonic anhydrase proteins.
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The purpose of the work: investigation of inhibition properties.

Research methods: Stopped Flow method, vapour diffusion crystallisation by the

hanging drop, X-ray crystallography.
Research results: X-ray crystallography studies have demonstrated that the selected

inhibitors bind to the active sites of enzymes, forming strong hydrogen bonds with amino
acid residues; kinetic studies have shown that the inhibitors have a high affinity for protein
and are effective in reducing enzymatic activity. These results are relevant for further stud-

ies of these compounds.
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1. STRUCTURE, FUNCTION AND INHIBITION OF CARBONIC ANHY-
DRASES

1.1 Carbonic Anhydrases

Carbonic anhydrases (CAs, EC 4.2.1.1) are metalloenzymes that catalyze the re-
versible hydration of carbon dioxide (CO5) to bicarbonate anion (HCO5") and proton (H")

according to the following reaction:

CO, + H,0 <> HCOy + H (1.1)

The primary function of this process is to maintain an optimal acid-base balance
within the organism. Based on this, these proteins play a pivotal role in a number of
crucial physiological processes: CO, and HCO* transport in respiration, bone resorption,
gluconeogenesis, ureagenesis, lipogenesis, and cancerogenesis.

After identification of this enzyme in erythrocytes [139] it was found that it is pre-
sent in large quantities in all tissues of mammals, plants, algae, and bacteria. CA has sev-
eral different classes named by the Greek alphabet, which differ in their folded and oligo-
meric structures but all of them contain divalent metal ion in their active [ 144, 75]. Human
carbonic anhydrase belongs to the alpha (a) class and has 15 isoenzymes that are structur-
ally very similar and are involved in many important processes in the body, such as acid-
base balance, electrolyte secretion, respiration, urogenesis, gluconeogenesis, and many
others [144]. 12 of these 15 catalyze the reversible hydration of carbon dioxide via the
above-mentioned reaction by Zinc ion in the active site and have a different range of cat-
alyzed activity, while the other 3 (also called carbon anhydrase-related proteins (CARPs)

do not contain Zinc (another metal), have different amino acid residues and therefore do
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not perform catalyze [144]. Carbonic anhydrase isoforms are widespread within the hu-
man body, performing a diverse array of physiological functions. Figure 1 presents a sche-

matic representation of the localization of human carbonic anhydrase isoforms.

Figure 1.1. Schematic representation of the localization of human carbonic anhy-
drase isoforms: CARPs (CARP VIII, CARP X, CARP XI), CA I, CA I, CA1II, CA VII,
CA XIII are cytosolic proteins; CA VA, CA VB are mitochondrial proteins; CA VI is a
secreted isoform; CA IV is a membrane protein with an anchor in the membrane; CA IX,
CA XII, CA X1V are transmembrane proteins with inwardly directed sites. Proteins are
schematically marked with green circles without taking into account their domain struc-

ture. The figure was created using the Biorender.com software. [161]

With the exception of CA VI, IX, and XII, the majority of CA isoforms are typically
found in monomeric forms comprising seven right-handed a-helices and a twisted 3-sheet

formed by 10 B-strands (two parallel and eight antiparallel).


https://www.biorender.com/
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Carbonic anhydrase I is present in all body tissues. It exhibits moderate catalytic
activity (CO: hydration). This cytosolic protein is predominantly present in significant
amounts within erythrocytes, in addition to CA II, within the eyes or the gastrointestinal
tract [158, 68, 83]. In individuals without health issues, the concentration of free CA I
protein in the bloodstream is typically minimal. However, it can be markedly elevated in
specific pathological contexts, such as prostate cancer [148], sepsis [61]. Additionally,
CA 1 1s implicated in the pathogenesis of retinal and cerebral edema [44].

CA 1I is the isoform most widely expressed and is involved in a multitude of pro-
cesses, including bone resorption, respiration, and pH regulation. It displays considerable
catalytic activity. The protein is distributed throughout a number of tissues, including the
stomach, colon, kidney, erythrocytes, bone osteoclasts, lung, testis, and brain [98, 158, 8].
However, the activity of CA II has been linked to a number of diseases associated with
blood and plasma, including hemolysis, disseminated intravascular coagulation, pulmo-
nary hypertension, anemia, and stromal tumors of the gastrointestinal tract [47]. Moreover,
the following conditions may be observed: renal tubular acidosis, osteopetrosis, cerebral
calcification, glaucoma, edema, and epilepsy [98, §].

It was shown that CA III performs an antioxidant function within cells that undergo
significant oxidation, including adipose tissue, hepatocytes, and skeletal muscle fibers
[99, 158]. The enzyme exhibits minimal catalytic activity. The CA III protein has been
identified in the epididymis, skeletal muscle, and adipocytes [8, 98 ]. The activity of CA
IIT is detected when the regulation is reduced in cases of liver damage [65, 24], acute
coronary syndrome [130], or vasculitis [129]. However, typically it plays a more promi-
nent role in the context of oxidative stress [98, 8, 87].

The carbonic anhydrase IV isoenzyme displays high catalytic activity (CO: hydra-
tion). CA IV i1s a membrane-bound CA that is anchored to the membrane via a glyco-
sylphosphatidylinositol anchor. In normal tissue expression, the protein is found in the

colon, cerebellum, kidney, lung, pancreas, brain capillaries, heart muscle, and eyes [98, 8,
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158]. The protein has been linked to a number of pathological conditions, including reti-
nitis pigmentosa, glaucoma, cerebrovascular accident [98, 8] and autoimmune pancreatitis
[112].

Carbonic anhydrase V, which exists in two forms (VA and VB), is localized in the
mitochondrial matrix. CA VA is located in the mitochondria of the heart, lungs, kidneys,
spleen, and intestine, where it provides these organs with bicarbonates for glucogenesis
and fatty acids for the synthesis of pyrimidine bases [142, 158]. In contrast, CA VB is
found in skeletal and cardiac muscle, kidney, pancreas, gastrointestinal tract, brain, and
spinal cord [106, 36, 134, 54]. The catalytic activity of VA is observed to be of a low-
moderate level (low at pH 7.4, moderate at pH 8.2 or higher) while that of VB is found to
be significantly higher. The importance of this enzyme in the human body was clarified
by the emergence of CA V-deficiency syndrome in the absence of the enzyme [153]. Ad-
ditionally, the CA VA and VB genes have been identified as potential biomarkers for the
diagnosis of pancreatic cancer [10, 11].

The secretory form of carbonic anhydrase VI has been identified in various biolog-
ical fluids and secretions, including milk, saliva, nasal secretions, and the epithelial lining
of the digestive organs [158]. In study [120] demonstrated a correlation between loss of
taste and decreased secretion of this protein. The degree of CO2 hydration for this partic-
ular protein isoform is moderate. The diseases that are associated with this protein are
caries and Sjogren's syndrome [14].

The function of CA VII (cytosolic CA) in the production of cerebrospinal fluid
(CSF) in the central nervous system may be significant [54, 158, 126]. This protein, which
belongs to the carbonic anhydrase family, exhibits high catalytic activity. Carbonic anhy-
drase VII may serve as a biomarker for epilepsy [98, 8], potentially influencing memory
and learning processes [19, 140].

CARP VIII is notably expressed in the cerebellum, in nerve cell bodies, some as-

trocytes, as well as in the liver, lungs, heart, thymus, and kidneys [76, 158, 7, 149]. The
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expression of this isoenzyme has been observed in such pathological contexts as mela-
noma-associated paraneoplastic degeneration of the cerebellum [12], non-small cell lung
cancer [2], and colon cancer [111].

The carbonic anhydrase IX has moderate activity. It is one of two CA proteins that
exist in a dimeric form. In accordance with standard biodistribution patterns, this protein
is typically present in pancreatic ducts, gallbladder ducts, stomach and bile duct epithe-
lium, cells lining the ventricles, and rapidly proliferating normal cells of the small intes-
tine [159, 59, 50, 116 ]. It has been demonstrated that increased protein expression plays
a significant role in the promotion of tumor survival in a multitude of different diseases,
including non-small cell lung cancer, renal cell cancer, rectal cancer, pancreatic cancer,
and breast cancer [71, 97, 46, 69, 53, 66, 29]. In hypoxic tumors, the CA IX protein is
strongly activated, thereby assisting their survival (further discussion of this topic can be
found in paragraphs 2.3) [116].

Carbon anhydrase-related protein X is localized to the cytoplasm of the myelin
sheath [149, 158]. Furthermore, this protein has been demonstrated to play a role in the
inhibition of the cytoplasm myelin sheath and the pathogenesis of acute disseminated en-
cephalomyelitis in disease states [149, 96, 7].

The catalytic activity of CA XI is moderately high. It is expressed in the central
nervous system, neurites, astrocytes, the neural body, and the choroid plexus [149]. Ad-
ditionally, it is present in the spinal cord, pancreas, kidneys, liver, thyroid gland, and ova-
ries, albeit in much smaller quantities [7]. An elevated level of CA-RP XI expression in
these tissues is associated with an increased risk of developing cancerous cells. For exam-
ple, this may be the case of gliomas, astrocytomas, oligodendroglial tumors, and gastro-
intestinal stromal tumors [102, 62].

The CA XII protein, like CA IX, forms a dimeric structure, yet its structural com-
position differs from that of CA IX. Carbonic anhydrase XII exhibits a low level of carbon

dioxide hydration. Similarly to CA IX, it is overexpressed in a significant proportion of
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cancers. These include kidney cancer, brain cancer, colorectal cancer, lung cancer, breast
cancer, cervical cancer, ovarian cancer, squamous cell cancer of the oesophagus, as well
as pancreatitis, Sjogren's syndrome, cystic fibrosis-like diseases, rheumatism, and glau-
coma [152, 115, 154, 156, 78, 52, 67, 123,49, 113, 77, 86, 122, 125, 80, 158].

Furthermore, these isoforms (CA IX and CA XII) facilitate tumor adaptation to hy-
poxic microenvironments and promote metastasis [30].

Cytosolic carbonic anhydrase XIII is expressed in the tissues of the reproductive
organs, where it plays a role in regulating pH and ensuring fertilization [34, 158]. It
demonstrates moderate catalytic activity. In typical circumstances, this protein is observed
in the colon and small intestines, as well as the testis, cervix, endometrial glands, and
thymus [79]. In pathological conditions, CA XIII can be observed in colorectal tumors and
Sjogren's syndrome [74, 119].

CA X1V is localized within the brain and the retina, where it is responsible for fa-
cilitating the removal of CO: from the neuronal retina and for modulating photoreceptor
function [107]. Additionally, the enzyme is present in the kidneys, where it is instrumental
in acidifying urine, as well as in the heart, skeletal muscles, and lungs [101, 63]. The
enzyme in question exhibits a low degree of CO- hydration. In addition to it is expression
in normal tissues, CA XIV has been demonstrated to be markedly overexpressed in a range
of cancers, such as gliomas, liver and uterine cancers, melanomas [25, 45].

CA (in particular CA T and CA 1I) also represents an attractive model protein for a
range of biochemical and biophysical studies, as previously outlined by study [72], offer-
ing a number of key advantages: it is monomeric, and stable, and can be easily mutated
and purified with a high yield of E.coli; its structure was clearly defined; it simply cata-
lyze a reaction; it has various simple assays to determine ligand binding; its structure does
not change dramatically after the addition of a ligand; etc.

This thesis is focused on carbonic anhydrase IX however carbonic anhydrase 11 was

also used. Given the widespread distribution of CA II within the body, this isoform was
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employed in this study as a "off-target" protein in the development of CA IX inhibitors.
This means that CAII isoforms should not be inhibited by the investigated compounds to
avoid serious side-effects. In this study, CA II was also employed for structural studies of

inhibitor binding in the conserved active site.

1.1.1 Active site

It is worth noting that CA II was the first member of the carbonic anhydrase family
to be extensively researched by scientists due to its widespread distribution. As a result, it
is regarded as a model for other members of this class. Thereby, in this paragraph about
the active site of carbonic anhydrase, the numbering of all amino acid residues will be
used according to the numbering of carbonic anhydrase I1.

The human CAs active site is located at the bottom of a 15A deep conical depres-
sion, one wall of which is formed by hydrophobic and the other by hydrophilic residues
[37]. The catalytic ion Zn*"* is situated at the base of the cavity and is coordinated by a
complex of three histidine residues, and a water molecule or hydroxide ion, depending on
the phase of the CO,-bicarbonate cycle (Fig.2.1 A).

In addition to histidine residues, the other two amino acid residues are also of sig-
nificant importance. The Zn**-bound solvent molecule is involved in hydrogen bond in-
teractions with another water molecule (the so-called deep water) and with the hydroxyl
group of the conserved threonine residue (Thr199), which in turn is bridged to the carbox-
ylate group of a conserved glutamic acid residue (Glu106) (Fig.2.1 B). These interactions
enhance the nucleophilicity of the Zn?" -bound water molecule and orient the CO, sub-
strate in a favorable position for nucleophilic attack. For this reason, the Thr199-Glu106
residue, an important catalytic dyad for all a-CAs, is referred to as a gate-keeping residue

[144].
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The hydrophobic portion of the active site is responsible for binding to the hydro-
phobic CO; gas, while the hydrophilic portion is responsible for binding and releasing
bicarbonate and proton (polar molecules) into the environment [37].

Although the core of the active site in a-CAs is highly conserved, there is variability
in amino acid composition at its periphery [1]. These parts of the active site represent

regiuns to be targeted by inhibitors to ensure selectivity to one isoform over others.
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Figure 1.2. A) Schematic ofally shown Zn2+ ion that is tetrahedrally coordinated
by three conserved histidines and a solvent molecule. B) The connection of the active site
(indicated in the image with a purple circle) to Thr199-Glu106 residue. The CA II mole-
cule is taken as a sample. The figure was initially created using the ChemSketch software

and subsequently refined using the Microsoft PowerPoint application. [162]
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1.1.2 Catalytic mechanism

The catalytic mechanism of CAs, also known as the ping-pong catalytic mecha-
nism, comprises of two distinct steps. In the initial phase, the hydroxide ion bound to Zn**
carries out a nucleophilic attack on the CO, molecule, resulting in the formation of a bi-
carbonate, which is then displaced by a water molecule. The second step realizes the trans-
fer of the hydrogen ion from the water molecule either to the proton acceptor or the residue
of the active site, thus restoring the bond between the hydroxide ion and the Zn** ion. The
second reaction in the ping-pong mechanism, namely proton transfer, represents the rate-

limiting step in the catalysis of CA enzymes [81, 27, 145]. The following two equations

illustrate the catalytic mechanism:

1) EZn*- OH +CO; <> EZn*-HCO; < EZn?- H,0 + HCOy (1.2)

2) EZn**—H,0 + B’ &*EZn* - OH + BH" (1.3)

B* is a proton acceptor in the solution or a residue of the active site of the enzyme
[37]. These two general steps of the ping-pong mechanism are reflected in the four stages

presented in Figure 1.3, which illustrate the functioning of the enzyme.
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Figure 1.3. Catalytic mechanism of carbonic anhydrases on the example of CAIL. 1) A
metal hydroxide derivative, formed from water coordinated with a metal ion located at the bottom
of the cavity of the active site of the enzyme, represents the catalytically active species. This
exhibits a high degree of nucleophile reactivity (at neutral pH) on the CO: molecule that is bound
in a hydrophobic pocket nearby. [37]. 2) The carbon dioxide substrate is bound in proximity to
the Zinc (II) ion in a hydrophobic pocket. 3) In the third stage of the process, CO: (which is
susceptible to nucleophilic attack) undergoes conversion into bicarbonate, which is linked to the
Zn (II) ion in a bidentate manner. Given the labile nature of the bicarbonate-zinc binding, inter-
mediate 3 is rapidly converted to 4 upon reaction with water, resulting in the release of bicar-
bonate into solution. 4) The formation of an acidic form of the enzyme with water coordinated
to the metal ion (which is catalytically ineffective). The transfer of a hydrogen ion from a water
molecule either to the proton acceptor or to the remainder of the active site forms the bond be-
tween the hydroxide ion and the Zn2+ ion, which contributes to the acquisition of the catalytic
activity of the enzyme active site The figure was initially created using the ChemSketch software

and subsequently refined in the Microsoft PowerPoint application. [162]
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The His64 residue (CA Il numbering) present is located at the entrance to the active
site and, plays a crucial role in this context. Some studies have demonstrated that the res-
idue His64 can exist in two conformations, namely in the middle (7.5 A from Zn?") and
outside (12 A from Zn?"), in an "in" and "out" state [9, 95, 108]. This indicates that CA
proteins possess their own proton shuttle, whereby the histidine residue, having received
a proton, transfers it to the solvent via a rotational mechanism. Nevertheless, an alternative
viewpoint suggests that the proton transfer function of His64 is not determined by its ro-
tation, but rather by the tautomerism of this residue [136].

Interestingly, the His residue is absent in CA III and CA V isoforms. The loss of the
histidine residue may influence the relative decrease in the rate of catalysis due to the
presence of larger, bulky residues that reduce the CO, binding area with the active site
[38]. In carbonic anhydrase III, the residues Lys64, Ar 67, and Phel198 affect catalysis,
rather than His64, Asn67, and Leul98 (CA II numbering), which influence the catalytic
activity [41]. In CA'V, a hydrophobic region is observed to prevail in the composition of
the active site due to the presence of Tyr and Phe residues in place of Ala65 and His64 (in
CA II). It is therefore postulated that these residues are not involved in the transfer of
protons. Nevertheless, an alternative proton pathway involving residue Typ131 Lys132 is

under consideration [16].

1.2 Carbonic Anhidrase II

Human carbonic anhydrase II (CAIl) is a carbonic anhydrase widely distributed in
the human body. It is predominantly present in erythrocytes, but is also found in almost
all organs of the gastrointestinal tract, brain, kidneys, bones, and lungs. This cytoplasmic

protein consists of 260 amino acid residues. The catalytic domain contains an active site
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with a Zinc ion, which is coordinated by three histidines His94, His96, and His119. Hy-
drophobic residues are Vall21, Val143, Leul98, Thr199, Val207, and Trp209 and hydro-
philic residues are Tyr7, Asn62, His64 (which also present a transfer function described
in paragraph 2.1), Asn67, Thr199, and Thr200. In addition to the histidine residue at po-
sition 64, which is located at the entrance to the active site, CA II also contains a cluster
of histidine residues from the edge of the active site to the surface of the protein. This
cluster (His4, His3, His10, His15 and His17) plays a crucial role in ensuring the active
transfer of protons. This feature makes the CA II protein one of the most active known
enzymes, given that the speed of this process approaches the limit of diffusion control
[18]. Carbonic anhydrase II exists in a monomeric form with. Three-dimensional structure

shown in Figure 4.

Figure 1.4. The three-dimensional structure of carbonic anhydrase CA II. The illus-
tration on the left provides an overview of the enzyme's overall structure. It contains a-
helices (colored red), folded B-sheet (yellow), and areas with irregular configurations (so-
called loops, green). His 64 is shown in two conformations (blue color). The detail of the
active site on the right figure shows Zn ** (gray sphere), and its coordination with three

histidine residues. Each figure was created in PyMOL software.
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1.3 Carbonic Anhydrase IX

The isoform carbonic anhydrase IX (CA IX) was initially identified and designated
the MN protein in studies conducted by [118], who also demonstrated a correlation be-
tween CA IX and tumor formation [160]. Nevertheless, further investigation revealed that
this is a previously unidentified member of the human carbonic anhydrase class [114].

This protein under normal conditions in the body is mostly in the gastric mucosa,
where it is involved in the formation of gastric fluid. Additionally, CA IX is present in
small amounts in the mucosa of the bile ducts, the mucosa of the intestines, the epithelium
of the pancreatic duct, and in the epithelial cells lining the body cavities. The physiological
frequency of the CA IX protein is much lower than CA II, but the structure is much more
complex.

The CAIX membrane protein consists of 459 amino acid residues. The sequence
begins with 37 amino acid residues of the Signal Peptide (SP), which is cleaved during
posttranslational modification. The extracellular N-terminal proteoglycan domain (PG),
which is completely unique to the human CA IX isoform, comprises amino acid residues
from 53 to 111. The catalytic domain (CA) is a common feature of all carbonic anhydrases,
occurring between amino acid residues 137 and 391. PG domain as a CA domain is gly-
cosylated [50]. Subsequently, a lengthy transmembrane (TM) segment is situated between
amino acid residues 415 and 433, connected to a brief C-terminal intracellular region (IC),
positioned between residues 433 and 459.

In the center of the active site is a Zinc ion, which is coordinated by three histidines,
this time His226, His228, and His251. The hydrophobic region is defined by Leu9l,
Vall21, Vall131, Leul35, Leul4l, Vall143, Leul98, and Pro202, while the hydrophilic re-
gion is identified by Asn62, His64, Ser65, GIn67, Thr69, and GIn92. In the case of CA
IX, the His200 residue is responsible for facilitating the transfer of a proton from the active

site to the solvent.
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Figure 1.5. The structure of the dimer of CA IX (A). In the detail of the active site
of the protein (B), three amino acid residues of histidine His 226, 228, and 251 coordinate
the Zinc ion. The image was sourced from [ 85], with minor modifications for this partic-

ular study.

The enzyme forms a dimer (Fig. 1.5) through an intermolecular disulfide bond in-
volving Cys137 as was shown in Hilvo et al, 2008. Additionally, N-linked and O-linked
glycosylation sites are present at Asn309 and Thr78, respectively [50]. Two hydrogen
bonds, involving the Arg137 side chain and the carbonyl oxygen of Ala127, and numerous
Van der Waals interactions, contribute to the stabilization of the dimer, whose interface

area extends over 1,590 A? [5].
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1.4 Carbonic Anhydrase IX in cancer

In the context of the disease, carbonic anhydrase IX is a tumor-specific, cell-surface
glycoprotein that is induced by hypoxia. It plays a role in the adaptation of cells to low
pH levels and has been linked to the progression of cancer. This occurs through its cata-
lytic activity and/or non-catalytic functions [117].

Study [146] demonstrated that hypoxia leds to the activation of CA IX, which
consequently resulted in an enhanced pH acidification. During hypoxia, the hypoxia-de-
pendent factor HIF-1, which recognizes a specific sequence (TGCACGTA), so-called hy-
poxia-response element (HRE), in its promoter region, is activated, resulting in the ex-
pression of CA IX [155]. This is achieved through the formation of a heterodimeric com-
plex consisting of a- and B-subunits. In normoxia, HIF-1 o forms a connection with pVHL
(von Hippel-Lindau regulatory pathway), which results in the rapid degradation of the
alpha subunit and prevents its combination with the beta subunit. In the event of an inad-
equate oxygen supply, the hydrogen bond between the proline residues of the subunit and
pVHL is not formed. hereby the formation of a connection between the subunits of the
factor (formation of HIF-1) which stimulates the transcription of the CA IX gene, thereby
significantly enhancing its expression [85, 137, 117].
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Figure 1.6. A schematic representation of the action of hypoxia-dependent factor
HIF-1 in cell in normoxia and hypoxia, and its effect on the expression of CA IX in the

latter case. The figure was initially created using the Biorender.com software.[161]

The protein creates an acidic microenvironment due to the formation of protons,
which leads to acidosis, suppresses the immune response, contributes to the destruction of
the extracellular matrix and the penetration of tumor cells into the surrounding environ-
ment, which in general promotes the survival and progression of cancer cells.

The manner in which CA IX can affect tumors is possible due to the activation of
ion exchangers, pumps and transporters, such as sodium-dependent bicarbonate transport-
ers (NBCel, NBCnl1 [100, 147]) and monocarboxylate transporters (MCT1, MCT4 [60])
that export lactate and protons (Fig. 1.7). The extracellular enzyme domain of the CA IX
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protein, which catalyzes reaction 2.1, generates bicarbonate ions that enter the intracellu-
lar space with the assistance of NBCel and NBCnl. The resulting H" ions remain outside
the cell, contributing to the acidification of the pericellular environment.

As for the PG domain, it is also involved in the tumorigenic activity of the CA IX
protein. In the study [5] a sample was considered with and without the PG domain of CA.
IX Their results demonstrate that the longer CA IX product, which contains the PG do-
main, acts as a superior catalyst for CO: hydration at more acidic pH values. The optimal
pH level for this activity was found to be 6.49. This pH value is typically present in solid
and hypoxic tumors, where we often observe elevated protein expression levels.

Discussing the relationship of CA IX to monocarboxylate transporters in this con-
text, it should be noted, that lactate formed during glycolysis dissociates in aqueous solu-
tion into a lactate anion and a proton. The PG domain pumps protons from the cell by
MCT, thereby establishing a proton gradient and increasing the negative charge on the
inner cell surface relative to the outer cell surface. Concurrently, this process promotes the
extrusion of lactate from the cell. Therefore, the PG-like domain functions through a non-

catalytic process, in which the functions of the "antenna" are carried out [6].
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MCT

Figure 1.7. The schematic model demonstrates the function of CA IX in pH regu-
lation in hypoxic cancer cells, working in conjunction with a sodium-dependent bicar-
bonate transporter (NBC) and monocarboxylate transporter (MCT). On the left, CA IX
acts through its extracellular enzyme domain for bicarbonate transport, and on the right,
lactate export is illustrated, which occurs through the non-catalytic action of the PG do-

main. The figure was created using the Biorender.com software. [161]

A growing tumor typically exhibits a number of key characteristics, including an-
giogenesis and invasion, increased proliferation, and the ability to adapt to microenviron-
mental stresses (such as hypoxia or acidosis). CA IX proteins regulate pH, producing an
excess of acidic products, which enables tumors to adapt to metabolic changes in order to

maintain their viability [117]. This supports the survival and proliferation of cancer cells.
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As tumor growth progresses, this protein can even protect tumor tissues from adhesion or
internal acidification. CA IX-induced extracellular acidosis can activate proteases, facili-
tating the breakdown of the extracellular matrix and enabling invasion. It can also promote
angiogenesis and affect cell adhesion [117].

In this context, the inhibition of carbonic anhydrase IX represents a highly prom-

ising approach to controlling tumor formation and their vital metabolic activity.

1.5 Inhibition of Carbonic anhydrases

The inhibition of carbonic anhydrases, which represent established therapeutic tar-
gets, represents a promising avenue for the treatment of a wide range of diseases. Inhibitor
binding to carbonic anhydrase can occur at either stage 1 or stage 4 of the catalytic mech-

anism (Fig. 1.8).
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Figure 1.8. The inhibitory mechanisms are illustrated at the stages of the catalytic
mechanism. The figure was initially created using the ChemSketch software and subse-

quently refined using the Microsoft PowerPoint application. [162]
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The binding of a carbonic anhydrase can be classified into several categories [141].
The general structure of inhibitory molecules of various types of inhibition comprises a
scaffold and a "tail" [4]. Given the conservative nature and similarity between the active
site cavities of all a class CA enzymes, as previously discussed, it is the tail of molecules
that can interact with variant residues in the middle of the active site and on the way to-
wards the exit of the cavity that is of significant importance [132, 131, 17]. This method
of synthesising inhibitors is known as “the tail approach”. The chemically distinct tails of
inhibitor molecules can be modeled in order to exert influence over the physico-chemical
properties of carbonic anhydrase inhibitors (CAI), which ultimately determine their bio-
logical activity [17, 131, 132].

The general mechanism of CA inhibition by Zinc binders (including sulfonamides
(which will be discussed in paragraph 2.1), sulfamates, carboxylates, hydroxamates, and
phosphonates) can be described as follows: in their deprotonated form as anions, these
inhibitors bind to the divalent zinc ion by the zinc-binding group (ZBG) in the active site.
Moreover, these inhibitors bind to the gate-keeping residues Thr199—-Glul06 via the ZBG,
thereby preventing the formation of a connection between these residues and the metal
ion, as previously described in section 1.1.1. The scaffold of such compounds has the
potential to occupy the hydrophilic/hydrophobic/both regions of the active site of the en-
zyme. The tails of the compounds are typically oriented towards the exit from the active
site, where there are amino acid residues that vary considerably depending on the CA
isoforms (Fig.1.9 A) [4, 33].

The initial compounds for which this novel binding mechanism by anchored to the
zinc-coordinated water/hydroxide ion was documented were phenol and the polyamine
spermine [109, 56]. In this category of inhibition mechanisms, compounds have an an-
choring group (AQG) attached to a scaffold that may also contain tails that interact with
moieties of the active site in a manner analogous to that observed in the previously men-

tioned inhibitors (Fig.1.9 B). The anchoring group, which can be represented by a variety
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of chemical functional groups, including phenolic, primary amine, ester and sulfonate, or
just a simple sulfur atom, binds to zinc-coordinated water or hydroxide, as the name sug-
gests, rather than directly to the zinc atom. [141, 22, 57, 13, 133, 58, 32, 23, 94, 150]. The
scaffold, as the anchor group, can be a variety of structures. For example, research has
already established that these can be aromatic, aliphatic, heterocyclic, or sugar types [124,
40, 128, 143, 88, 43]

This third mechanism of inhibition by occluding the entrance to the active site re-
sults in the binding of the inhibitory compound to the enzyme at the entrance to the cavity
of the active site, which is the site that exhibits the greatest variability among different
1soforms. This occurs via a sticky group (SG) attached to an aromatic, aliphatic, or heter-
ocyclic framework. The tails of the compounds are capable of moving away from the
active site due to the manner in which they bind within the outer cavity of the active site
(Fig. 1.9 C). The first compound with such a described mechanism of action was isolated
from the plant Leionema ellipticum and is a natural product of coumarins [92]. Following
the discovery of this inhibition mechanism for coumarins [92, 91], it was shown to be an
effective mechanism for other compounds such as substituted coumarins [151, 15, 135,
90, 89], 5- and 6-membered thiolactones and lactones [21].

Binding of inhibitor outside of the active site pockethe mechanism was identified
during the crystallization of carbonic anhydrase II with 2-(benzylsulfonyl)-benzoic acid.
The research team [31] observed that the electron density of the inhibitor was present in
the adjacent binding pocket in close proximity to the active site. This represents a previ-
ously unobserved phenomenon among CA inhibitors. The inhibition of enzyme activity is
caused by the blocking of the proton shuttle enzyme, His 64 residue, in its out confor-
mation. This effectively prevents the transfer of a proton from the zinc-coordinated water
molecule to the surrounding medium, thereby inhibiting the formation of zinc hydroxide.

A schematic representation of this process is provided in Figure 1.9 D.
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Figure 1.9. A) The schematic representation depicts the structure of a CAI mole-
cule, which belongs to the class of compounds known as Zinc binders. B) The schematic
image illustrates the structural configuration of the CAI molecule, which belongs to the
class of CAls that are anchored to the zinc-coordinated water/hydroxide ion. C) The sche-
matic illustration depicts the inhibitory effect of CAI on enzyme activity through the oc-
clusion of the entrance to the active site. D) The schematic representation depicts the
mechanism of action of CAI, which binds to carbonic anhydrase outside the active site.
The figures were initially created using the ChemSketch software and subsequently re-

fined using the Microsoft PowerPoint application. [162]
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2. MATERIALS AND METHODS FOR STUDYING THE INTER-
ACTION OF COMPONENTS

2.1 Inhibitors

The conservation of the active site among proteins of the carbonic anhydrase class
presents a significant challenge in the development of isoform-selective inhibitors. Con-
sequently, inhibitors are subjected to continous improvement, modification, and synthesis
of new compounds. In this study, three newly synthesized inhibitors are investigated.
These inhibitors were taken from the research project of the laboratory where my work
was performed, and they were synthesized by a collaboration laboratory of Professor R.
Lesyk from Danylo Halytsky Lviv National Medical University, Ukraine.

Two of the inhibitors, designated CMP.1 and CMP.2 belong to the sulfonamide class
of CAI

Sulfonamides (general formula R-SO3;NH,) and sulfamates represent the most sig-
nificant class of CAls. Their inhibitory effects on a diverse range of CAs, extending be-
yond the a-class enzymes, have been well documented [20, 138].

The main inhibitor compound (sulfonamide) forms the inhibitor head, followed by
a linker attached to the compound body (aromatic ring), the latter part being the tail of the
compound, which is a variable part of sulfonamide inhibitors and serves as a modification
area. When CA is combined with an inhibitor, the sulfonamide head binds to the active
site of Zn?" carbonic anhydrase, and the different tail forms bond with other groups in
the central domain, differently affecting the structure and function of metalloenzymes.
The formation of two specific hydrogen bonds during the binding of sulfonamide ZBG
ensures high selectivity for this bond with carbonic anhydrase while minimizing the like-

lihood of binding to other metalloenzymes [93].
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Figure 2.1. Schematically figure of sulfonamide inhibitor of CAs. The figure was
initially created using the ChemSketch software and subsequently refined using the Mi-

crosoft PowerPoint application.[]

Sulfonamides and their derivatives (sulfamates, sulfamides) belong to the classic
CAIs which have been explored for many decades. These are relatively small molecules
that easily pass into the cavity of the active site and interact with its conserved residues

and Zn*".

The third inhibitor (CMP.3) is a recently identified compound known as thiazoli-
dinedione (general formula RXNOS;) [28]. This inhibitor is constituted by a five-mem-
bered heterocyclic ring containing a sulfur atom, one nitrogen atom, and two carbonyl
oxygens, which serve as the primary structural framework for the compound. In order to
modify the pharmacological properties, a variety of substituents are added to the basic
skeleton of thiazolidinediones, including aliphatic, aromatic, heterocyclic substituents, or

polar groups.
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Figure 2.2. Schematically figure of thiazolidinedione inhibitor of CAs. The figure

was initially created using the ChemSketch software. []

As previously stated, the objective of this study is to examine the mechanism of
inhibition of the selected inhibitors (CMP.1, CMP.2, CMP.3) of the cancer-related protein
CA IX in tumors, while ensuring the preservation of the activity of the most widely ex-
pressed carbonic anhydrase protein, CA II. Methods used to achive this objective are de-

scribed in this paragraph below.

2.1.1 Inhibitor structure

Structural formula of the inhibitors used un this work cannot be disclosed as they
are part of an ongoing research project aiming for scientific publication of patent applica-
tion. However, for the sake of understanding further information and results, a brief de-
scription of the compounds will be provided here:

e In addition to the main ring, CMP.1 contains one five-membered heterocyclic ring
and another six-membered homocyclic ring. In total, the compound contains thirty-
six atoms.

e (CMP.2 has a much shorter structure. Together with the main ring, one five-mem-
bered heterocyclic ring is presented here. The inhibitor's structural formula com-

prises twenty-three atoms.
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e CMP3 is represented by three rings, one of which constitutes the inhibitor basic
skeleton, while the other two are six-membered homocyclic rings. The structure of

the third compound contains thirty-two atoms.

Table 2.1. A graphic representation of the inhibitors presented in this work.

Name Structure

CMP.1

Confidential

CMP.2
Confidential O\
CMP.3 q
Confidential ILQ
2.2 Chemicals
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) Sigma-Aldrich, USA
Phenol red Lacema, Czech Republic
Sodium citrate tribasic dihydrate (CsHsNazO7 x 2 H20) Sigma-Aldrich, USA
Sulfuric acid (H2SO4) Sigma-Aldrich, USA
Tris(hydrozymethyl)aminomethan (TRIS) Merck, German

Triethylamine (TEA) Sigma-Aldrich, USA
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Bufter of CAs for Stopped Flow

4% Phenol red

200 mM Na,SO04

500 mM HEPES, pH 7.5
Solution for crystallization

1.6 M CsHsNa3;O07 x 2 H20

50mM TRIS-H,>SO4, pH 7.8

2.4 Instruments

optical microscopes
photo camera
pH meter

Stopped-Flow machine

X-ray Diffraction Station

Heating magnetic stirrer

Laboratory balances

Olympus SZX10, Japan

Olympus E-620, Japan

GMH 3430 Griesinger Electronic, Germany

Orion™ 9110DJWP Double Junction pH Electrode, Thermo
Scientific, USA

Mixer 4000 (SFM 4000), BioLogic SAS, France
Spectrophotometer, Bio-Logic SAS, France
MicroMax™-007 HF Microfocus,

VariMax™ VHF Confocal Optical System, RIGAKU, Japan
PILATUS 300K crystallography from Dectris, Switzerland
Cryostream 600 series, Oxford Cryosystems Ltd, UK

HSC7, VELP Scientific, Inc, USA

IoT-Line Compact Laboratory Balance PCB 1000-2,
©2024 KERN & SOHN GmbH, Germany
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2.5 Other material

crystallization 15-Well Tools (20), Qiagen, Germany

utensils 15-Well Tools (20), Qiagen, Germany
X-Seal crystallization supports, Qiagen, Gemany
MicroMounts™, MiTeGen, USA

other glassware Bottle with screw cap PP, clear, 0.1-1 L, DURAN®, P-
LAB, Czech Republic
centrifuges Benchmark Scientific MyFuge™ C1008-G, USA

Hettich Zentrifugen Mikro 200R, Germany

2.6 Software and databases

CCP4 software package (MOLREP, REFMACS5, COOT, AceDRG)
MolProbity 4.5.2

PyMOL Molecular Graphics System, Version 3.0 Schrodinger, LLC

2.7 Enzyme kinetics

In the course of my experiments, CA Il and CA IX (and CA IX mimic) proteins
were used. Both protein were produced by heterologous expression in E. coli and purified
the structural biology group at the Institute of Organic Chemistry and Biochemistry using
a described protocol.

The CA IX mimic is a variant of the CA II protein that contains six amino acid
substitutions: A65S, N67Q, E69T, I91L, F130V, K169A, and L203A was used as a CAIX
mimic for X-ray studies. The modifications were made to the active site of CA II to re-

semble CA IX by mutating residues in the active site template of CA I to residues unique



to CA IX. This variant maintains the advantageous crystallization characteristics of CA Il

and is often utilized in structural investigations [48, 121].

Table 2.2. General information of the proteins that are used in stopped flow research.

Concentration | System
Name Buffer
(mg/ml)
Tris base -
CAIl 0.8 E.coli 50 mM pH 7.8
H,SO4
20 Mm TEA
CAIX 1.2 E.coli pH 7.3
100 mM NaCl

Table 2.3. General information of the proteins that are used in crystallization technique.

Concentration | System
Name Bufter
(mg/ml)
Tris base -
CAIl 25 E.coli 50 mM pH 7.8
H,SO4
CAIX 20 mM Tris-HCI
21.56 E.coli pH 7.5
mimic 100 mM NaCl

2.7.1 Stopped Flow method

All enzymatic assays reported here were obtained using a Stopped-Flow Mixing
system (SFM 4000 Stopped-flow Bio-Logic, France) connected to a spectrophotometer
(Bio-Logic, France) based on the methodology described by Khalifah [64]. The assay
buffer consisted of 0.2 mM phenol red (a pH indicator employed at the 557 nm, because
of Ne-Hg lamp usega), 40 mM Na>SOa (Ensures uninterrupted support of ionic strength),
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and 40 mM HEPES at a pH of 7.5 (as a buffer). In order to obtain a substrate, CO: solution,
gaseous carbon dioxide was introduced into a Milli-Q water sample over a period of 45
minutes. A second flask of Milli-Q water was subjected to a vacuum for a period of 45
minutes in order to remove any other gases that may have been present. The CA II and
CA IX enzymes were maintained on ice until the commencement of the experiments,
while the buffer solution was kept at a temperature of 25°C. In the inhibition assay solu-
tions were loaded into temperated syringes S1(degassed Milli-Q water), S2 (CO.), and S3
(enzyme-inhibitor mixture). The reaction is started by mixing of all componets in mixer
on the way to measuring cuvete. The ratio of volumes was 1:1:2.

The final CO: concentration in the reaction mixture was predominantly 8.5 mM,
with the enzyme concentrations of 4.1-7 nM for CA II and 18-26 nM for CA IX. The
inhibitor stock solution (10 mM) was dissolved in dimethyl sulfoxide (DMSO) in a con-
centration range from 10 mM to 0.01 mM. The enzyme and inhibitor mixture was pre-
incubated for a period of five minutes at a temperature of 25°C prior to injection into
syringe S3. The rates of the CA-catalysed CO- hydration reaction were monitored over a
period of 30 seconds at a temperature of 25°C. The experiment commenced with the meas-
urement of the blank, which entailed gauging the speed of the pH level change in the
buffer without the addition of catalysing protein and inhibitor over a period of 30 seconds.
Subsequently, the mean value of the measured blank was subtracted from the total ob-
served speed of all measurements. This subtraction is due to the spontaneous conversion
of CO: to bicarbonate (the uncatalysed 8.5 mM COa: is being completely converted to
bicarbonate in approximately 30 seconds under the aforementioned conditions). All the
measurements were performed in triplicate to get a robust results.

The apparent K; values were determined from dose-response curves recorded for a
minimum of five distinct concentrations of the test compound. This was achieved through

the utilisation of the nonlinear least squares method to fit the Williams-Morrison equation

[103]:
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(2.4)

v; represents the initial velocity of an inhibited reaction, whereas v, denotes the
velocity of a non-inhibited reaction at its inception. [E] signifies the concentration of an
active enzyme, while [I] represents the concentration of an inhibitor. Kiapp is the apparent
constant of inhibition.

A dose-response curve is a graphical representation of the dependence of the reac-
tion rate on the concentrations of the inhibitor. The shape of these graphs and their asso-
ciated parameters can be employed in the calculation of the value of K;. An exponential
fit of the reaction rate over time was used to determine the initial reaction rate.

In light of the presence of CO: gas as a substrate and the competitive inhibitors in
reaction, it is necessary to calculate the actual K; values through the Cheng-Prusoff equa-

tion [157],

KPP

M= st 2

with the K,,, value of 9.3 mM applied for CAII [56] and 7.5 mM for CAIX [50] in

the calculations, S is substrate concentration.
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- Inhibitor

Protein

Figure 2.3. Absorbance curves for inhibition. The following curves represent the
change in absorbance over time, as reported by the phenol red pH indicator, as a conse-
quence of CO: hydration obtained using BioKine software. Under the buffer here is the
buffer for measuring the reaction. Protein means Stopped Flow buffer with the addition
of protein. Inhibitor includes buffer, protein, and different concentrations of the inhibitor
(the picture shows the highest concentration that was used during the measurement). The
reaction rate is defined as the first derivative of the absorption curve with respect to time.
The initial reaction rate (max. 10%) is employed in the calculation of Ki'. All measure-
ments are corrected by subtracting the spontaneous CO: hydration rate. The measure of

CA II with CMP.1 is illustrated as an example.

2.8 Crystallization
2.8.1 Hanging drop method

The method of water vapor diffusion utilising the hanging drop technique was em-
ployed for the crystallization of the protein in a complex with inhibitors. The crystalliza-

tion process was observed using an Olympus SZX10 optical microscope with an Olympus

E-620 camera and the QuickPHOTO CAMERA 2.3 software.
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The process of crystallization was conducted in two stages. At the begining a solu-
tion of CA II protein with a concentration of 25 mg/ml in a buffer with a composition of
50 mM Tris-base - H2SO4, pH 7.8 was mixed with a crystallization buffer (1M Tris-
H2S04, pH 7.8, 1.6M Na citrate) in three different conditions. The ratios were 2:2, 2:1,
and 1:2. A similar approach was employed for the CA IX mimic protein, which was dis-
solved in a 100 mM NaCl and 20 mM Tris-HCI, pH 7.5 buffer. The drops, with a total
volume of 3-4 ul, were prepared manually in an EasyXtal® 15-Well Tools plate with X-
Seal crystallization supports. The volume of the reservoir solution in the tank was 1,000
microlitres. Crystal formation was finished in 3-6 days. In the subsequent phase, on to
crystallization support was applied with 0.2 ul of the inhibitor, which had been dissolved
in 100% DMSO, in two separate drops. Subsequently, the drops were subjected to a drying
process at 40°C for a duration of 20-40 minutes. Once the initial drop had reduced to 20
nl, 1 pl of crystallization buffer was applied, covering only a small portion of the dried
drop. Subsequently, one to three crystals of the protein were transport to the newly formed
liquid drop. This was conducted in order to facilitate the dissolution of the inhibitor, which
was then able to penetrate the crystals. The final concentration of DMSO in crystallization
drops did not exceed 5 % (v/v). The entire crystallization and soaking process was con-

ducted at a temperature of 18° C.

2.9 X-ray data collection method

Prior to data collection, the crystals were soaked for 10 seconds in the reservoir
solution, which was supplemented with 20% (v/v) sucrose, and then stored in liquid ni-
trogen. Measurements for both the CA II and CA IX-mimic complexes with compounds
were conducted at an in-house X-ray diffractometer (Rigaku, Japan) at 100 K. The perti-
nent crystal parameters and data collection statistics are presented in tabular form in the

following section
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2.10 Structure determination

The crystal structure of both the CA II and CA IX-mimic complexes with com-
pounds were determined by the difference Fourier technique. CA II and CA IX-mimic
coordinates from PDB entries 6YZQ [73] and 6T7U [39] were used as models, respec-
tively.

Atomic coordinates of inhibitor molecules were generated by AceDRG program
[82]. The information was then written to an mmCIF file, which can be used by the re-
finement program REFMACS [70, 110, 104]. Then, Coot program was used for inhibitor
realspace fitting, model rebuilding, and water molecule additions [42]. Refinement was
performed using Refmac5 from Ccp4 suite [105], reversing 5% of reflections for cross-
validation.

The isotopic atomic displacement parameters (ADPs) were applied for refinement
of structures. The quality of the crystallographic model was evaluated by MolProbity [26].
The final refinement statistics are summarised in Table 3.2. All three-dimension structures

were generated using PyMol.

2.11 Structural analysis
2.11.1 PyMOL
The visualisation and analysis of the structures of protein-ligand complexes in this
study were conducted using the PyMOL Molecular Graphics System, Version 3.0, Schro-
dinger, LLC software. The primary actions undertaken were as follows:
e Removing water molecules using the right panel: all & hide — waters
e Removing valences using the main menu: display —» show valences
e Changing the background color using the main menu: display —» background
— white

e Select specific region (inhibitor) by clicking on it
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e Rename the selected region using the right panel: all-» rename

e (oloring selected region according to the visualization aims using the right panel:
selected region — colour —» by chain

e For displaing the electronic density maps, the corresponding map files were down-

loaded and visualised by built-in procedure for map visualization. Used command

line: isomesh name, map, 1.0 [level], (selection), 1.5 [buffer], -1 [state], 1.5 [carve]

where name is the name for the new mesh isosurface object; map means the
name of the map object to use for computing the mesh; level is the contour level, se-
lection an atom selection about which to display the mesh with an additional "buffer"
(if provided); state means the state into which the object should be loaded (default=1)
(set state=0 to append new mesh as a new state), and carve is a radius about each atom
in the selection for which to include density. If "carve" is not provided, then the whole

brick is displayed.
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3. RESULTS

3.1 Investigation of inhibitory activity
By the stopped-flow method, it was determined that the inhibitors have binding

with high affinity. The values of the inhibition constants of the inhibitors are presented in

Table 3.1.

Table 3.1. Results of the inhibitory activity test. The selectivity index was calculated
as R= (K; CA IX)/( K; CA 1I), which shows the selectivity of the inhibitor.

Selectivity
Ki CATl | Ki CAIX
Name index
(nM) (nM)

R
CMP. 1 43+ 145 52412 0.8
CMP. 2 3.73 +0.47 89+1.9 0.4
CMP.3 (723246428 | 196.1 £30.25 3.7

As anticipated, the first two compounds, which are sulfonamides, exhibit low na-
nomolar inhibition constant values. However, the selectivity index also demonstrates low
values. Furthermore, the lower Ki values in the second column of the table indicate that
the inhibitor displays enhanced performance for CA 11, which is not aligned with the ob-
jective of developing CA IX protein-specific inhibitors.
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Thiazolidinedione (CMP.3) has been found to exhibit a lower protein binding aftin-
ity than sulfonamide inhibitors. This was predicted based on the inhibitor's structural char-
acteristics, which influence its capacity to form bonds with protein amino acid residues,
as detailed in Paragraph 5.4 [28]. Nevertheless, the selectivity index for the third com-
pound is the highest among all three inhibitors, which is associated with the much lower
values of inhibition for CA IX protein.

Figure 3.1-3.2 illustrates the fit apparent Ki curves obtained in the Williams-Morris

plot representation 2.4.

Williams-Morison Williams-Morison
03 0,12

o data o dala
fitting

0,1

0,02

0 20 40 60 80 100 120 0 50 100 150 200 250
m m

CAII CMP.1 CAIX CMP.1

Figure 3.1. The data represented on the graphs are the values of several measurements of
a single inhibitor concentration. The inhibitor concentrations were within the range from 0.01
mM to 10 mM. The graphs present the concentration of inhibitor (nM) on the abscissa [I] axis
and the initial reaction velocity (mol*s™) on the ordinate [V;] axis. The value represented by point
0 on the abscissa [I] axis is the velocity of the buffer in the absence of an inhibitor and enzyme.

Each measurement was conducted in two to three repetitions.
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o data
— fitting

0 1000 2000 3000 mdﬂﬂﬂ 5000 6000  TOOD  BOOD 0 1000 2000 3000 4000 5000 6000

CAII CMP3 CAIX CMP.3

Figure 3.2. The data represented on the graphs are the values of several measurements of
a single inhibitor concentration. The inhibitor concentrations were within the range from 0.01
mM to 10 mM. The graphs present the concentration of inhibitor (nM) on the abscissa [I] axis
and the initial reaction velocity (mol*s™) on the ordinate [V;] axis. The value represented by point
0 on the abscissa [I] axis is the velocity of the buffer in the absence of an inhibitor and enzyme.

Each measurement was conducted in two to three repetitions.
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3.2 Protein - inhibitor complex crystallization

The method described in Section 2.8.1 was successfully employed to crystallize all
crystal complexes of the proteins with inhibitors. Following the successful crystallization
of these complexes, a UV microscope was used to analyze all positive crystallization
events. This analysis was conducted to identify protein crystals by the fluorescence of
tryptophan upon excitation with 280 nm UV light. [35].

Figure 3.3 represents photographs of the crystals obtained using optical micro-

scopes (Olympus SZX10, Japan) and a photo camera (Olympus E-620, Japan).
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Figure 3.3. Crystals of complexes: a) CAIl with CMP.1, b) CA IX(mimic) with
CMP.1, ¢) CAIIl with CMP.2, d) CA IX (mimic) with CMP.2, e) CA II with CMP.3, f) CA
[X(mimic) with CMP.3. The visible spots are the first spot that consisted of the inhibitor
dissolved in DMSO and then dried. The length line shown in the pictures.
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Then, the ability to bind of the three inhibitors to the active site of carbonic anhy-
drases was substantiated through enzymatic assays, which demonstrated effective inhibi-
tion of the enzyme by all three compounds. The crystals were soaked in a reservoir solu-
tion containing 20% (v/v) sucrose and stored in liquid nitrogen for the purpose of data
collection. Subsequent X-ray structural analysis of complexes CMP.1, CMP.2, and CMP.3
with CA II and CA IX mimic was conducted to reveal structural information essential for

understanding the binding and interaction mechanisms.

3.3 Structure analysis

All crystal of complexes were used to obtain six complete sets of diffraction data
using the X-ray diffraction Station at the Institute of Organic Chemistry and Biochemistry,
CAS. Crystal parameters and data collection statistics are summarized in Table 3.2, upper
part. All structures were determined and refined to resolution below 2 A, with the best
resolution of 1.41 A for CAIX (mimic) and CMP.2. The statistic from refinement are sum-
marized in Table 3.2, lower part.

To accommodate the inhibitor, the model was rebuilt and water molecules were
introduced using a specialized Coot software program. After solvent atoms were added,
inhibitor molecules were built in the active site, and several alternate conformations for a
number of residues were explored. Compound CMP.1with CAII, and CMP.2 with both
proteins were modeled into two alternative conformations with partial occupancies of 0.5

for each conformation in each complex.
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CA1II in complex with
CMP.1 CMP.2 CMP.3
Data collection statistics
Wavelength (A) 1.54 1.54 1.54
Space group P2: P2: P2;
Cell parameters (A, 422 412 72.1 423 41.1 721 42.1 41.1 721

°)

90.0 104.4 90.0

90.0 104.4 90.0

90.0 104.3 90.0

Resolution range (A)

50.0-1.50 (1.53- 1.50)

50.0-1.45 (1.49-1.45)

50.0-1.50 (1.54-1.50)

Number of unique re- 38536 (1856) 42724 (3122) 38373 (2804)
flection

Multiplicity 4.0 (2.4) 6.0 (3.4) 3.2(1.5)
Completeness (%) 99.6 (97.9) 99.8 (99.3) 99.5 (98.4)
Rmerge 6.3 (28.4) 4.1 (21.3) 6.6 (45.2)
CCur) (%) 99.8 (85.5) 100 (94.9) 99.8 (71.1)
Average o(I) 11.8(2.9) 24.4 (4.9) 13.9 (1.8)
Wilson B (A% 12.5 18.5 17.9

Refinement statistics

Resolution range (A)

25.27- 1.50 (1.53- 1.50)

35.51-1.45 (1.49-1.45)

34.93-1.50 (1.54-1.50)

Ne. of reflection in

. 36628 (2654) 37458 (1489) 36453 (2660)
working set
Ne. of reflection in the
test set 1887 (134) 1972 (78) 1919 (140)
Rwork value (%) 15.0 (19.5) 16.5 (24.6) 19.3 (27.2)
Riree Value (%)° 17.5 (20.0) 18.4 (23.1) 20.5 (28.9)
RMSD bond length
A 0.010 0.013 0.003
(A)
RMSD angle (°) 1.9 1.9 1.2
Mean ADP value (A?) 125 16.9 14.4

Ramachandran plot statistics

R_e5|dues in favored re- 96.1 96.1 96.9
gions (%)
Residues in allowed re- 3.9 3.9 31

gions (%)




The data in parentheses refer to the highest-resolution shell.

Cell parameters (A,
°)

90.0 103.8 90.0

90.0 103.8 90.0

CA IX in complex with
CMP.1 CMP.2 CMP.3
Data collection statistics
Wavelength (A) 1.54 1.54 0.98
Space group P2: P2: P2;
41.8 41.1 71.8 41.7 41.1 71.8 419 412 719

90.0 103.9 90.0

Resolution range (A)

50.0 -1.70 (1.73-1.70)

50.0-1.41 (1.44-1.41)

50.0 -1.50 (1.54-1.50)

Number of unique re-

flection 26136 (1371) 39789 (535) 35483 (2151)
Multiplicity 3.7(2.1) 2.8(1.1) 13.2 (11.5)
Completeness (%) 99.5 (98.3) 86.1(15.9) 92.4(76.2)
Rmerge 8.8 (2.8) 2.8 (34.0) 6.5 (48.6)
CCaur (%) 99.3 (85.3) 99.9 (76.1) 99.8 (68.4)
Average I/o(]) 9.1 (2.9) 21.2(1.7) 12.9 (1.9)
Wilson B (A?) 19.2 19.3 19.1

Refinement statistics

Resolution range (A)

25.21-1.70 (1.73-1.70)

40.55-1.41 (1.44-1.41)

31.99-1.50 (1.54-1.50)

gions (%)

Ne. of reflection in 24819 (1801) 28781 (224) 33708 (2034)
working set

Ne. of reflection in the 1303 (87) 1515 (12) 1775 (108)
test set

Rwork value (%)° 14.8 (18.5) 14.2 (23.2) 18.7 (25.6)
Riree Value (%)° 19.5 (25.4) 17.7 (28.2) 21.6 (26.5)
RMSD bond length (A) 0.011 0.010 0.008
RMSD angle (%) 18 1.75 1.7
Mean ADP value (A?) 13.9 13.8 17.6
Ramachandran plot statistics

Residues in favored re- 96.9 97.3 97.3
gions (%)

Residues in allowed re- 3.2 28 28

Multiplicity means number of total reflections / number of unique reflections.
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Rierge * = (|Int —<I>|)/1hkl, where the average intensity <I> is taken over all symmetry
equivalent measurements and Ihkl is the measured intensity for any given reflection.
Ruvatie ® = ||Fo| - |Fell/|Fo|, where Fo and F are the observed and calculated structure factors,

respectively.
Rfree is equivalent to the R-value but is calculated for 5% of the reflections chosen at
random and omitted from the refinement process.

The quality of the crystallographic model was evaluated using the MolProbity soft-
ware.

All crystals belong to monoclinic P2; space group. The highest quality refinement
statistics (Rgee and Ryork) were achieved for the high-resolution structure of CAIX (mimic)

with CMP.2.

3.4 Description of inhibitor binding

To investigate the interaction of inhibitors with the active site of enzymes, deter-
mined crystal structure of CAIl and CAIX-mimic by X-ray crystallography. The results
were visualized using PyMOL (Molecular Graphics System, Version 3.0 Schrodinger,
LLC).

Figure 3.4, illustrates detail wiew into the active site of CA Il and CA IX with bound

inhibitors, as derived from the coordinates of the obtained crystal structures.



56

CAIl_CMP.1

/

THR 199

Figure 3.4. A) CMP.1. The Crystal structures of proteins in complex with inhibitors. The
zinc 1on is indicated by a gray sphere coordinated by three histidine residues. Carbon atoms are
highlighted in green, nitrogen in blue, and oxygen in red. Water molecules are shown as red
spheres. Hydrogen bonds are represented by yellow dashed lines. The figure was created using

the PyMOL software.
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CAIl_CMP.2

Figure 3.4. B) CMP.2. The Crystal structures of proteins in complex with inhibitors.
The zinc ion is indicated by a gray sphere coordinated by three histidine residues. Carbon
atoms are highlighted in green, nitrogen in blue, and oxygen in red. Water molecules are
shown as red spheres. Hydrogen bonds are represented by yellow dashed lines. The figure
was created using the PyMOL software.
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CAII_CMP.3

Figure 3.4. C) CMP.3. The Crystal structures of proteins in complex with inhibitors.
The zinc 10n is indicated by a gray sphere coordinated by three histidine residues. Carbon
atoms are highlighted in green, nitrogen in blue, and oxygen in red. Water molecules are
shown as red spheres. Hydrogen bonds are represented by yellow dashed lines. The figure

was created using the PyMOL software.
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All the shown polar bonds here do not exceed 3 A. The figures show zinc coordi-
nation by three histidine residues His94, His96, His119 for CA II for CA IX (mimic). The
fourth interaction in the coordinated sphere of the ion, which is intended for binding the
substrate of the ion in the case of inhibition, is occupied by an inhibitor nitrogen atom.
The binding of the inhibitor to zinc?" is facilitated by an deprotonated amide group with
free electron pair, a common feature among all inhibitors. In compounds CMP.1 and
CMP.2, which are sulfonamides, an additional hydrogen ion of the amide group is present.
As illustrated in Figure 3.3, this ion engages in a polar interaction with the side chain of
the amino acid residue Thr 199. Additionally, the amino group of the threonine 199 main
chain forms a hydrogen bond with the oxygen from the sulfonamide residue. CMP.3 which
1s thiazolidinedione does not form a connection with the oxygen of Thr 199 and does not
perform a polar interaction with a residue in the absence of a second hydrogen 1on. How-
ever, the amide group allows for a connection to be formed with the zinc?* ion.

CAIl CMP.1 Asshown in Figure 3.4, the inhibitor in this complex can occupy two
positions due to bond formation, where a water molecule bridges the space between the
inhibitor amino acid residues. The linker fragment, situated after the six-membered aro-
matic ring (also known as the "body"), interacts with water molecules in both positions.
In one instance of the inhibitor's positioning, the linker is connected to Thr199 and Pro200
via water. The second variant of the inhibitor's location in the active site of carbonic an-
hydrase II is stabilized by a bond between the linker fragment, water, and GIn92.

CAIX(mimic) CMP.1 Following the analysis of the X-ray crystallography results,
it became evident that in addition to the primary bonds of the compound's head, two ad-
ditional bonds are formed between different parts of the compound and a water molecule.
The water molecule is then bonded to the amino acid residue Pro200.

CAIl CMP.2. The inhibitor molecule is presented as a complete molecule, and the
compound can exist in two different conformations. Considering the first conformation, it

is evident that the inhibitor is stabilized within the linker fragment of the compound, with
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residues Pro200 and Thr199, through a water molecule. In the second variant, the tail and
linker are connected to a water molecule, which in turn forms a bond with GIn92.

CAIX(mimic) CMP.2. This complex is identical to the CAIl_ CMP.2 complex. The
molecule is depicted in its entirety and, as illustrated in Figure 3.3, can exist in two distinct
conformations. However, it is only bonded to the zinc?* ion, the polar interaction, and the
hydrogen bond with the amino acid residue Thr199.

CAIl_CMP.3 In addition to the primary nitrogen-zinc bond, the complex of thia-
zolidinedione and CA II protein also exhibits a stabilizing bond between the compound
and a water molecule bound to Thr199.

CAIX(mimic) CMP.3. In the complex of carbonic anhydrase IX protein and inhib-
itor CMP.3, along with the main bond, one water bond with Ser65 and another water bond
with GIn67 are also observed. Furthermore, a direct bond of the compound with amino

acid residue GIn92 is evident.

3.5 Discussion

The objective of this study was to investigate the specific binding of selected inhib-
itors to carbonic anhydrase IX. ISpecific inhibition of CA IX represents a significant area
of interest, given the role of this protein in oncogenesis. Additionally, carbonic anhydrase
IT is included in this study as the most abundant "off-target" indicator due to its extensive
distribution throughout the human body. Two of the selected inhibitors were sulfonamides,
while the third was a thiazolidinedione.

First, in vitro measurements were performed, during which the inhibitory effect of
the compounds on the enzymatic activity of the CA IX and CA 1I proteins was observed,
using the stopped-flow method (section 2.7.1). As shown in Table 3.1, the inhibition con-
stants for sulfonamides ranged from 3.73 + 0.74 nM to 8.9 = 1.9 nM, while the thiazoli-
dinedione inhibitor had values of 723.2 + 64.28 nM for CAII and 196.1 + 30.25 nM for
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CAIX. The most effective inhibition result was observed for CMP.2 and CA 11 3.73 + 0.47
nM. It is known that these values are predicted because sulfonamides are the most effec-
tive class of inhibitory compounds for carbonic anhydrases, with the best inhibitory effect
[93].

It should be noted that the inhibitory capacity of triazolidinedione is lower than that
of sulfonamides. This is due to the presence of only one hydrogen atom that forms a bond
with the Zn>" ion and the absence of a second hydrogen ion, which is present in sulfona-
mides. The absence of a second hydrogen ion as in sulfonamides, which formas an addi-
tional bond a polar interaction with the side chain of the amino acid residue Thr 199 also
plays the role. Furthermore, the absence of a hydrogen bond from oxygen to the main
chain of threonine 199 is likely due to lower binding affinity of this type of compound.
The ring be located 3.7 A from the nitrogen atom of the Thr199 backbone, which makes
it challenging to form a bond [28]. However, CMP.3 demonstrates the highest degree of
selectivity. It is nearly four times more effective at inhibiting the target protein of this
project, CAIX over CAIL.

To gain further insight into the binding of selected inhibitors to carbonic anhydrase,
X-ray analysis was conducted next. Given the difficulty in crystallizing the CAIX protein,
a CAIX mimic protein prepared in the Structural Biology Laboratory at the Institute of
Organic Chemistry and Biochemistry, CAS, was utilized for this portion of the work.
Modifications were made to the protein in order to facilitate crystallization crystallization
while retain the active site of CAIX. The prepared crystals (section 2.8.1) were measured
using the X-ray data collection method, which provided valuable insight into the interac-
tions on atomic level of the inhibitors in the active site pocket of CAIl and CAIX. All
structures were determined and refined to a resolution below 2 A, with the best resolution
of 1.41 A for CAIX mimic in complex with CMP.2. Further structural analysis (Table 3.2)

of the obtained data revealed important interactions between the inhibitors and the amino
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acid residues of the active site of the proteins. The images of the inhibitor-protein com-
plexes, created in PyMOL, provide a visual representation of these interactions (section
3.5).

From this visualization, it was revealed that CMP.1 which is sulfonamide, has the
potential to existbinds the active site in two alternative conformations, each of which is
stabilized by two bonds to the amino acids of the protein through water molecules. In
contrast, the CAIX(mimic) CMP.1 complex revealed that the compound can not exist in
twoaquires single conformations but and can forms a bond with Pro200, thereby stabiliz-
ing the compound.

The second sulfonamide, CMP.2, is present in two conformations in both protein
complexes. CMP.2 is stabilized by two bonds to three residues (GIn92, Thr199, Pro200)
through water, in addition to the main bonds from the inhibitor head, when it is present
with CAIL. However, in CAIX, the inhibitor is exclusively bound to the protein by the
main bonds from the sulfonamide head. The second hydrogen ion engages in a polar in-
teraction with the side chain of the amino acid residue Thr 199, the amino group of the
threonine 199 main chain forms a hydrogen bond with the oxygen from the sulfonamide
residue, and nitrogen bound Zn?" ion.

CMP.3 binds in a sigle conformation into the CAIl, in addition to the primary ni-
trogen bond of the compound with the zinc?** ion present in the active site of the protein.
This bond with the amino acid residue Thr199 is facilitated by the involvement of water.
However, this inhibitor with CAIX has three polar interactions with GIn92, GIn67, Ser
65: two of which are carried out through water, and one is direct. This ensures the optimal
stabilization of the inhibitor, which in turn ensures its optimal inhibitory effect on the

protein.

The selectivity of inhibitors for CAIl and CAIX is influenced by the amino acid
residue Phel30 present in the CAII protein structure and replaced by Val in CAIX. In the
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case of sulfonamide inhibitors, the residue does not present a problem for the compounds.
However, this is a crucial factor for thiazolidinediones. The protruding residue in the CAII
molecule establishes a specific position for the inhibitor, which is supported by a single
bond. The absence of this residue in the CAIX protein structure allows the inhibitor to

occupy a more conformationally favorable position, forming three stabilizing bonds.

Figure 3.5. A) Illustration of the critical role of residue Phe130 for thiazolidinedione

and sulfonamide inhibitor (CMP.1).
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Figure 3.5. B) Illustration of the critical role of residue Phel30 for sulfonamide

inhibitor (CMP.2).

It can be concluded that CMP.3 is the most selective inhibitor for CAIX among the
compounds explored in this work. Its selectivity index is the highest among those meas-
ured, which ensures targeted inhibition while minimizing the likelihood of binding to
other metalloenzymes. The presence of the largest number of bonds with the protein has
the greatest impact on protein function.

It 1s therefore important to continue developing and potentially modifying these

inhibitors.
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CONCLUSION

A summary of information on human carbonic anhydrases was prepared based on
a review of relevant literature in this thesis. The physiological functions and further par-
ticipation of individual CA isoenzymes in pathological processes also were presented in
detail. The structure of the active site of metalloenzymes and their catalytic mechanism
were reviewed. Particular focus was put on carbonic anhydrases II and IX. CA IX isoen-
zyme has been identified as a potential tumor marker and target for tumor diagnosis and
treatment. CA II was considered an "off-target" protein. Additionally, a summary of po-

tential methods for inhibiting carbonic anhydrases was provided.

After the experimental part of this thesis can be concluded:

1. The inhibitory properties of three selected inhibitors towards CA II and CAIX
were evaluated by stopped-flow method and X-ray crystallography method for which the
crystalls were previously grown. These inhibitors belong to the sulfonamides and thiazol-
idinediones.

2. It was demonstrated that the inhibitory capacity of triazolidinedione is inferior to
that of sulfonamides.

3. Kinetic studies have shown that the inhibitors have a high affinity for protein and
are very effective in reducing enzymatic activity. The most effective inhibition result was
observed for CMP.2 and CA 11 3.73 + 0.47 nM.

4. The X-ray structural study, aimed at complexes of three inhibitors with two pro-
teins, revealed the structular basis explaining high affinity and specificity of binding for
each of studied compounds. All structures were determined and refined to a resolution
below 2 A, with the best resolution of 1.41 A for CAIX mimic in complex with CMP.2

5. It has been demonstrated that certain inhibitors are capable of occupying the ac-

tive site of proteins in two distinct conformations.
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6. It was further revealed that the ability to bind to the active site of the two different
proteins was influenced by the amino acid residue Phe 130, thereby ensuring the

selectivity of these CA [X-targeted inhibitors.

These results are relevant for further studies of these compounds.
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