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a.a. amino acids

CA human carbonic anhydrase
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Introduction

There are numerous diseases that may be treated by the inhibition of a certain protein target by small

molecular weight compounds - drugs that should recognize only the target protein in the human body and

selectively inhibit without a�ecting other proteins. Unfortunately this task is not easy to achieve because

the mechanism of speci�c recognition of the target protein by small molecule is poorly understood. It is not

yet possible to rationally design drugs (ligands) in silico that would selectively and with high a�nity bind

to target proteins.

Currently, modern biophysical methods are actively used in drug design. One of the most informative

methods is X-ray crystallography which provides the 3D atomic resolution models of protein�ligand com-

plexes and reveals important interactions that determine molecular recognition between the protein and the

ligand. In this thesis, we have determined the crystal structures of small molecular weight ligands bound to

human carbonic anhydrases (CA) and have analyzed the details of inhibitor binding to several human CA

isoforms.

The CAs (EC 4.2.1.1) are ubiquitous metallo-enzymes which catalyze the hydration reaction of carbon

dioxide (CO2) into bicarbonate (HCO3
−) and protons (H+). All mammalian CAs belong to the α-class.

There are �fteen CA isoforms in human. Most of them (12 out of 15) are catalytically active, while the

remaining three are inactive because the catalytic Zn(II) is not present in them. Human CAs participate in

many physiological and pathological processes. For example, CA IX and CA XII are associated with certain

types of cancer [19, 26] and their inhibition is thought to help stop the proliferation of cancer cells.

Primary sulfonamide compounds have been known for many years to be highly selective inhibitors of

CAs. However, most of them bind to all 12 CA isoforms and exhibit little selectivity. Sulfonamides that

inhibit the ubiquitous CA I and CA II isoforms are in clinical use as diuretics, antimicrobial agents, etc.

The clinically used CA inhibitors are also used against glaucoma, obesity and other diseases. The CA XII

isoform is also known as a target to treat glaucoma [20].

Human CAs share high degree of similarity [29] and exhibit a similar fold formed by a central 10-stranded

beta-sheet. Small structural di�erences are found between isoforms that di�er in cell and tissue location,

some membrane-bound CAs form dimers and carry the trans-membrane helical domain.

The amino acids which form the surface of the conical active site are nearly identical between isoforms,

especially in its deeper parts. The active site cavity is approximately 15 �A wide and deep. The catalytically

important zinc ion is coordinated by three conservative histidine side chains at the bottom of the cavity.

The minor structural di�erences at the surface of the active site represent a challenge for the design of

isoform-selective inhibitors.

Detailed structural information is very important for the understanding of the binding between a ligand

and its target protein. Our crystallographic studies seek to provide a structural information for a search

of the benzenesulfonamide-based inhibitors selective between human isoforms. We have solved crystal

structures of �ve CA isoforms (CA I, CA II, CA IV, CA XII, and CA XIII) and CA II mutants that mimic

the active site of other CA isoforms with series of benzenesulfonamide inhibitors synthesized by Dr. Edita

�Capkauskait
e and Dr. Virginija Dudutien
e. Chimeric versions of CA IX (chCA IX) and CA XII (chCA
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XII) were produced by introducing point mutations into easily crystallizable CA II in order to make the

active site cavity similar to that in corresponding isoforms. Mutant proteins (chimeras of CA IX and CA

XII) could be easily crystallized like CA II and contained active site residues characteristic for CA IX and

CA XII [5].

This structural information was correlated with the binding thermodynamics in search of structural

features that determine high a�nity and selective recognition.

The goal of this study

The goal of this study was to solve the crystal structures of the complexes of several CA isoforms with a

series of sulfonamide inhibitors using X-ray crystallography technique, to analyze the interactions between

the ligands and the CA proteins, determine the mechanisms of binding selectivity, a�nity, and search for

the correlations between the structure and the binding thermodynamic parameters.

The tasks of the study:

(1) to determine the crystallization conditions of CA isoforms (CA IV, CA VA, CA VB, CA VI, CA VII,

and CA IX),

(2) to solve the X-ray crystal structures of newly synthesized aromatic benzensulfonamides bound to

several CA isoforms and mutant CA II proteins,

(3) to explain the structural reasons of high a�nity and high selectivity of the lead compound VD11-4-2

binding to CA IX over CA I, CA II, CA XII, and CA XIII,

(4) to analyze the interactions of ligands with the amino acids in the CA active sites, di�erences in the

binding modes of sulfonamide inhibitors, and analyze the correlations between the crystallographic

structures and the thermodynamic parameters of binding.

Scienti�c novelty and practical value:

(1) In this work, we have published 61 crystal structures of newly synthesized sulfonamide-based CA

inhibitors with 5 CA isoforms (CA I, CA II, CA IV, CA XII, and CA XIII) and also 2 mutant CA II

proteins. Out of them, 25 crystal structures were solved with CA II (there are ∼500 crystal structures

of CA II in the PDB), 14 � with CA XII (there are 17 in the PDB), 12 � with CA XIII (there are 14

in the PDB), 4 � with CA I (there are 25 in the PDB), and 1 � with CA IV (there are 10 in the PDB).

Crystal structures of several compounds were determined in complexes with several CA isoforms. This

is especially important for the studies of binding selectivity.

(2) The binding of a series of newly synthesized sulfonamides in the active sites of 5 CA isoforms was

studied in detail. The mechanism of molecular recognition that increases the binding a�nity to the

target CA was proposed. The recognition mechanism of CA IX selective binder was studied in detail

explaining the crystallographic data.

9



(3) We have described the tendencies of the changes in the binding thermodynamics between structurally

similar compounds. This helps in the design of new compounds with the desired properties.

(4) The set of crystallographic data for the studied CA-ligand complexes is a signi�cant contribution to

the existing experimental data that could be used for the future bioinformatic studies of protein-ligand

binding.

Defending statements:

(1) The lead compound VD11-4-2 binds to CA IX di�erently than to CA I, CA II, and CA XIII. The

meta-cyclooctyl ring of this compound interacts with the hydrophobic pocket available only in the CA

IX isoform and not in CA I, CA II, and CA XIII.

(2) The active cite of chCA IX (multiple mutant of CA II mimicking the active center of CA IX) does not

fully resemble the molecular surface of the active center of CA IX at the hydrophobic pocket.

(3) For the pair of compounds di�ering in the substituents but where the benzene ring is positioned in

the protein in a similar position, the addition of the substituent usually does not change the a�nity

but signi�cantly changes the enthalpy and entropy of binding and the enthalpy-entropy compensation

phenomenon is usually observed where an unfavorable enthalpy change is compensated by the entropy

change. However, if the positions of bound compounds di�er (positions of the benzene rings of the

compounds are dissimilar), then the thermodynamic parameters may vary.

10



1 Materials and Methods

1.1 Materials and Equipment

1.1.1 Equipment

Spectrophotometer 'NanoDrop 1000'; cooling microcentrifuge 'Eppendorf Centrifuge 5415 R'; cool-

ing centrifuge 'Eppendorf Centrifuge 5810-R'; protein crystallization robot 'Oryx8'; X-ray di�ractome-

ter 'RIGAKU' MM007-HF; thermostated room for crystal growth; macromolecular X-ray crystallography

EMBL beamlines, P13 and P14, at the PETRA III storage ring at DESY (Hamburg, Germany); beamline

ID11-3 for macromolecular X-ray crystallography at the MaxLAB IV storage ring in Lund (Sweden); light

microscopes 'Carl Zeiss Stemi SN11' and 'ÎÃÌÝ-Ï2'; protein concentrators 'Amicon-Ultra-0,5ml' 10kDa,

protein concentrators Pierce Protein Concentrators (9K); crystallization plates: 'MRC Maxi 48-Well Crys-

tallization; Plate (Swissci)', 'Cryschem Plate', 'CrystalEX (Corning)'; PC.

1.1.2 Materials

The crystallization bu�ers were home made using chemicals of highest available purity ≥ (99-97) %.

Manufacturers of chemical reagents: Sigma, Roth, Fluka, Serva.

The main bu�ers: MES (2-(N-morpholino)ethanesulfonic acid), HEPES (4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid), BIS-TRIS (2,2-Bis(hydroxymethyl)-2,2',2"-nitrilotriethanol), cit-

ric acid/citrate, TRIS/HCl (2-Amino-2-(hydroxymethyl)-1,3-propanediol hydrochloride), bicine

(2-(Bis(2-hydroxyethyl)amino)acetic acid), acetic acid, acetate, tricine (N-(2-Hydroxy-1,1-

bis(hydroxymethyl)ethyl)glycine), succinate, malonate.

The most used salts: potassium chloride, sodium chloride, ammonium sulphate.

Precipitants: PEG8000, PEG4000, PEG3350, PEG400, iPrOH, PVP (polyvinylpyrrolidone), sodium

malonate.

"Hampton" crystallization screens: grid screens (PEG6k, PEG/LiCl, Sodium Malonate), Index,

PEG/Ion, crystal Screen Cryo, crystal screen 2 Cryo, and others.

1.1.3 Proteins

CA proteins used in this study were cloned, expressed and puri�ed in the Department of Biothermo-

dynamics and Drug Design by Dr. J. Matulien
e, Dr. V. Jogait
e (Juozapaitien
e), V. Michailovien
e, J.

Kazokait
e, J. Jachno, D. Timm, M. Gedgaudas, A. Kasiliauskait
e, and G. Milinavi�ci	ut
e.

The mutations of CA II that mimic the active sites of CA IX and CA XII were proposed by Dr. V.

Kairys (Department of Bioinformatics, Institute of Biotechnology, Vilnius University) and the corresponding

constructs were prepared by the PhD student David Daniel Timm.

The recombinant proteins used for the crystallization experiments in this study: CA I (3-261 a.a.), CA

II pL0059 pET15b-CAII (1-260 a.a.), CA IV two proteins: (19-284 a.a.) and (19-284 a.a.), CA VI two

proteins: (21-280 a.a.) and (31-280 a.a.), CA VA (34-305 a.a.), CA VB two proteins: (40-317 a.a.) and

(40-317 a.a.), CA VII (1-264 a.a.), CA IX two proteins: (138-390 a.a.) and (138-392, Cys41Ser a.a.), CA

XII (30-291 a.a.), CA XIII (1-262 a.a.).

11



1.2 Methods

1.2.1 Crystallization of CA I, II, IV, VI, CA IX, CA XII, and CA XIII isoforms

CA protein crystals were obtained at 19 ◦C using vapor di�usion method in a sitting drop format. The

mixed volumes of starting drop were 0.1-5 µL, the volume of crystallization bu�er was 0.1-0.5 mL in the

wells of crystallization plate. The results of crystallization experiments are listed in Table 1.1.

Table 1.1: CA isoforms and their crystallization.

Isoform
Resolution,

(�A)
Comment

CA I 1.3-2.0
The crystallization conditions of CA I were preliminary optimized by Dr. E.

Manakova. The crystals were grown for about one week.

CA II 1.0-2.0
The crystallization conditions of CA II were preliminary optimized by Dr.

E. Manakova. The crystals were grown for one week.

CA IV > 2.5

This isoform crystallizes very easily in many di�erent bu�ers. The attempts

to improve resolution were unsuccessful. One crystal structure was obtained.

The crystals were grown for about one week.

CA VA -
The crystallization conditions were not found (800 crystallization bu�ers

were tested).

CA VB -

The crystallization conditions were not found (800 crystallization bu�ers

were tested). Two protein constructs were used in the crystallization studies

(constructs were built by A. Kasiliauskait
e). 1400 crystallization bu�ers were

tested.

CA VI > 1.6

The crystallization conditions were optimized. This isoform forms homod-

imers in crystal structures. The active sites are inaccessible for inhibitor

molecules. We have not obtained any crystal structure of the protein-ligand

complex. The crystals were grown for about 3-4 weeks.

CA VII -
The crystallization conditions were not optimized. 1000 crystallization

bu�ers were tested.

CA IX > 3

The crystallization conditions were optimized. Small and geometrically regu-

lar crystals were obtained, but di�raction was poor. The crystals were grown

for about 4 weeks.

CA XII 1.2-2.0
The crystallization conditions were optimized. The crystals were grown for

about 1 week.

CA XIII 1.6-2.0

The crystallization conditions of CA XIII were preliminary optimized by

Dr. E. Manakova and M. Kisonaite. The crystals were grown for about 2-3

weeks.

The lowest di�raction resolution at 2.5 �A is still suitable for protein-small ligand complexes, when the

position of ligand could be correctly determined in the CA active site. The peaks of water molecules

are nearly absent in the electron-density maps at 2.5 �A. A better resolution (< 2 �A) allows the obser-
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vation of water molecules and ligand. All CA proteins were concentrated by ultra�ltration to 5-50 mg

mL−1. The protein concentration was directly determined by measuring the absorbance at 280 nm (by

NanoDrop 1000 instrument). The extinction coe�cients of proteins were calculated using ProtParam tool

(https://web.expasy.org/protparam/). The crystallization bu�ers and protein concentrations for every crys-

tallized CA isoform are listed below.

Crystallization bu�ers and protein concentrations:

The crystallization conditions of the published crystal structures are accessible by PDB ID.

(1) CA I: protein concentration 15-25 mg mL−1

1) 0.2 M sodium chloride, 0.1 M Tris-HCl (pH 8.5), 28 % PEG3350

2) 0.2 M sodium chloride, 0.1 M Tris-HCl (pH 8.5), 20 % PEG8000

3) 0.2 M ammonium sulfate, 0.1 M Tris-HCl (pH 8.5), 24-28 % PEG3350

4) 0.2 M ammonium sulfate, 0.1 M Tris-HCl (pH 8.5), 24-28 % PEG4000

5) 0.2 M ammonium sulfate, 0.1 M Tris-HCl (pH 8.5), 20 % PEG8000

6) 0.2 M ammonium acetate, 0.1 M Tris-HCl (pH 8.5), 24-28 % PEG3350

7) 0.2 M ammonium acetate, 0.1 M Tris-HCl (pH 8.5), 24-28 % PEG4000

8) 0.2 M ammonium acetate, 0.1 M Tris-HCl (pH 8.5), 20 % PEG8000

9) 0.2 M sodium acetate (pH 8.3), 0.1 M Tris-HCl (pH 8.5), 24-28 % PEG3350

10) 0.2 M sodium acetate (pH 8.3), 0.1 M Tris-HCl (pH 8.5), 24-28 % PEG4000

11) 0.2 M sodium acetate (pH 8.3), 0.1 M Tris-HCl (pH 8.5), 20 % PEG8000

(2) CA II: protein concentration 15-50 mg mL−1

1) 0.1 M sodium bicine (pH 9.0), 0.2 M ammonium sulfate, 2 M sodium malonate (pH 7);

2) 0.1 M sodium bicine (pH 9.0), 2 M sodium malonate (pH 7);

(3) CA IV: protein concentration 15-25 mg mL−1

1) 0.2 M ammonium sulfate, 0.1 M sodium acetate (pH 4.5), 23-25 % PEG3350

2) 0.2 M ammonium chloride, 0.1 M Mes sodium (pH 6.5), 15 % PEG4000

3) 0.2 M ammonium sulfate, 0.1 M Mes sodium (pH 6.5), 20 % PEG2000mme

4) 0.2 M ammonium sulfate, 0.1 M Mes sodium (pH 6.5), 20 % PEG3350

(4) CA VI: protein concentration 10-20 mg mL−1

1) 0.1 M ammonium citrate (pH 5.0) 20 % PEG2000mme

2) 0.1 M ammonium citrate (pH 5.0) 15 % PEG3350

(5) CA IX: protein concentration 3-6 mg mL−1

1) 0.25-0.55 M NH4H2PO4

(6) CA XII: protein concentration 20-30 mg mL−1

1) 0.1 M ammonium citrate (pH 7.23), 0.2 M ammonium sulfate, 26-30 % PEG4000

(7) CA XIII: protein concentration 15-50 mg mL−1

1) 0.1 M sodium citrate (pH 5.5), 0.2 M sodium acetate (pH 4.5), 30 % PEG4000;

2) 0.1 M sodium citrate (pH 5.5), 0.1 M sodium acetate (pH 4.5), 26 % PEG4000;
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3) 0.1 M ammonium citrate (pH 7.0), 0.1 M sodium acetate (pH 4.5), 26 % PEG3350;

4) 0.1 M sodium citrate (pH 5.5), 0.2 M ammonium sulfate, 26 % PEG3350;

5) 0.1 M ammonium citrate (pH 5.0), 18-20 % PEG4000;

1.2.2 Preparation of CA complexes with inhibitors

The crystals of CA II, CA IV, CA XII, and CA XIII isoforms were soaked before di�raction experiment

for about one week in the crystallization bu�er containing 0.5-2 mM of inhibitor. Crystallization bu�ers

for CA crystal soaking were made by the mixing of 0.5-2 µl inhibitor solution (50 mM) and 50 µl of

crystallization bu�er taken out the reservoir of crystallization plate. The CA I-ligand complexes were

obtained by crystallization of pre-mixed complexes CA I with ligand of interest.

1.2.3 Collection of di�raction dataset

X-ray di�raction datasets of CA crystals were collected by the author and colleagues (Dr. S. Gra�zulis, Dr.

E. Manakova) using: (1) Rotating Anode X-ray source RIGAKU MM007-HF for protein crystallography;

(2) the beamlines P13 and P14 at the PETRA III storage ring at DESY (Hamburg, Germany) and (3)

the Lund synchrotron radiation facility (Lund, Sweden) with the help of Dr. G. Tamulaitiene, Dr. G.

Sasnauskas, PhD students A. Merkys and E. Golovinas.

1.2.4 X-ray data processing and solution of the phase problem

Di�raction datasets were processed on the Linux system using the CCP4 software for macromolecular

X-Ray crystallography [37]. The programs used in the processing of crystallographic data and structure

solution and re�nement are listed in the Table 1.2.

Table 1.2: Software used for X-ray di�raction data processing.

Program Description

MOSFLM [2]

Mos�m is a program for integrating single crystal di�raction data (2D im-

ages) from area detectors. The output is an MTZ �le which contains the

integrated intensities.

XDS [13]

X-ray Detector Software for processing single-crystal monochromatic

di�raction data recorded by the rotation method. Di�raction datasets from

beamlines P13 and P14 (Hamburg, EMBL) were processed by XDS. The

output of XDS data processing package is the Text �le XDS_ASCII.HKL.

(http://xds.mpimf-heidelberg.mpg.de)

COMBAT

COMBAT produces an MTZ �le in multirecord form suit-

able for input to SCALA (from �le XDS_ASCII.HKL).

(http://www.ccp4.ac.uk/html/combat.html)

SCALA
Scales together multiple observations of re�ections, and merges multiple

observations into an average intensity.
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UNIQUE

Creates a unique list of re�ections for a given unit cell with

a given symmetry up to a speci�ed high resolution limit.

(http://www.ccp4.ac.uk/html/unique.html)

FREERFLAG

Tags each re�ection in the MTZ �le with a �ag for cross-validation.

The tagged re�ections used for the calculation of `Free R factors'.

(http://www.ccp4.ac.uk/html/freer�ag.html)

MTZUTILS

Re�ection data �les utility program. The MTZ utility program

MTZUTILS is provided for the purpose of creating a new re-arranged

or edited MTZ re�ection data �le from one or two existing �les.

(http://www.ccp4.ac.uk/html/mtzutils.html)

TRUNCATE
Obtains structure factor amplitudes using Truncate procedure and/or gener-

ates useful intensity statistics. (http://www.ccp4.ac.uk/html/truncate.html)

We examined several parameters for the quality estimation of processed di�raction data (Table 1.3).

Table 1.3: Di�raction data quality indicators.

Parameter Description

Di�raction

resolution

Resolution is the smallest distance between crystal lattice planes. High nu-

meric value 1.5 �A means good resolution, whereas 4 �A � poor resolution. If

the distance between two atoms is larger than high resolution value, these

two atoms can be separated.

Rmerge

A measure of agreement between multiple measurements of the same (not

symmetry-related � see Rssymm) re�ections, with the di�erent measurements

being in di�erent frames of data or di�erent data sets.

I/σ

This parameter correlates with Rmerge. We limit the resolution (in �A) at I/σ

= 2 that means the choice of re�ections whose intensities are more than 2

times stronger than the level of experimental noise.

Completeness

The number of crystallographic re�ections measured in the data set, ex-

pressed as a percentage of the total number of re�ections present at the

speci�ed resolution.

The dataset of collected re�ections contains only intensities of scattered X-rays measured by detector.

The phase information is lost during data collection. There are numerous methods developed in the modern

protein crystallography for the solution of "phase problem�. Experimental phasing methods are based on

the introduction of the heavy or anomalously scattering atoms into the protein crystals that give a strong

signal and could be used for phasing.

The other possible approach is the molecular replacement (MR) when the initial phases are calculated

from the previously solved protein structure if the model protein is structurally similar to the target protein.

We use MOLREP and AMORE programs for the molecular replacement (Table 1.4). MOLREP program
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performs the MR in two steps: 1) Rotation function (RF) performs the search orientation of model; 2) Cross

Translation function (TF) and Packing function (PF) perform the search position of oriented model.

We use SFALL and SIGMAA programs for the generation of electron-density maps. These programs

create the MTZ type �le which contains the phases and coe�cients. We analyze the electron-density maps

and build the atomic model using COOT software. Two types of electron-density maps are important: (1)

Direct density map (2F(o)-F(c)); (2) Di�erence density map (F(o)-F(c)) shows the di�erence between the

measured electron densities and the electron densities from the current model.

Table 1.4: Software used for crystal model building.

Program Description

MOLREP

Automated program for molecular replacement. MR is a method for solution

of the phase problem in X-ray crystallography. For molecular replacement it

is necessary to �nd solved protein structure which is structurally similar to

unknown structure which di�raction data is processed.

AMORE Amore is the similar program to MOLREP.

COOT [8]

Coot is an interactive software used for macromolecular model building,

model completion and validation, particularly suitable for protein modelling

using X-ray data.

REFMAC

[24, 36]

Refmac is the macromolecular re�nement program which performs

the re�nement of the atomic model against the di�raction data.

http://www.ccp4.ac.uk/html/refmac5.html

SFALL

Structure factor calculation and X-ray re�nement using forward and reverse

FFT. SFALL program calculates the structure factors and phases from the

model. http://www.ccp4.ac.uk/dist/html/sfall.html

SIGMAA

This program improves Fourier coe�cients using calculated phases. It cal-

culates weighted Fourier coe�cients either from the calculated phase from a

(partial) model structure. http://www.ccp4.ac.uk/html/sigmaa.html

AVOGADRO

[11]

Avogadro is a molecule editor and visualizer. We use this program for gener-

ation of small-molecule inhibitors which are the models for crystal structure

building.

LIBCHECK

Generates and manages the library �les which provide complete chemical

and geometric descriptions of residues and ligands used in re�nement. The

chemical and geometric descriptions were used by REFMAC re�nement

program.

REFMAC software was used for automatic re�nement of added molecules positions and geometry. The

changes of electron-density maps were analyzed every time after the model re�nement. The �nal model

should not contain the strong positive peaks of di�erence density map. The models of the inhibitor were

added in the active site when the electron densities were detected which can be addressed by compound

chemical formula.
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2 Results and Discussion

2.0.1 Solved crystal structures

During this work, we have collected 181 X-ray di�raction datasets from CA crystals 2.2. These datasets

represent mostly CA-ligand complexes (Table 2.2). The 61 crystal structures of good quality were deposited

in PDB database (https://www.rcsb.org/). Primary citation for deposited structures are listed in the Table

2.1.

One third of the crystal structures (62) were empty, meaning that the electron densities of inhibitors were

not detected in the active sites of CA, as well as crystal structures of inhibitor-free CA. Most of deposited

in PDB crystal structures were used in 11 publications (see publication list 2.1, [32] � as the �rst author).

The CA inhibitors analyzed in this thesis were synthesized in the Department of Biothermodynamics

and Drug Design and can be grouped into two classes:

(1) mono/di -substituted �uorinated benzensulfonamides (dr. V. Dudutien
e, V class).

(2) mono/di -substituted monochlorbenzensulfonamides (dr. E.�Capkauskait
e, E class).

Table 2.1: PDB structures and related primary citations.

PDB ID Reference Notes

5LLH, 5LLC, 5LLE,

5LLG, 5LLN, 5LLP,

5LLO, 5MSA, 5MSB

[32]

The authors tried to establish the correlation between the

binding of inhibitors in CA-ligand crystal structures and

intrinsic parameters of binding thermodynamics.

5E2N, 5DOG,

5DOH, 5DRS,

5E2M, 5EHE

[38]
The intrinsic binding parameters of meta-, ortho-substituted

�uorinated benzensulfonamides were analyzed.

5IPZ CA IV [21]
Our crystal structure of the CA IV complex with inhibitor is

published. The article also contains the intrinsic binding data.

5LL4, 5LL5, 5LL9,

5LLA
[3]

Analysis of intrinsic parameters of binding the series of N-

alkylated benzimidazoles revealed compounds selective to-

wards CA VA isoform. The analysis of thermodynamics of

binding and crystal structures are presented.

4QIY, 4QIZ, 4QJ0,

4QJM, 4QJO, 4QJP,

4QJW, 4QJX, 4QTL

[7]

First publication of para-, ortho-, meta-substituted �uori-

nated benzensulfonamides. The binding data contains only the

observed binding parameters.

4WR7, 4WUP,

4WUQ, 4WW6,

4WW8

[39]
The intrinsic binding parameters of para-substituted �uori-

nated benzensulfonamides.

4QSA, 4QSB, 4QSI,

4QSJ
[14]

The intrinsic binding parameters of compounds synthesized by

dr. E. �Capkauskait
e.
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4PYX, 4PYY,

4Q0L, 4PZH, 4Q06,

4Q08, 4Q09, 4Q07

[5]

The �rst publication describing inhibitors selective towards

isoform CA IX (synthesized by dr. V. Dudutien
e). 8 crystal

structures, including mutant proteins of CA II isoform.

4Q6D, 4Q6E [30]
Para-substituted benzensulfonamides synthesized by dr. K.

Rutkauskas from Kaunas University of Technology.

4KNJ, 4KNN,

4KP5, 4KNI,

4KNM, 4KP8

[4]

The �rst publication of several compounds of E class (dr. E.

�Capkauskait
e). The observed binding data shown for 6 CA

isoforms.

4HT2, 4HU1, 4HT0 [6]

First publication of para-substituted �uorinated benzensul-

fonamides synthesized by dr. V. Dudutien
e. The observed

binding parameters are listed.

5OGJ, 5OGO,

5OHH
- Unreleased

4LHI - Unpublished yet

Table 2.2: The summary of X-ray di�raction datasets collected during PhD study.

Di�raction experiments Notes

169 datasets processed

The number of di�raction datasets which were suc-

cessfully processed and electron-density maps were

drawn.

61 crystal structures deposited

into PDB database

These crystal structures have PDB identi�cation num-

bers.

62 crystal structures contained no

inhibitor

The electron-densities of compounds were not present

in the active sites of analyzed structures.

28 crystal structures had an un-

clear electron density in the active

site

The electron-density maps could not be completely

correlated with certain compounds.

18 structures of crystals grown in

the absence of CA inhibitors.

Crystal structures of CA isoforms and mutant CA II

proteins crystallized without CA inhibitors.

2.0.2 Crystallographic water molecules in the active site

The crystal structures with the resolution better than 1.8 �A could be used for the analysis of the dis-

tribution of crystallographic water molecules in the active site. The rearrangement of solvent molecules

after binding event is an open question. The dynamics of the crystallographic water molecules in the ac-

tive site can be the reason of the entropy-enthalpy compensation e�ect ([15, 33], software Watermap). It

can be a "cornerstone" for the understanding of the protein-ligand binding thermodynamics. CA I, II,

XII and XIII usually produce crystals di�racting to the good resolution and could be used for the analysis
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of crystallographic solvent molecules. The number of ordered water molecules is in�uenced by several factors:

(a) Resolution of the crystal structure. Protein surface contains mostly charged and polar side

chains, such as lysine, aspartate, arginine, glutamine etc. Water molecules bound by hydrogen bonds

to the protein surface are often ordered in the crystal structure. The amount of water molecules

visible in the structure depends on the resolution. The spacious active site of CA is also �lled with

solvent molecules and some of them occupy well de�ned positions (deep water, zinc-bound water etc.)

[9, 16, 17]. The number of water molecules in the active site of crystal structure strongly depends on

the resolution. Weak peaks of electron-density map can be interpreted as the peaks of more mobile

water molecules. Di�erent crystallographic software can generate slightly di�erent electron-density

maps.

(b) Distribution of water molecules could vary between di�erent protein subunits in the same

structure. The crystal structure of CA XII often contains four CA XII molecules. Interestingly, the

number of water molecules and quality of water-like peaks is di�erent between active sites of CA XII

molecules, as well the conformation of ligands may vary between subunits.

(c) Crystallization bu�er composition. The number of water molecules observed in the active site

depends on the bu�er composition resulting in bu�er molecules observed at the protein surface instead

of water molecules. Thus bicine molecules were often found in CA II crystal structures at �xed position.

The hydrophobic DMSO molecules carried over from the stock solution of the inhibitor also occupy

the �xed positions in CA II active site.

These reasons complicate the study of the correlation between the dynamics of water molecules in the

active sites and thermodynamic parameters of binding.

2.0.3 The intrinsic binding parameters of sulfonamide-based inhibitors

The binding thermodynamics in water solution is a combination of thermodynamic processes. The

binding of sulfonamide-based inhibitors depends on pH and bu�er. The deprotonated sulfonamide (R-

SO2NH
−) is the active form of the inhibitor which can bind to Zn(II) ion in the CA active site. The proton

transfer from the sulfonamide group to the bu�er is a thermodynamic process, which has some contribution

to observed energies (∆H, ∆G) [27, 35]. The in�uence of pH on the binding process can be determined

and dissected from observed energies [1, 12, 18, 22]. The intrinsic thermodynamic parameters describe the

reaction of binding of ligand with CA active site, that is free from the interaction of binding bu�er with

ligand.

The intrinsic binding data of synthesized compounds (E and V classes) to human CA isoforms are

published in the articles [14, 38, 39]. The increasing number of solved crystal structures and intrinsic binding

data allowed to perform a comprehensive analysis of binding structure-thermodynamics relationships [32].
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2.1 Crystal structure correlations with the intrinsic thermodynamics of human

CA inhibitor binding.

We apply the strategy of matched molecular pairs for minimization of the possible factors which in�uence

parameters of binding thermodynamics. The matched molecular pairs are composed from two structurally

similar compounds, which di�er in the substituents in meta- or ortho- or para-position. Moreover, we

selected such molecular pairs where the compounds bind to the same CA isoform in the pair.

A series of 24 crystal structures of CAs co-crystallized with 16 benzenesulfonamides bearing di�erent

substituents was analyzed by grouping 15 inhibitors into 13 matched molecular pairs where compounds

di�ered by the hydrophobicity of substituents whose contribution is being studied (Fig. 2.1). The 13

matched molecular pairs included six pairs with CA II, two � with CA XIII, one � with CA I, and four �

with CA XII. Additionally, two crystal structures of compound 1 were compared when bound in the active

sites of CA II and CA XII.
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Figure 2.1: The inhibitors and PDB accession codes of related crystal structures.

2.1.1 Similar binders

Nine matched molecular pairs exhibited similar binding mode (group S1-9), i.e. the benzene ring was

found in the same orientation while only the positions of substituents may have di�ered in each pair (Fig.

2.2). The remaining four matched molecular pairs exhibited a dissimilar binding mode of the benzenesul-

fonamide ring (D1-4) (Fig. 2.5).

The binding energies are plotted against the sum of accessible and buried surface areas of the hydrophobic

substituents in each matched molecular pair (Fig. 2.3). The accessible and buried surface areas were (ASA

and BSA, respectively) calculated by VORONOTA algorithm [25] for areas of the marked portion of the

compound (green or magenta in Fig. 2.2 and Fig. 2.5). The crystallographic data, electron density maps
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Figure 2.2: �Similar binders�: matched pairs of inhibitors bound in the crystal structures of CA isoforms. Inhibitors

bound in CA active sites are shown in the same orientation. The structural di�erences of the inhibitors in pairs are

shaded by green or pink. The ligands in crystal structures are colored accordingly. Water molecules found in crystal

structures are shown as green and pink spheres. Zn(II) ion is shown as a magenta sphere. The protein surface of

CA active site is colored orange for hydrophobic residues (Val, Ile, Leu, Phe, Met, Ala, Gly, and Pro) and blue for

the residues with charged and polar side chains (Arg, Asp, Asn, Glu, Gln, His, Lys, Ser, Thr, Tyr, Trp, and Cys).

(pair S1) Compounds 10 (green, PDB ID 4HU1) and 11 (pink, PDB ID 5E2N) bound in CA XIII.
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Figure 2.2: continued

(pair S2) Compounds 3 (green, PDB ID 4WW6) and 2 (pink, PDB ID 5LLE) bound to CA II. (pair S3) Compounds

3 (green, PDB ID 4WR7) and 5 (pink, PDB ID 4WUQ) bound to CA I. (pair S4) Compounds 7 (green, PDB ID

3SBI) and 6 (pink, PDB ID 3SBH) bound to CA II. (pair S5) Compounds 13 (green, PDB ID 5LLC) and 14 (pink,

PDB ID 4QJM) bound to CA II. (pair S6) Compounds 9 (green, PDB ID 4KNN) and 8 (pink, PDB ID 4KNM)

bound to CA XIII. (pair S7) Compounds 10 (green, PDB ID 4PZH) and 12 (pink, PDB ID 5DRS) bound to CA II.

(pair S8) Compounds 3 (green, PDB ID 4WW6) and 4 (pink, PDB ID 5LLH) bound to CA II. (pair S9) Compounds

9 (green, PDB ID 4KNJ) and 8 (pink, PDB ID 4KNI) bound to CA II.

of the compounds and other data are available in ([32], open access).

Figure 2.3: Correlations between structural changes and the intrinsic thermodynamics of binding to CA

isoforms in the matched pairs for similar (A) and dissimilar binders (B). The surface areas, (BSA + ASA),

in �A2) of the functional groups marked by pink and green in (Fig. 2.2 and 2.5) are shown on x -axis. The

values of the surface area is the sum of 'voronota' contacts [25] (BSA) and the solvent accessible surface

(ASA). The thermodynamic parameters are shown on y-axis. Colored lines connect two compounds in the

pair with compound number at the end of lines. Due to the enthalpy-entropy compensation e�ect described

for similar binders (Fig. 2.2A-I, pairs S1-S9), the intrinsic entropies mirrored the enthalpies as emphasized

by the imaginary mirror plane (dashed line) for the similar binders in A.

Intrinsic Gibbs energy comparison for each molecular pair of group S1-9 (Fig. 2.3A) showed that

there was a relatively small increase in a�nity with an increase in the accessible and buried surface area.

Additional hydrophobic surface seemed to not have a large impact on binding a�nities. However, the

intrinsic enthalpies of binding in all similar molecular pairs were signi�cantly less exothermic for compounds

bearing larger hydrophobic substituents. Additional contacts between the protein and the ligand did not

make the enthalpy more favorable. Instead, the intrinsic enthalpies of binding became less favorable. The
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entropies of binding mirrored the enthalpies � the enthalpy-entropy (H/S) compensation was observed (see

Table 2.3). Similar behavior of binding thermodynamics may be explained by a change in the water structure

around the compounds and in the active site.

Table 2.3: The changes of thermodynamic parameters and molecular surfaces (ASA, BSA) of di�erent

substituents between the compounds in similar molecular pair.

CA isoform Ligands

∆∆G,

(kJ

mol−1)

∆∆H,

(kJ

mol−1)

-∆T∆S,

(kJ

mol−1)

CA II: (S2) 3 vs 2 -0.1 21.3 -21.4

CA II: (S4) 7 vs 6 3.1 13.6 -10.5

CA II: (S9) 9 vs 8 -0.8 6.5 -7.3

CA II: (S5) 13 vs 14 0.3 26.3 -26

CA I: (S3) 3 vs 5 -0.9 14.7 -15.6

CA XIII: (S6) 9 vs 8 -1.4 3.2 -4.6

CA II: (S7) 10 vs 12 -2.3 10.3 -12.6

CA II: (S8) 3 vs 4 0.2 8.7 -8.6

CA XIII: (S1) 10 vs 11 -8.8 39 -47.9
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The pair S1 (compounds 10 and 11) is an exception from similar pairs exhibiting 30-fold increase (8.9

nM vs 0.29 nM) in binding a�nity to CA XIII upon the addition of cyclooctyl group to 10. This pair has an

interesting feature of binding which is not present in other similar pairs. The access of water molecules to

sulfonamide did not change after the increase of hydrophobic surface in pairs S2-S9 (Fig. 2.2). Only in the

pair S1 there are changes in water molecules present near the sulfonamide and Zn(II). Several possibilities to

displace water molecules upon compound binding are schematically drawn in Fig. 2.4. The dissociation of

10 from CA XIII (pair S1) could be described by the mechanism shown in Fig. 2.4A, while the dissociation

of 11 � by the mechanism shown in Fig. 2.4B. The complicated path for water molecule access to displace

the sulfonamide is a likely reason for the lowering of the measured o�-rate kd (kd of SPR: 7.9*10−3 (11) vs

1.1*10−2 (10)).

We propose that similar binders can have the similar ∆H interactions values due to the same binding mode

to target in each pair. ∆H exchange gain (from bu�er and pH) is estimated and dissected from the observed

values. The ∆H conformational gain can also be similar due to 1) identical binding mode of both ligands to

CA II and 2) similarity between these compounds. Finally, the terms ∆H desolvation and �T∆S desolvation

could be considered as main reason for changes between binding thermodynamics in pairs of similar binders

(pairs S1-9).

Figure 2.4: Proposed mechanisms of non-classical impact of inhibitor hydrophobic group to the binding a�nity. The

CA active site is shown as green arc-shaped object where Zn(II) ion is a small violet circle. The schematic compound

consists of the sulfonamide (blue rectangle), hydrophobic substituent (yellow rectangle) and benzene ring with para-

group (orange rectangle). The small red circles represent the water molecules. The h-phob and h-phil labels mean

the hydrophobic and hydrophilic parts of schematic active site. (A) Water molecules and sulfonamide group of

inhibitor freely compete for the binding to zinc ion. (B) Larger hydrophobic substituent of the inhibitor obstructed

an access of water molecules to zinc, the dissociation of ligand is hindered and depends on the conformation of

the ligand. (C) The possible dual mechanism of the ligand dissociation (for pairs D1-4): 1) a bulky hydrophobic

substituent needs a conformational changes in the protein side chains when bound to zinc 2) does not allow water

molecules to displace the sulfonamide group from coordination with zinc.
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2.1.2 Dissimilar binders

The thermodynamic parameters of the dissimilar inhibitor binding as a function of ligand substituent

surface are shown in Fig. 2.3B. The dissimilar ligands are bound to CA XII that has a more spacious active

site due to the absence of phenylalanine side chain (in comparison to CA II). For the dissimilar binders,

there is a signi�cant increase of the intrinsic a�nity between compounds of matched molecular pair (e.g.

318 times for pair D1) with an increase in the accessible and buried surface area. The intrinsic enthalpies

of binding in all 4 pairs of dissimilar binders were signi�cantly more exothermic for compounds with larger

hydrophobic substituents. Additional contacts between the protein and the ligand made the enthalpy more

favorable for this group. The entropies, however, showed di�erent behavior � signi�cantly favorable for pair

D3, signi�cantly unfavorable for D4, and the changes were negligible for D1 and D2.

Among dissimilar binders, the matched molecular pair D1 (Fig. 2.5), where compounds 11 and 12 are

bound to CA XII (11 bound CA XII 318× weaker than 12, 35 nM for 11 and 0.11 nM for 12), is interesting.

Compound 11 interacted with the particular part of the active site while the other part is �lled by water

molecules similar to compound 11 in pair S3 as shown in Fig. 2.2 pair S3. However, the binding kinetics

of compound 12 to CA XII could not be measured by SPR due to an extremely low dissociation rate (too

slow dissociation, kd < 10−3 s−1 ).

In the crystal structure of complex CA XII with 12, the para-group is located under the side chains of

N64 and K69 and such binding mode may explain the lower kd. Moreover, 12 e�ectively displaced water

molecules. The compound can exit the active site only after conformational changes of the meta-cyclooctyl

group that is likely responsible for pushing of the para-group under the N64 and K69 side chains. The

cyclooctyl group also creates a barrier for water molecules to enter the active site.

Proposed mechanism explaining the high a�nity of 12 binding to CA XII is schematically represented

in Fig. 2.4C. The bulky hydrophobic group pushes the para-substituent of 12 under the side chains of

amino acids forming the active site cavity. It is possible that the process of dissociation of compound 12

could begin from the conformational changes of the large �exible hydrophobic group in the meta-position

which can induce the escape of the para-group from under protein side chains. The bulky hydrophobic

substituent can serve like a temporary barrier that prevents the entry of water molecules during the process

of dissociation. We note that the favorable changes of the binding enthalpies of the dissimilar binders could

be explained by the favorable location of the hydrophilic para-group which is pushed into the hydrophilic

part of the active site where the formation of additional hydrogen bonds are more possible.
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Figure 2.5: �Dissimilar binders�: matched pairs of crystal structures. Inhibitors bound to CAs are presented in

the same orientation. The structural di�erences of the inhibitors in pairs are shaded by green or pink. The ligands

in crystal structures are colored accordingly. Water molecules found in crystal structures are shown as green and

pink spheres. Zn(II) ion is shown as a magenta sphere. The protein surface of CA active site is colored orange for

hydrophobic residues (Val, Ile, Leu, Phe, Met, Ala, Gly, and Pro) and blue for the residues with charged and polar

side chains (Arg, Asp, Asn, Glu, Gln, His, Lys, Ser, Thr, Tyr, Trp, and Cys). (pair D1) Compounds 10 (green,

PDB ID 5MSB) and 11 (pink, PDB ID 4Q0L) are bound to CA XII. (pair D2) Compounds 10 (green, PDB ID

5MSB) and 15 (pink, PDB ID 4QJW) bound to CA XII. (pair D3) Compounds 10 (green, PDB ID 5MSB) and

16 (pink, PDB ID 5LLP) bound to CA XII. (pair D4) Compounds 10 (green, PDB ID 5MSB) and 12 (pink, PDB

ID 5LLO) bound to CA XII.

The compounds that are more hydrophobic in these pairs (15, 16, 12, and 11) di�er by the meta-
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substituent from the reference compound 10 and have the same location of the �uorinated benzene ring in

the CA XII active site. The meta-substituents are located in the hydrophobic environment and sterically

dislocate the remaining part of the compound that is bound in the hydrophilic concave of CA XII active

site (Fig. 2.5). The favorable changes of the binding enthalpies of the dissimilar binders D1-4 could be

explained by the favorable location of the hydrophilic para-group which is dislocated into the hydrophilic

part of the active site where the formation of additional hydrogen bonds is more likely.

It is interesting to compare the compounds 12 (pairD4) and 16 (pairD3) that di�er by only one bridged

methyl group in the meta-substituent. The di�erence in the binding energy between these compounds (12

vs 16) is signi�cant: ∆∆G = 1, ∆∆H = 17.2 (favorable), ∆T∆S = -16.2 (unfavorable) (kJ mol−1). As

we have mentioned previously these compounds are bound to CA XII in the identical mode (compare Fig.

2.5D3, D4). This pair can also be added to the group of similar binders. Di�erence in the binding energy

between 12 and 16 also could be explained by two hydrogen bonds formed by the para-group of 12 with

residues Asn64 and Pro200. Hydrogen bonds �x the conformation of the para-substituent with respect to

CA XII active site. The para-group of 16 (VD12-23) was found in the alternate conformation, but in the

compound 12 bound to CA XII both substituent groups were found in a single conformation (Fig. 2.5D3

and D4).

2.1.3 Aliphatic-aromatic stacking interactions in the CA-inhibitor complexes

Compound 1 (VD12-10) has the identical orientation of the benzenesulfonamide ring in the binding to

CA II and CA XII as compounds of the pair S4 (Fig. 2.6). As seen in both crystal structures, the ligand

1 makes the tight aromatic-aliphatic interaction between the benzene ring and a conservative leucine side

chain (Leu198 in CA II and Leu197 in CA XII). The compound 1 has a relatively simple structure and

its binding is enthalpy-driven (Fig. 2.6(C1)) exhibiting very high intrinsic a�nity to both analyzed CA

isoforms, 7.4 pM to CA II and 67 pM to CA XII (9× higher a�nity to CA II). An important di�erence

between CA II and CA XII is the substitution of Phe131 in CA II with the alanine side chain in CA XII.

A loss of the exothermic enthalpy (∆∆G = 5.7, ∆∆H = 12.6, ∆T∆S = -6.9 (kJ mol−1) was observed for

the binding of 1 to CA XII as compared to CA II due to the possible absence of additional interaction of

para-substituent of 1 with Phe131 in CA II. In the crystal structures of 1 in CA II and CA XII, the loss of

additional surface of the contact with protein (Ala instead of Phe) changes the location of the propyl group.

In CA XII this group is directed perpendicularly to the plane of aromatic-aliphatic interaction between

Leu198 and benzene ring of 1. The propyl group of the compound 1 bound to CA II is located in the

hydrophobic cavity (formed by Phe131 and Pro202) and possibly increases the binding a�nity due to same

direction of interactions between 1) propyl group and hydrophobic cavity and 2) benzene ring of compound

and leucine side chain.

The pair S4 (CA II, 7 vs 6, Fig. 2.2) has the decrease of the binding a�nity towards CA II due to

the uncompensated enthalpic loss after increase of the hydrophobic surface (two methyl groups are added

to pyrimidine in 6). The Kd values of 7 and 6 bound to CA II are 25 pM and 80 pM, respectively. The

more hydrophobic compound 6 binds only 3× weaker to CA II, from the other hand such values are on the

border of the inherent uncertainty of FTSA method. It is interesting to understand why these compounds

bind to CA II so strongly. As seen in both crystal structures shown in Fig. 2.6(S4), the ligands are likely
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to bind so strongly due to the tight aromatic-aliphatic interaction between the benzene ring and a leucine

side chain (Leu198 in CA II). Methylpyrimidine is larger than pyrimidine and could not occupy the same

deeper position as pyrimidine between side chains of Pro204 and Phe133 in CA II. The aromatic-aliphatic

interaction looks like a possible reason of the favorable enthalpic gain (7: ∆H = -62.0 kJ/mol and 6: ∆H

= -48.4 kJ mol−1) of which a major part is due to ∆H interactions.

Figure 2.6: The compound 1 bound to CA II and CA XII (left panel) and compounds of pair S4 (right panel).

The histidine side chains holding the active site Zn(II) (blue sphere) ion are transparent. The Leu198 conservative

between isoforms CA II and XII and benzene rings of compounds are shown in CPK representation which marked

the aliphatic-aromatic interaction. (C1) Comparison of the compound 1 position bound to CA II (1 is green, CA

II is colored yellow (green labels), PDB ID 5LLG) and CA XII (1 is pink, CA XII side chains are red (red labels),

PDB ID 4WW8) and corresponding binding thermodynamics. The histogram in the insert shows the comparison

of binding thermodynamics: ∆G is blue, ∆H � red and -T∆S � green. (S4) Compounds 7 (green, PDB ID 3SBI)

and 6 (pink, PDB ID 3SBH) bound to CA II (colored yellow and green labels).

The compound 1 in binding to CA II and CA XIII and the compounds of the pair S4 (to CA II) are

enthalpy-driven compounds:

1) CA II-7: (∆G = -63, ∆H = -62 (kJ mol−1)), CA II-6: (∆G = -59.9, ∆H = -48.4);

2) CA II-1 (VD12-10): (∆G = -66.1, ∆H = -69), CA XII-1: (∆G = -60.4, ∆H = -56.4).
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2.2 Selective inhibitors of CA IX

As it was mentioned in Table 1.1, our crystals of CA IX were small and di�racted to very low resolution

(9 �A). We tried to obtain crystals of this isoform because its overexpression is connected with certain tumors

[34]. It was suggested to design several point mutations into easily crystallizable CA II active site in order

to mimic the active site of CA IX. This approach was introduced with two mutations [10, 31] and was

developed further up to seven mutations [28] and �nally to 10 mutations [23]. Mutant proteins (chimeric

CA IX) could be easily crystallized like CA II and contained active site residues characteristic for CA IX.

The mutant (chimeric CA IX, chCA IX) form of CA II with six mutations (S65A, Q67N, L91I, V130F,

L134V, A203L) was designed in the Department of Biothermodynamics and Drug Design ([5] or Table 2.4.

The mutations were supposed to better resemble the environment of the active site of CA IX. Unfortu-

nately, such an approach cannot be considered as fully replacing the crystallization of CA IX itself. The

binding data of chCA IX did not precisely resemble the binding to CA IX (Table 2.5). However, this method

was the best available at that time to enable structural visualization of the mode of binding of various CA

IX inhibitors. Furthermore, this approach worked excellently with CA XII and chCA XII, for which we

determined the crystal structures of both chimeric chCA XII and CA XII itself. Both the binding data and

the crystal structures con�rmed that chCA XII is an excellent model of CA XII (see Table 2.5).

Table 2.4: Point mutations introduced into CA II in order to resemble the active sites of CA IX and CA

XII.

Chimeric CA Mutations of CA II active site

chCA IX (6 mutations) A65S, N67Q, I91L, F130V, V134L, L203A

chCA XII (6 mutations) A65S, N67K, I91L, F130A, V134S, L203N

Table 2.5: Compound dissociation constants (Kd,observed (nM), FTSA) of the 6 compounds for CA II, CA

IX, CA IX (Cys41Ser), CA XII, CA XIII, chCA IX, and chCA XII. Data are taken from article [5].

CA VD12-09 PG7
VD11-4-

2
VD10-13 VD10-35 AZM

CA I 50 000 >200 000 710 0.11 0.20 1400

CA II 1300 >200 000 60 6.7 17 38

CA IX 1.1 9.5 0.050 32 50 20

CA IX (Cys41Ser) 2.0 33 0.050 - 25 33

chCA IX (6 muta-

tions)
25 630 2.0 63 83 50

CA XII 330 >200 000 3.3 220 250 130

chCA XII (6 muta-

tions)
500 >200 000 6.7 310 250 330

CA XIII 140 1700 3.6 8.3 29 50
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The chemical structures of CA inhibitors discussed here are shown in the Fig. 2.7. Acetazolamide (AZM)

is commonly used as a control inhibitor of CAs.

Figure 2.7: Chemical structures of CA inhibitors discussed in this section. Compounds VD11-4-2, VD12-09, and

PG7 are the inhibitors selective to CA IX.

The compounds VD10-13 and VD10-35 are para-substituted benzensulfonamides which bound CA

IX relatively weakly and exhibited essentially no selectivity toward CA IX (Table 2.5). The compounds

VD11-4-2, VD12-09, and PG7 are selective inhibitors of CA IX isoform. Thus, these ligands bind CA

IX with Kd,observed that were 1180×, 1200×, and 21000× higher than the corresponding values for CA II.

Fig. 2.8A illustrates the binding of compound VD10-35 to CA II and CA XIII active sites. This

compound occupies the same part of active site, whereas the other part of active site contains water molecules

(see yellow and orange spheres). The active sites of CA II and CA XIII are too spacious for this compound.

We propose that it could explain the unselective binding of the para-substituted benzenesulfonamides to

CA IX. The CA IX active site is larger than in CA II and CA XIII.
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Figure 2.8: The binding modes of inhibitors VD10-35, VD12-09 and VD11-4-2 bound to the active sites of CA

isoforms. The surrounding amino acids of the CA II are colored yellow and chCA IX - crystalline red. The zinc ion

is shown as a blue sphere, and the histidine residues holding the zinc are transparent. Residue labeling corresponds

to chCA IX. (A) Compound VD10-35 bound to CA II (yellow; PDB ID 4PZH) and CA XIII (orange; PDB ID

4HU1) exhibits a signi�cantly di�erent rotated position of the benzene ring. The active sites also contain numerous

water molecules bound deeply in the active site (shown as small spheres: yellow in CA II and orange in CA XIII).

The presence of these water molecules shows how much space is left unoccupied by ligand in the active site. These

water molecules are absent in the structures with compounds VD12-09 and VD10-35. (B) Compound VD12-09

bound to CA II (green; PDB ID 4PYX) and chCA IX (aquamarine; PDB ID 4Q06). In CA II the cyclooctyl group

is pushed by Phe131 into the opposite direction as compared with chCA IX. (C) Compound VD11-4-2 bound to

CA II (there are two inhibitor orientations shown in violet and violet-red; PDB ID 4PYY) and chCA IX (red; PDB

ID 4Q07). Two orientations of the compound in CA II indicate the reason why it is bound much more weakly to

CA II than to CA IX. (D) Comparison of the binding modes of compounds VD12-09 (aquamarine; PDB ID 4Q06)

and VD11-4-2 (red; PDB ID 4Q07) bound to chCA IX. The overall positions of both compounds are similar.

Figure 2.8B compares the binding of compound VD12-09 to CA II and chCA IX. The chCA IX (as well

as CA IX, as judged from the crystal structure PDB ID 3IAI) contains a deeper hydrophobic pocket than

that of CA II, because the bulky Phe131 in CA II occupies part of the pocket. Using this di�erence between

CA II and CA IX, rather bulky cyclooctyl group has been designed to �t the newly accessible pocket formed

by residues Val130, Leu134 and Leu91. The ligand VD12-09 adopts the opposite orientation in CA II, and

makes poor connections with the protein. The cyclooctyl group is located in the hydrophilic part of CA II
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active site.

Compound VD11-4-2, bearing the cyclooctyl group in the meta-position, exhibited some of the highest

a�nities to CA IX ever observed. Compound VD11-4-2 bound CA II with 60 nM and CA IX with 50 pM

a�nities. Thus, there is 1000× selectivity toward CA IX. The compound VD11-4-2 when bound to CA II

exhibited two oppositely facing positions (Figure 2.8C, violet and violet-red). Interestingly, the cyclooctyl in

the conformation colored violet-red changed the position of the side chain of Phe131. The cyclooctyl group

of the second molecule displaces the water molecules from the hydrophilic part of CA active site (Figure

2.8C). The compound VD11-4-2 bound chCA IX quite similarly to VD12-09 (Figure 2.8D). The overall

position of the cyclooctyl group was also similar in both structures, but in VD11-4-2, the hydrophobic

group located deeper in the hydrophobic pocket.

As we have mentioned before, the binding data (Table 2.5) and the crystal structures con�rmed that

chCA XII is an excellent model of CA XII. The compound VD11-4-2 was bound to both active sites of

chCA XII and CA XII in the identical binding mode (Figure 2.9A). The Figure 2.9B contains the comparison

of the binding modes of compound VD11-4-2 to chCA IX and CA XII active sites. The compound VD11-

4-2 has identical binding mode in the active sites of CA XII, chCA XII and chCA IX. Moreover, from the

personal communication (K. Tars) it is known that the compounds VD11-4-2 and VD12-09 have the

same position in active site of CA IX as in the crystal structures of the complexes chCA IX-VD11-4-2 and

chCA IX-VD12-09, respectively: the �uorinated rings are perfectly matched.

Figure 2.9: X-ray crystallographic structures comparing the binding modes of inhibitor VD11-4-2 bound to the

active sites of CA XII, chCA IX and CA IX. Inhibitor VD11-4-2 is shown in the red colors. The surrounding amino

acids of the CA isoforms are colored red (chCA IX), pink (CA XII) and green (chCA XII). The zinc ion is shown as

a blue sphere, and the histidine residues holding the Zn are transparent. (A) Compound VD11-4-2 bound to CA

XII (deep pink; PDB ID 4Q0L) and chCA XII (dark-red; PDB ID 4Q09) in almost the same orientation. Residue

labeling corresponds to chCA XII. (B) The positions of VD11-4-2 bound to chCA IX (red; PDB ID 4Q07) and CA

XII (pink; PDB ID 4Q0L) were also essentially similar. Residue labeling corresponds to chCA IX.

The compounds VD10-35 and VD11-4-2 were already analyzed in the previous section (Dissimilar

binders) as the molecular pair D1 in the binding to CA XII. The intrinsic binding a�nity to CA XII within

this pair increased 318× after the increase of hydrophobic surface. If we analyze the observed binding

data, the change of binding a�nities of these compounds to CA XII is 75× and to CA IX � 500-1000×.
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There is no crystal structure of compound VD10-35 bound to chCA IX, but analysis of the known crystal

structures of similar compounds showed that para-substituted �uorinated benzensulfonamides in the active

sites of CA II, CA XII, and CA XIII are located in same part CA active sites (e.g. VD10-35: CA II (PDB

ID: 4PZH), CA XII (PDB ID: 4HU1), and CA XIII (PDB ID: 5MSB), Figures 2.8B and 2.5). We proposed

that VD10-35 is also located there in CA IX active site.

We also proposed that the stronger binding of compound VD11-4-2 than VD10-35 to CA IX depends

on the same binding mechanism as in the case of CA XII. The meta-substituents are located in the hy-

drophobic environment and sterically dislocate the remaining part of the compound in the hydrophilic part

of CA IX active site. The hydrophilic para-group, which is sterically dislocated into the hydrophilic part

of the active site, establishes the hydrogen bonds with the hydrophilic part of CA IX active site (Figure

2.9A). The active site of CA IX is divided to same hydrophobic and hydrophilic part like the active sites of

CA II, CA XII, and CA XIII [29]. Moreover, the para-group of compound VD11-4-2 is more hydrophilic

than VD12-09: -SO2- instead -S-. Thus, the net of hydrogen bonds between the fragment of para-group

-SO2 (compound VD11-4-2) and hydrophilic part of CA active sites could be a major reason for the better

binding of compound VD11-4-2 to CA IX and CA XII in comparison with compound VD12-09 (-S-): to

CA IX � 22-40×.

We can try to explain the better binding of the compounds VD11-4-2 to CA IX vs. CA XII using

our crystal structures. The �uorinated benzene ring of compound VD11-4-2 in CA IX (K. Tars, personal

communication) and chCA IX active sites occupies the identical position in the hydrophilic cavities of the

active sites. But in the CA IX active site the cyclooctyl group occupies a slightly di�erent position in

comparison with the position in chCA IX. As previously stated, the binding data of chCA IX did not

precisely resemble the binding to CA IX. VD11-4-2 did not exhibit similar binding a�nities to CA IX

and chCA IX due to the variation in shape of the hydrophobic part of the active site. Residues in the

hydrophobic part of chCA IX are shifted ≈ 2 �A) in comparison with the positions of same residues of CA IX

active site (Fig. 2.10). The chCA XII and CA XII exhibited similar binding because the residues of chCA

XII and CA XII active sites (Fig. 2.9) are perfectly matched. Possibly, the variation in hydrophobic part

between CA XII and CA IX active sites is a major reason of binding di�erences of compound VD11-4-2

to these isoforms (VD11-4-2 bound the CA IX 66× better).
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Figure 2.10: Active site residues of chCA IX superimposed on CA IX (PDB ID: IAI3). The amino acids of

the chCA IX are colored cyan and CA IX � green. Most residues have identical positions between chCA IX

and CA IX active sites (including the mutated amino acids Gln67, Ser65, and Ala204). Conformations of

Leu91 are di�erent, while for Val131 and Leu135 there is a 1,5-2,0 �A shift in the positions od Cα atoms.

As we can see from the data in the Table 2.5, compound VD11-4-2 bound in CA I and CA II isoforms

14200× and 1200× weaker (by observed data) in CA IX. The structural analysis of the binding of compound

VD11-4-2 to CA I was performed in the article [38]. We have shown there that the active site of CA I

is narrow for VD11-4-2, since CA I contains in active site two histidine residues (His67 and His200) that

makes it narrow. The low a�nity of the compound towards ubiquitous isoforms CA I and CA II makes it

a very interesting lead compound, because these isoforms are important for the respiration and transport

of CO2/bicarbonate. The compound VD11-4-2 bound CA XIII active site in the similar mode as CA II

active site (see (CA II) Fig. 2.8C (violet molecule of inhibitor) and (CA XIII) 2.2 (S1)).

The compound VD12-09 cannot e�ciently bind the CA I active site due to the narrowness of active

site and ortho-substitution of the compound. VD12-09 bound CA I and CA II isoforms 45000× and 1000×

weaker than CA IX. The compound PG7 exhibited the good selectivity, but it is a strongly hydrophobic

compound and has low solubility in water. The hydrophobic compounds are often toxic and have strong

side e�ects.

The mechanisms of binding selectivity of our lead compound VD11-4-2 to CA IX vs CA I, CA II,

CA XIII were explained in detail using crystallographic data. VD11-4-2 compound exhibited the di�erent

binding mode to the CA IX vs CA I, CA II, and CA XIII due to the shape of the hydrophobic pocket which

is available only in the CA IX isoform.
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Conclusions

(1) Crystallization conditions for CA IV, CA VI, and CA IX were determined experimentally. The CA

IX crystals di�racted to the resolution less than 9 �A, and were not suitable for the crystallographic

analysis. The di�raction properties of CA VI crystals were good (1.6-2.0 �A). In the CA VI crystal

structure, the protein crystallized as a dimer with the entrances to the active sites obstructed and

therefore always without the inhibitors. The CA IV easily crystallized and the obtained crystals were

of medium resolution (2.5 �A).

(2) Out of 181 solved crystal structures, 61 structures of CA-ligand complexes were deposited to the PDB.

The binding modes of newly synthesized aromatic sulfonamides in the active site of �ve CA isoforms

(CA I, CA II, CA IV, CA XII, and CA XIII) and several CA II that mimic active sites of CA IX and

CA XII were determined. The crystals of studied proteins di�racted up to the resolution of 1.1-2.0 �A,

suitable to establish the detailed position of ligands in the active sites. No signi�cant conformational

changes of the protein main-chain in the CA structures before and after binding of studied ligands

were detected. The binding energies depended on the interactions between protein and ligand, but

not on the protein conformational changes during the binding event. A group of compounds were

described bound to several CA isoforms providing important information for the studies of binding

selectivity between CA isoforms.

(3) We have explained the selectivity of the lead compounds VD11-4-2 and VD12-09 to CA IX isoform

using crystal structures of CA isoforms I, II, XII, and XIII (PDB ID: 5E2M, 4PYY, 4Q0L, 4Q09,

4Q07, 5E2N) and chimeric CA IX and CA XII.

(4) We have analyzed the relationships between the intrinsic binding thermodynamics and the structural

data of CA-ligand complexes. After the addition of hydrophobic group, the modi�ed ligand usually

became more entropy- and less enthalpy-driven than the primary ligand. Introduction of additional

hydrophobic surface often did not change the binding a�nity to the protein when the modi�ed and

primary ligands were found in the identical positions in the active site. In the other cases, the addition

of hydrophobic group signi�cantly a�ected the binding a�nity and the modi�ed compound was bound

in the active site in other position and the thermodynamic results varied.

36



List of publications

Publications included in this thesis:

(1) Smirnov A., Zubrien
e A., Manakova E., Gra�zulis S., Matulis D. 2018. Crystal structure correlations

with the intrinsic thermodynamics of human carbonic anhydrase inhibitor binding. PeerJ, 6:e4412,

Feb. 2018. ISSN 2167-8359. doi: 10.7717/peerj.4412.

I have performed the comprehensive analysis of ligand binding modes in the crystal structures and

their binding thermodynamics. I wrote the manuscript. I have solved and deposited new crystal

structures into PDB database (5LLH, 5LLC, 5LLE, 5LLG, 5MSB, 5LLO, ir 5LLP).

(2) Dudutien
e V, Matulien
e J, Smirnov A, Timm DD, Zubrien
e A, Baranauskien
e L, Mork	unait
e V,

Smirnovien
e J, Michailovien
e V, Juozapaitien
e V, Mickevi�ci	ut
e A, Kazokait
e J, Bak�syt
e S, Kasili-

auskait
e A, Jachno J, Revuckien
e J, Ki�sonait
e M, Pilipuityt
e V, Ivanauskait
e E, Milinavi�ci	ut
e G,

Smirnovas V, Petrikait
e V, Kairys V, Petrauskas V, Norvai�sas P, Ling
e D, Gibie�za P, Capkauskait
e

E, Zak�sauskas A, Kazlauskas E, Manakova E, Gra�zulis S, Ladbury JE and Matulis D. Discovery and

characterization of novel selective inhibitors of carbonic anhydrase IX. J Med Chem 2014, 57: 9435-

9446.

I have crystallyzed the CA proteins, solved the crystal structures and deposited their into PDB (4PYX,

4PYY, 4Q0L, 4PZH, 4Q06, 4Q08, 4Q09, 4Q07). I have participated in the manuscript writting.

(3) Zubrien
e A., Smirnov A., Dudutien
e V., Timm DD., Matulien
e J., Michailovien
e V., Zak�sauskas

A., Manakova E., Gra�zulis S., Matulis D. 2017. Intrinsic Thermodynamics and Structures of 2,4- and

3,4-Substituted Fluorinated Benzenesulfonamides Binding to Carbonic Anhydrases. ChemMedChem

12:161�176. DOI: 10.1002/cmdc.201600509.

I have collected the di�raction datasets from CA crystals, solved their structures and deposited their

into PDB (5E2N, 5DOG, 5DOH, 5DRS, 5E2M, ir 5EHE). I have participated in the manuscript

writting and data analysis.

(4) Zubrien
e A., Smirnovien
e J., Smirnov A., Vaida Mork	unait
e, Michailovien
e V., Jachno J., Juoza-

paitien
e V., Norvai�sas P., Manakova E., Gra�zulis S., Matulis D. 2015. Intrinsic thermodynamics

of 4-substituted-2,3,5,6-tetra�uorobenzenesulfonamide binding to carbonic anhydrases by isothermal

titration calorimetry. Biophys Chem 205:51�65. DOI: 10.1016/j.bpc.2015.05.009.

I have collected the di�raction datasets from CA crystals, solved their structures and deposit their

into PDB (4WR7, 4WUP, 4WUQ, 4WW6, ir 4WW8). I have participated in the manuscript writting

and data analysis.

(5) Dudutien
e V, Zubrien
e A, Smirnov A, Timm DD, Smirnovien
e J, Kazokait
e J, Michailovien
e V,

Zak�sauskas A, Manakova E, Gra�zulis S and Matulis D. Functionalization of Fluorinated Benzenesul-

fonamides and Their Inhibitory Properties toward Carbonic Anhydrases. ChemMedChem 2015, 10:

662-687.

The CA II, CA XII, and CA XIII isoforms crystallization, the collection of di�raction datasets and

37



their processing. The crystal structures of good quality were deposited into PDB database (4QIY,

4QIZ, 4QJ0, 4QJM, 4QJO, 4QJP, 4QJW, 4QJX, 4QTL). I have participated in the manuscript writ-

ting and data analysis.

Publications not included in this thesis:

(1) �Capkauskait
e E., Linkuvien
e V., Smirnov A., Milinavi�ci	ut
e G., Timm DD., Kasiliauskait
e A., Man-

akova E., Gra�zulis S., Matulis D. 2017. Combinatorial Design of Isoform-Selective N-Alkylated

Benzimidazole-Based Inhibitors of Carbonic Anhydrases. ChemistrySelect 2:5360�5371.

DOI: 10.1002/slct.201700531.

(2) Mickevi�ci	ut
e A., Timm DD., Gedgaudas M., Linkuvien
e V., Chen Z., Waheed A., Michailovien
e V.,

Zubrien
e A., Smirnov A., �Capkauskait
e E., Baranauskien
e L., Jachno J., Revuckien
e J., Manakova

E., Gra�zulis S., Matulien
e J., Cera ED., Sly WS., Matulis D. 2017. Intrinsic thermodynamics of

high a�nity inhibitor binding to recombinant human carbonic anhydrase IV. Eur. Biophys. J. DOI:

10.1007/s00249-017-1256-0.

(3) Ki�sonait
e M, Zubrien
e A, Capkauskait
e E, Smirnov A, Smirnovien
e J, Kairys V, Michailovien
e

V, Manakova E, Gra�zulis S and Matulis D. Intrinsic Thermodynamics and Structure Correlation of

Benzenesulfonamides with a Pyrimidine Moiety Binding to Carbonic Anhydrases I, II, VII, XII, and

XIII. PLoS One 2014, 9: e114106.

(4) Rutkauskas K, Zubrien
e A, Tumosien
e I, Kantminien
e K, Ka�zem
ekait
e M, Smirnov A, Kazokait
e J,

Mork	unait
e V, Capkauskait
e E, Manakova E, Gra�zulis S, Beresnevi�cius ZJ and Matulis D. 4-Amino-

substituted Benzenesulfonamides as Inhibitors of Human Carbonic Anhydrases. Molecules 2014, 19:

17356-17380.

(5) Capkauskait
e E, Zubrien
e A, Smirnov A, Torresan J, Ki�sonait
e M, Kazokait
e J, Gylyt
e J, Michailovien
e

V, Jogait
e V, Manakova E, Gra�zulis S, Tumkevi�cius S and Matulis D. Benzenesulfonamides with

pyrimidine moiety as inhibitors of human carbonic anhydrases I, II, VI, VII, XII, and XIII. Bioorg

Med Chem 2013, 21: 6937-6947.

(6) Dudutien
e V, Zubrien
e A, Smirnov A, Gylyt
e J, Timm D, Manakova E, Gra�zulis S and Matulis D.

4-Substituted-2,3,5,6-tetra�uorobenzenesulfonamides as inhibitors of carbonic anhydrases I, II, VII,

XII and XIII. Bioorg Med Chem 2013, 21: 2093-2106.

List of conferences:

38



(1) Smirnov, A., Manakova, E., Zubrien
e, A., �Capkauskait
e, E., Dudutien
e, V., Matulis, D. �Correlation

of binding thermodynamics with crystal structures in drug design�. RICT 2017 - 53rd International

Conference on Medicinal Chemistry - Drug Discovery & Selection. Toulouse, France. 2017 07 5 � 7.

(poster presentation).

(2) Smirnov, A., Manakova, E., Zubrien
e, A., �Capkauskait
e, E., Dudutien
e, V., Matulis, D. �Crystal-

lography and thermodynamics of primary sulfonamide inhibitors complexed with human carbonic

anhydrases I, II, XII and XIII�. XIVth International Conference of Lithuanian Biochemical Society,

Druskininkai, Lithuania. 2016 06 27 � 30 (poster presentation).

(3) Linkuvien
e, V., Zubrien
e, A., Paketuryt
e, V., Smirnov, A., Petrauskas, V., Matulis, D. Database of

CA Protein-Ligand Binding Gibbs Energies, Enthalpies, Entropies and Crystal Structures. �ARBRE-

MOBIEU ant COST Action CA 15126�. Warsaw, Poland. 2018 03 19-21.

(4) Dudutien
e, V., Matulien
e, J., Smirnov, A., Timm, D., Zubrien
e, A., Baranauskien
e, L., Morkunait
e,

V., Smirnovien
e, J., Michailovien
e, V., Juozapaitien
e, V., Mickevi�ci	ut
e, A., Kazokait
e, J., Bak�syt
e,

S., Kasiliauskait
e, A., Jachno, J., Revuckien
e, J., Ki�sonait
e, M., Pilipuityt
e, V., Ivanauskait
e, E.,

Milinavi�ci	ut
e, G., Smirnovas, V., Petrikait
e, V., Kairys, V., Petrauskas, V., Norvai�sas, P., Ling
e, D.,

Gibie�za, P., �Capkauskait
e, E., Zak�sauskas, A., Kazlauskas, E., Manakova, E., Gra�zulis, S., Ladbury,

J.E., Matulis, D. �Discovery and Characterization of Novel Selective Inhibitors of Carbonic Anhydrase

IX�. �10th International Carbonic Anhydrase Conference�. Maastricht, Netherlands. 2015 04 19-22.

(5) Matulis, D., Zubrien
e, A., Baranauskien
e, L., Smirnov, A., Morkunait
e, V., Smirnovien
e, J., Ki�sonait
e,

M., Norvai�sas, P., Timm, D. ½Intrinsic thermodynamics-structure correlation of carbonic anhydrase

inhibitors�. ½Biophysical Society 59th Annual Meeting�. Baltimore, USA. 2015 02 06-12.

(6) Gylyt
e, J., Zubrien
e, A., Dudutien
e, V., Smirnov, A., Timm, D., Manakova, E., Gra�zulis, S.,

Matulis, D. ½Intrinsic thermodynamics-structure correlations of �uorinated benzensulfonamides as

inhibitors of human carbonic anhydrases�. ½Biophysical Society 58th Annual Meeting�. San Francisco,

USA. 2014 02 14-25.

(7) Gylyt
e, J., Zubrien
e, A., Dudutien
e, V., Smirnov, A., Timm, D., Manakova, E., Gra�zulis, S., Matulis,

D. ½Intrinsic thermodynamics-structure correlations of �uorinated benzensulfonamides as inhibitors of

human carbonic anhydrases�. ½The Twenty-seventh Annual Gibbs Conference on Biothermodynamics�.

Carbondale, USA. 2013 10 05-08.

(8) Justina Kazokait
e, Goda Milinavi�ci	ut
e, Joana Gylyt
e, Virginija Dudutien
e,Alexey Smirnov, Jurgita

Matulien
e, and Daumantas Matulis ½Di�erences in Stability Pro�les and Thermodynamics of Inhibitor

Binding to Target Protein Puri�ed from E. coli, Mammalian Cells, and Human Saliva�. European

Biotehnology Congress 2014, Leece, Italy.

39



Santrauka

Vaistu� k	urimas negali apsieiti be �siuolaikiniu� bio�zikiniu� metodu�, kurie padeda detaliai analizuoti sa�veikas

tarp baltymu� ir ligandu�. Baltymu� kristalogra�ja yra vienas i�s pla�ciausiai naudojamu� strukt	uriniu� metodu�,

kuriu� pagalba galima nustatyti atomine� baltymo makromolekul
es strukt	ura� ir gauti baltymo-ligando kom-

plekso strukt	uros triju� matmenu� (3D) vaizda�. Nustatytos strukt	uros yra ��rodymas, kad tiriamas ligandas

jungiasi baltymo aktyviajame centre. Be to, ligando ir baltymo sa�veikos strukt	urin
e informacija yra labai

svarbi atrankaus jungimosi mechanizmo nustatymui.

�Sio darbo tikslas buvo 1) nustatyti keleto CA izoformu� kompleksu� su eile sulfonamidiniu� slopikliu�

kristalines strukt	uras, naudojant Rentgeno strukt	urin
es kristalogra�jos metoda�, 2) i�sspre�stose kompleksu�

strukt	urose i�snagrin
eti ligandu� sa�veikas su CA baltymu ir nustatyti sa�veikos mechanizmus, kurie lemia

atranku� bei stipru� jungima�si prie CA izoformu� bei 3) ie�skoti jungimosi strukt	uros-termodinaminiu� parametru�

koreliaciju�.

Buvo spre�stos CA izoformu� ir CA II mutantiniu� baltymu� kompleksu� su naujai susintetintais aromatiniais

sulfonamidais kristalin
es strukt	uros (i�s viso 181). �Siame darbe buvo publikuota 61 kristalin
e strukt	ura PDB

duomenu� baz
eje. Gautos kompleksu� kristalin
es strukt	uros buvo detaliai i�stirtos. Nustatyti sa�veiku� tipai ir

tiriamu� ligandu� jungimosi CA aktyviajame centre b	udai. Pasi	ulyti ligandu� sa�veikos su taikiniu mechanizmai,

kurie paai�skina jungimosi gimininguma�.

Tiriant ju� kompleksu� kristalines strukt	uras, buvo paai�skintas atrankiu� CA IX ligandu� jungimasis. Atran-

kaus CA IX ligando VD11-4-2 meta-pad
eties ciklooktilo �ziedas sudaro sa�veika� su CA IX aktyviojo centro

hidrofobine dalimi, kas CA I, CA II ir CA XIII aktyviuosiuose centruose n
era ��manoma d
el strukt	uriniu�

skirtumu� tarp aktyviu�ju� centru�.

Buvo nustatytos ir apra�sytos jungimosi termodinaminiu� parametru� poky�ciu� tendencijos strukt	uri�skai

pana�siems junginiams. Tai yra svarbu nauju� junginiu� su norimomis savyb
emis k	urimui.
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