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Uvod

PtredloZzena disertacni prace se zabyva teoretickym studiem interakci mezi proteinkinazami a
jejich inhibitory. Studované proteinkinadzy, cyklin-dependentni kinaza 2 (CDK2) a kinaza
CK2 (angl. casein kinase 2) hraji dualezitou roli vregulaci bunéénych procesi u
eukaryotickych organismu. Jejich nespravna funkce v bunice mize u ¢lovéka vést k zadvaznym
onemocnénim. Tento proces je mozné zvratit vyfazenim aberantnich proteinkinaz pomoci
specifickych nizkomolekularnich inhibitort. Inhibitory proteinkinaz se typicky vazou do
aktivniho mista enzymu pomoci nekovalentnich interakci. Teoreticky popis téchto interakci
pomoci kvantovéchemickych a molekularné mechanickych metod miZze pomoci pii
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Nekovalentni interakce hraji klicovou roli v biodisciplinach a jsou zodpoveédné za strukturu a
tedy i vlastnosti jak biomakromolekul (proteiny, nukleové kyseliny) tak i jejich komplext
s ligandy. Disperzni energie tvoii atraktivni ¢ast van der Waalsovy energie a jako takova hraje
dilezitou ulohu ve stabilizaci biomakromolekul. Komplexy s vodikovou vazbou patii k
nejsilngji vdzanym nekovalentnim komplexim. Mezi méné zndmé typy nekovalentnich
interakci patii halogenova vazba (angl. halogen bonding), ktera se tvoifi mezi t€Z8im
halogenovym atomem X (CI, Br, I) s vlastnosti Lewisovy kyseliny, ktery je kovalentné
vazany na uhlik, a Lewisovou bazi Y jako je napi. atom kysliku.

Cilem ptedlozené disertace je zkoumat pomoci vypocetnich metod nekovalentni interakce
mezi proteinkindzami a jejich inhibitory, jez by mohly mit potencidlni uplatnéni pii 1éceni
zédvaznych onemocnéni. Prace je rozdélena na tfi Casti. Prvni se zabyva detailnim popisem
interakce nizkomolekularniho inhibitoru roskovitinu s CDK2. Ve druhé ¢ésti byla soustfedéna
pozornost na teoreticky popis interakce CDK2 s 15 strukturné odliSnymi inhibitory za pouZiti
semiempirické kvantové-mechanické skorovaci funkce (angl. scoring function). Kone¢né ve
tieti ¢asti byl studovan vztah mezi teoretickymi a experimentdlnimi hodnotami vazebnych
volnych energii pro komplexy kukufi¢né a lidské CK2 s halogenovanymi inhibitory, které
jsou s enzymem schopny tvofit halogenovou vazbu.

Metody

Molekulova mechanika popisuje molekuly na zakladé zakonu klasické fyziky. Tento popis je
vyjadien pomoci tzv. silového pole, coZ je mnozina parametri a matematickych funkcei, které
popisuji potencialni energii systému c¢astic jako jsou atomy a molekuly v zavislosti na jejich
soufadnicich. Jednim z nejpouzivanéjsich silovych poli je AMBER a to bylo také pouzito v
predloZené disertacni praci.

Pomoci kvantovéchemickych vypoéti je v principu mozné piesné popsat a piedpovidat
fyzikalné-chemické vlastnosti molekul i molekulovych klastri. Z&kladni metodou kvantové
chemie je metoda Hartreeho a Focka (HF). Metoda HF ma sva omezeni plynouci ze
zanedbani elektronové korelace a relativistickych jevi. Korelované metody (nebo téZ post-
SCF metody) jsou metody, které zlepSuji popis vinové funkce tim, Ze uvazuji piisobeni
elektronové korelace. Mezi nejcastéji pouzivanou korelované metodu patii poruchova metoda
druhého tadu podle Mgllera a Plesseta (MP2), ktera poskytuje ptiméfené zahrnuti elektronové
korelace. Metoda sptazenych klastrii CCSD(T) poskytuje velmi pfesné hodnoty energie a
vlastnosti v Sirokém spektru molekul a molekulovych klastru.



Alternativnim pfistupem k feSeni viceelektronové vinové funkce je metoda funkcionalu
elektronové hustoty DFT (angl. density functional theory), ktera podobné jako metoda HF
slouzi k vypoctu viceelektronové vinové funkce v zakladnim stavu. Fyzikalni a chemicke
vlastnosti molekul jsou pocitany pomoci funkcionalu elektronové hustoty. Vyhodou metod
DFT je jejich vypocetni nenaro¢nost ve srovnani s post-SCF metodami. Jesté jednodussi je
metoda SCC-DFTB (angl. self-consistent charge density-functional tight-binding), coz je
aproximativni metoda DFT zaloZzena na principu tésné vazby. Po zahrnuti disperze
empirickym ¢lenem vznika metoda SCC-DFTB-D, kterd je schopna popsat i disperzni
interakce. DalSiho zjednoduseni a urychleni vypoctd je dosazeno pouzitim semiempirickych
kvantovéchemickych metod (SQM - angl. semiempirical quantum mechanics), které jsou
zalozeny na podobném postupu vypoctu jako metoda HF. Vypocet je vSak zjednoduSen za
pouziti riznych aproximaci.

Jednou z nejvhodnéjsich SQM metod pro pouziti na biomolekulové systémy je metoda PM6-
DH2 poskytujici pfesné vysledky pro rizné typy nekovalentnich interakci jako jsou vodikoveé
vazby a disperzni interakce. V pfipad€é halogenové vazby tato metoda preceniuje velikost
interakce mezi halogenem a elektronegativnim atomem. Po zahrnuti korekce vznikd metoda
PM6-DH2X, ktera je schopna popsat halogenovou vazbu srovnatelné s naroénymi metodami
kvantové chemie.

Odhad vazebné volné energie nazyvany skore slouzi k srovnani vypocétenych hodnot sily
vazby v komplexech proteinu s inhibitorem s experimentem. Klasické skérovaci funkce jsou
zalozené na pouziti empirického potencialu. V ptedlozené praci byla pouzita semiempiricka
QM metoda PM6-DH2X. Skére bylo pocitano jako soucet interakéni entalpie ve vodé,
entropického ¢lenu, deformacni energie inhibitoru a korekce solvatacni energie inhibitoru.

Vysledky

V prvni publikaci byla studovana interakce mezi CDK2 a inhibitorem roskovitinem. Pro
vypocet interakéni energie komplexu CDK2-roskovitin bylo nejprve nutné zmensit
popisovany systém tak, aby jej bylo mozné popsat kvantovéchemickymi metodami. Jako
referenéni metoda byla pouzita metoda MP2/aug-cc-pVDZ, pro kterou bylo jiz diive ukazano,
ze dava podobné vysledky jako velmi presnd metoda CCSD(T)/CBS. Ptislusné interak¢ni
energie byly srovnany senergiemi urenymi jinymi vypocetnimi metodami - DFT
(B3LYP/6-31G**), SCC-DBTB a SCC-DFTB-D (D - zna¢i empirickou disperzi) a
molekulovad mechanika AMBER (ff99). Zjistili jsme, Ze pro vazbu roskovitinu s CDK2 je
dominantni vliv disperznich sil. Korektni popis tudiz vyzaduje pouzit kvantovéchemické
metody zahrnujici disperzni interakci, bud explicitné¢ jako u metody MP2 nebo kdyz je
zahrnuta pomoci empirické korekce jako u metody SCC-DFTB-D. Dale je zfejmé, ze metoda
silového pole AMBER, kterd zahrnuje disperzni energii v Leonard-Jonesové ¢lenu, je téz
vhodna pro popis této interakce.

V druhé publikaci byla studovana korelace vazebnych volnych energii ziskanych z teorie
a experimentu na strukturné rtiznorodé¢ skupin€ 15 inhibitordi CDK2, které se kompetitivné
vazou do aktivniho mista CDK2. Pfislusnd skorovaci funkce je zaloZena na metodé PM6-
DH2, a tak se zasadné 1isi od skorovacich funkei zaloZzenych na empirickych potenciélech.
Nejprve byla uvaZovdna korelace experimentdlné zmeéfenych inhibi¢nich konstant s
vypocitanou interakcni entalpii ve vodném prostiedi (AHy) ur¢ené pomoci metody PM6-DH2



s implicitnim modelem vody COSMO. Struktura komplexu inhibitoru s proteinem byla
optimalizovana stejnou metodou. Vysledkem byla silna korelace (R?=0,87). Pfidanim korekce
na deformaci a desolvataci inhibitoru se korelace mirn& zhordila (R?=0,77) a kone&n&
zapodtenim entropického &lenu doglo k dalsimu zhorseni korelace (R?=0,52), zfejmé z divodu
nedostatkti v popisu entropie. Prvni uvedena korelace byla silnéjsi nez vSechny dfive
publikované korelace pro inhibitory CDK2 zaloZzené na empirickych a semiempirickych
skorovacich funkcich.

Jak je uvedeno ve tfeti publikaci, skérovaci funkce zalozena na metodé PM6-D2X byla
aplikovéna na dvé skupiny halogenovanych inhibitori s CK2. Prvni skupina byla vytvofena
podle krystalovych struktur kukutficné CK2 a druhd pomoci namodelovanych struktur
inhibitord s lidskou CK2. Korelace mezi vypocitanou interakéni entalpii ve vodé¢ a
experimentélni inhibi¢ni konstantou byla silna u skupiny vytvotené z krystalovych struktur
(R2=O,86). Pro druhou skupinu struktur byla nalezena korelace vyrazné slabsi (R2=0,52).
KdyZz byly kinterakéni entalpii piiteny korekce na desolvataci a deformacni energie
inhibitoru doslo v%arvnim piipadé k mirnému zhordeni (R*=0,81), pro druhou skupinu dolo
ale ke zlepSeni (R°=0,71). Pfidani entropického ¢lenu zalozeného na empirickém potencialu
AMBER (ff99) vedlo k vyraznému zhorseni korelace jak pro prvni skupinu (R?=0,24) tak i
pro druhou skupinu (R?=0,19) a to z principidlniho diivodu neschopnosti silového pole popsat
halogenovou vazbu.

Zavéry

Stabiliza¢ni energie komplexu CDK2 s roskovitinem je pfevazené tvofena disperzni energii.
Metoda DFT, ktera nezahrnuje disperzni energii, je tak pro popis uvedeného komplexu zcela
nevhodna. V piipadé zahrnuti disperze pomoci empirického ¢lenu dojde ke spravnému
popisu této interakce a metodu SCC-DFTB-D lze naopak doporuéit pro uvedeny komplex.
Dominantni ¢ast celkové interakce je tvofena omezenym poctem aminokyselin, které
piispivaji k vazbé roskovitinu s CDK2 a jejich mutace miize mit zasadni vliv na stabilizaci
komplexu. Déale bylo ukdzano na schopnost silového pole popsat interakci roskovitinu s
CDK2.

Pti navrhu IéCiv se k popisu interakce inhibitoru s proteinem pouZzivaji skorovaci funkce
zaloZené na principu silového pole. Metody silového pole ale nejsou schopny popsat kvantoveé
jevy jako je polarizace nebo pienos naboje. Na skupiné strukturné rozdilnych CDK2
inhibitort byla ukazana vhodnost pouziti skorovaci funkce zaloZené na semiempirické
kvantovéchemické metodé PM6-DH2. Nejsilngjsi korelace s inhibi¢ni konstantou bylo
dosazeno s interakéni entalpii (R*=0,87) spoéitané pomoci metody PM6-DH2. Po zahrnuti
vSech Clent skorovaci funkce (vEetné entropie pocitané kviili naro¢nosti silovym polem) se
korelace zhorila (R?=0,52), zfejmé kvili nedostatkiim pii vypoctu entropie v silovém poli
AMBER. Diky velmi dobré korelaci s interak¢ni entalpii se jevi nadéjné, ze vypocty pomoci
skorovaci funkce zaloZené na metodé¢ SQM mohou byt v budoucnu vzhledem k rychlému
rozvoji v oblasti informac¢nich technologii pouzitelné pii navrhu léciv.

V posledni ¢asti prace byla studovana moznost pouziti skorovaci funkce zalozené na metodé
PM6-DH2X pro halogenované inhibitory schopné tvofit halogenové vazby s proteinkinazou
CK2. Struktury optimalizované pomoci PM6-D2X velmi dobie souhlasily s krystalovymi
strukturami, zatimco struktury optimalizované silovym polem AMBER nebyly schopny
popsat halogenovou vazbu. Pro halogenované inhibitory CK2, zalozené jak na krystalovych
tak 1 namodelovanych strukturach, byla nalezena silna korelace mezi inhibi¢ni konstantou a



interak¢ni entalpii pocitanou ve vod€. Po zahrnuti entropickych ¢lenti doslo ke zhorSeni
korelace, cozZ je zpuisobeno neschopnosti empirického potencidlu popsat halogenovou vazbu.
Spravny popis halogenovanych slouc¢enin v komplexech s halogenovou vazbou je jednou z
podminek k moznosti nalezeni efektivnéjsich inhibitort.
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Introduction

This dissertation focuses on theoretical studies of the interaction between protein kinases and
their inhibitors. Studied protein kinases, cyclin-dependent kinase 2 (CDK2) and CK2 kinase
(casein kinase 2) play an important role in regulating cellular processes in eukaryotic
organisms. Their abnormal function in human cells can lead to serious diseases. This process
can be stopped by blocking the aberrant protein kinases using specific low molecular weight
inhibitors. Inhibitors of protein kinases typically bind to the active site of the enzyme by
noncovalent interactions. Theoretical description of these interactions using quantum-
chemical and molecular mechanical methods can help in understanding the biophysical
principles governing the binding. These, in turn, can be subsequently used for a rational drug
design of more effective and more specific inhibitors.

Noncovalent interactions play a key role in biodisciplines and they are responsible for the
structure and hence properties of both biomacromolecules (proteins, nucleic acids) and their
complexes with ligands. Dispersion energy is an attractive part of van der Waals energy, thus
it plays an important role in the stabilization of biomacromolecules. Hydrogen bonding
belongs to the strongest noncovalent interactions. Among the lesser-known type of
noncovalent interaction is halogen bonding, which is formed between the heavier halogen
atom X (Cl, Br, I) with Lewis acid properties, which is covalently bound to carbon and Lewis
bases such as oxygen atom.

The aim of this thesis is to explore computational methods for noncovalent interactions
between protein kinase and its inhibitors, which could have a potential application in
treatment of serious diseases. The work is divided into three parts. The first chapter provides a
detailed description of interaction for low molecular weight inhibitor roscovitine with CDK2.
In the second part the focus lies on the theoretical description of the interaction of CDK2 with
15 structurally different inhibitors by using quantum mechanical semiempirical scoring
function. Finally, in the third part the relationship has been studied between theoretical and
experimental values of binding free energies for complexes of maize and human CK2 with
halogenated inhibitors, which are capable of forming a halogen boxing with the enzyme

Methods

Molecular mechanics describes the molecule by using the laws of classical physics. This
description is expressed by the so-called force field, which is a set of parameters and
mathematical functions that describe the potential energy of particles such as atoms and
molecules depending on their coordinates. One of the most widely used force fields is
AMBER, which was used in this dissertation.

With help of quantum chemical calculations it is in principle possible to accurately predict the
physico-chemical properties of molecules and molecular clusters. Basic method of quantum
chemistry is Hartree-Fock method (HF). However HF method has limitations arising from the
neglect of electron correlation. Correlated methods (also called post-SCF methods) are
methods that improve the description of the wave function by considering the effect of
electron correlation. The most commonly used one is correlated Mgller-Plesset method with
second-order perturbation (MP2). It provides adequate inclusion of electron correlation. One



of the best description of electron corelation, coupled cluster method CCSD(T) provides a
highly accurate energy values in a wide range of molecules and molecular clusters.

An alternative approach to solving electronic wave function is density functional theory
(DFT) method. Physical and chemical properties of molecules are calculated using electron
density functional. The advantage of the DFT methods is their relative computational
efficiency in comparison with the post-SCF methods. Even simpler, the SCC-DFTB (self-
consistent charge density-functional tight-binding) method is an approximate DFT method
based on the principle of tight-binding. After the inclusion of an empirical dispersion term,
the SCC-DFTB-D method is able to describe the dispersion interaction. Other possible
solution is to use semiempirical quantum mechanics methods (SQM), which are based on a
similar calculation procedure as a HF method. The calculation is simplified by using different
approximations.

One of the most suitable SQM methods for use in biomolecular systems is the PM6-DH2
method providing accurate results for different types of noncovalent interactions such as
hydrogen bonds and dispersion interactions. In the case of the halogen bonding, this method
overestimates the size and the interaction between the halogen atom and electronegative atom.
The corrected method (PM6-DH2X) is able to describe the halogen bonding in comparison
with computational expensive methods of quantum chemistry.

An estimate of the binding free energy is called the score and is calculated using a scoring
function. It can be used for comparison of the experiment with the calculated scores for
protein ligand complexes. Conventional scoring functions are based on the use of empirical
potentials. In the present work we used the SQM method PM6-DH2X. The score was
calculated as the sum of the interaction enthalpy in water, entropic term, deformation energy
of an inhibitor and correction for solvation energy of inhibitor.

Results

In the first publication, the interaction between CDK2 and inhibitor roscovitine was studied.
For the calculation of the interaction energy of the CDK2-roscovitine complex, firstly it was
essential to reduce the described system so that it could be described by quantum chemical
methods. As a reference, MP2/aug-cc-pVVDZ method was used because it had previously been
shown to give similar results as the very accurate CCSD(T)/CBS method. The reference
interaction energies were compared with other methods - DFT (B3LYP/6-31G**), SCC-
DBTB, SCC-DFTB-D and molecular mechanics AMBER (ff99). The dominant contribution
comes from the dispersion forces. Thus it requires to use quantum chemical methods
involving the dispersion interaction, either explicitly as in the MP2 method, or included in an
empirical correction such as SCC-DFTB-D method. It is clear that the AMBER force field
method, which includes the dispersion energy in the Leonard-Jones term, is also appropriate
for the description of this interaction.

In the second publication, correlation of binding free energies obtained from experiment and
theory was studied in the structurally diverse group of 15 competitive CDK2 inhibitors The
used scoring function is based on the PM6-DH2 method, thus it differ fundamentally from
scoring functions based on empirical potentials. Firstly, we considered correlations of



experimental measurements of inhibition constants with the calculated interaction enthalpies
in aqueous environment (AH,,) determined by the PM6-DH2 method with an implicit water
model COSMO. The structure of the protein-inhibitor complex was optimized using the same
method. There was a strong correlation (R°=0.87). Secondly, adding a correction for
deformation energy of inhibitor and correction for desolvation of inhibitor made the
correlation slightly worse (R?=0.77). Finaly, addition of the entropic term to all the previous
ones resulted in further deterioration in the correlation (R?= 0.52), probably due to the
inaccuracies of the description of the entropy term. However, in the first case, the correlation
was stronger than all the previously published correlations for CDK2 with inhibitors based
mostly on empirical scoring functions.

As described in the third publication, scoring function based on the PM6-D2X method was
used for two groups of halogenated inhibitors of CK2. The first group entailed the crystal
structures of maize CK2 with inhibitors and the second group was formed from modeled
structures of the human CK2 and inhibitors. Correlation between calculated interaction
enthalpies in water and the inhibition constant was strong in the group created from the crystal
structures (R°=0.86). For the second group a much weaker correlation was found (R°=0.52).
When the interaction enthalpy term was augmented by the correction for desolvation of
inhibitor and deformation energy of inhibitor, firstly there was a slight worsening in the
corelation (R°=0.81) but for the second group there was an improvement (R?=0.71). Finally,
the addition of the entropic term based on the empirical potential of AMBER (ff99) led to a
significant deterioration in correlation as compared with the first group (R*=0.24) and the
second group (R?=0.19). This is due to the inability of the force field to describe halogen
bonding.

Conclusions

The stabilization energy of the complex of CDK2 with roscovitine is predominantly formed
by the dispersion energy. DFT methods, which do not describe the dispersion energy was thus
completely inappropriate for the treatment of such a system. When an empirical term is
included to correct for the description of dispersion, such methods, as e.g. the SCC-DFTB-D,
can be recommended for computation of this or similar complexes. The dominant part of the
overall interaction is due to a limited number of amino acids, that contribute to binding of
roscovitine with CDK2. Their mutations can thus be crucial to destabilize the complex. It was
also shown that the AMBER force field was able to describe the interaction of roscovitine
with CDK2.

The drug design community often employs scoring functions based on the principle of force
field to describe the interaction between proteins and their inhibitors. However, the force
fields methods are not able to describe quantum phenomena such as polarization or charge
transfer. In contrast, the designed scoring functions based on the semiempirical method PM6-
DH2 method was shown to gove satisfactory results for the group of 15 structurally diverse
inhibitors of CDK2. The strongest correlation with experimental inhibition constants was
obtained using the interaction enthalpy (R?=0.87) calculated by the PM6-DH2 method. After
the inclusion of all the terms of the scoring functions (including the entropy term), the
correlation deteriorated (R?=0.52) probably due to the inaccuracies in the calculation of the
entropy term in AMBER force field. Due to very good correlation with the interaction



enthalpy, it appears that the calculations using the scoring functions based on SQM method
will be a promising approach for future drug design, enabled by the rapid development of
information technology.

In last part of study, the scoring function based on the PM6-DH2X method was used for
halogenated inhibitors that are able to form halogen bonding with CK2 protein kinase.
Structures optimized using PM6-D2X agreed very well with the crystal structures, while the
structures optimized by the AMBER force field were dissimilar, due to the inability to
describe the halogen bonding. For halogenated CK2 inhibitors, based on the crystal and
modeled structures, a strong correlation was found between the inhibitory constant and the
interaction enthalpy calculated in water. After the inclusion of the entropic term, the
correlation deteriorated, due to the inability of the empirical potential to describe the halogen
bonding. The correct description of halogenated compounds in complexes with halogen
bonding is one of the conditions for the possibility of finding more effective inhibitors.
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