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Abstrakt

Vypocetni metody jsou nedilnou soucdsti moderniho farmaceutického vyzkumu.
Pocitacovy navrh 1éCiv si klade za cil snizit ¢as a naklady spjaté s vyvojem léCiva a také
detailnéji porozumét vazbé inhibitoru k danému biologickému cili. Kvili komplikovanosti
biologickych systémi a potfebé spravného popisu nekovalentnich interakci nutnych
k molekularnimu rozpoznavéani je presnost bézn¢ pouzivanych molekulové mechanickych
(MM) metod na hrané¢ spolehlivosti. Na druhou stranu zde vzrlstd tendence pouzivani
kvantové mechanickych (QM) metod v riznych fazich vyvoje 1é¢iv diky rostoucim
vypocetnim moznostem.

Tato disertacni prace se zabyva aplikaci kvantové mechanickych metod pro vérny popis
mezimolekulovych komplexti a jejich interakei. Tato prace zahrnuje osm ptivodnich publikaci
rozdélenych do tfi témat a doprovodny text, jenz si klade za cil zddraznit nc¢které¢ zavéry
plynouci z této prace. V prvni fadé je vysoce pfesnymi kvantové mechanickymi metodami
studovana povaha neklasickych nekovalentnich interakci, tzv. vazebné interakce pomoci
sigma diry. Sila a pivod halogenové, chalkogenové a pniktogenové vazby v modelovych
systémech z rozsifenych databazi molekul jsou zkoumany presnou metodou vazanych klastri
(CCSD(T)/CBS) a symetricky adaptovanou poruchovou teorii (SAPT). Druhd cast se vénuje
ttem farmaceuticky dilezitym proteiniim, a to HIV-1 protease, sekretované aspartitové
protease a karbanhydrase, a ukazuje vyhody aplikace opravenych DFT a semiempirickych
(SQM) metod na protein-ligandové komplexy spjaté s pienosy protonu, s ionty kovlu a
s neobvyklymi molekulami jakymi jsou borany. Strukturni vlastnosti, jez jsou experimentalné
(krystalograficky) nedosazitelné, a z4sadni vazebné rozdily inhibitorti jsou zde odhaleny
hybridnim QM/MM piistupem. Nasledné je SQM skorovaci funkce, jez kvantitativné spravné
popisuje vSechny typy nekovalentnich protein-ligandovych interakci, adaptovana pro virtualni
prohledavani databazi sloucenin (tzv. ,virtual screening®). Spolehlivost tohoto fyzikalniho
»SQM/COSMO* filtru je testovana na cCtyrech nepiibuznych netrividlnich protein-
ligandovych systémech. V této posledni casti mé disertacni prace je ukdzano, jak tento
»SQM/COSMO* filtr pred¢i osm standardné pouzivanych skérovacich funkei a jak tedy mtze

byt efektivnim nastrojem pro zptesnovani v pozdé¢jsich fazich virtualniho prohledavani.



Abstract

Computational approaches have become an established and valuable component
of pharmaceutical research. Computer-aided drug design aims to reduce the time and cost of
the drug development and also to bring deeper insight into the inhibitor binding to its target.
The complexity of biological systems together with a need of proper description of non-
covalent interactions involved in molecular recognition challenges the accuracy of commonly
used molecular mechanical methods (MM). There is on the other side a growing interest of
utilizing quantum mechanical (QM) methods in several stages of drug design thanks to
increased computational resources.

This doctoral thesis’s topic is the QM-based methodology for the reliable treatement
of intermolecular interactions. It consists of eight original publications devided into three
topics and an accompanying text that aims to emphasize selected outcomes of the work.
Firstly, the nature of nonclassical non-covalent interactions - so called c-hole bonding - is
studied by high-level QM methods. The strength and origin of halogen-, chalcogen- and
pnicogen bonded model systems in extended datasets are accurately explored by coupled
cluster QM method (CCSD(T)/CBS) and symmetry adapted perturbation theory (SAPT). The
second part is devoted to three pharmaceutically important protein targets, ie. HIV-1
protease, secreted aspartic protease and carbonic anhydrase, and shows benefits of corrected
DFT and semiempirical quantum mechanical (SQM) methods used in protein-ligand
complexes involving proton-transfer phenomena, metal ions and unusual compounds such as
boranes. A hybrid QM/MM approach unveils here the features of the structure that are not
accessible to the crystallographic experiment and explains fundamental differences in
the binding modes of inhibitors. Finally, SQM-based scoring function that describes
quantitatively all types of non-covalent protein—ligand interactions is simplified for virtual
screening of compound libraries. The reliability of this physics-based SQM/COSMO filter is
tested on four unrelated difficult-to-handle protein-ligand systems. In this last part of the
thesis it is shown how the SQM/COSMO filter outperforms eight standardly used scoring
functions and thus may become an effective tool for accurate medium-throughput refinement

in later stages of virtual screening.



1. Uvod

Proces vyvoje 1éCiva je nejen velmi ndkladny, ale také s sebou nese nesmirné velké riziko
selhani.' Témto selhanim lze predejit uZitim riznych vypodetnich metod v jakékoli pre-
klinické fazi vyvoje, coz je ¢im dal tim popularnéjsi hlavné diky obrovskému pokroku ve
vykonu softwaru i hardwaru. Na prvni pohled je tedy zifejmé, ze pocitacovy navrh 1éciv
(CADD z angl. computer-aided drug design) miize dosti zdsadn¢ usetiit ¢as i naklady nutné
na vyvoj léciva.”

Vétsina 1éciv funguje tak, ze kompetitivné inhibuji jejich biologicky cil. Vibec
nejbéznéjSim prikladem je reverzibilné nekovalentné navazany ligand v aktivnim misté
enzymu, zabrafiujici tak vazb& ptivodniho substratu. Uginnost ligandu lze predpokladat
umérnou volné vazebné energii ligandu v proteinu. Tato volna vazebnd energie (AGj) souvisi

s méfitelnou disociacni konstantou (K;) nebo s hodnotou koncentrace /C50:
AG, = RT Ink; (1)

Vypocetné 1ze volnou vazebnou energii stanovit mnoha zplsoby, tj. od statistickych metod
po fyzikaln¢ chemické ptistupy. Pro spravny popis vSech piispévkii vazebné energie je nutné
uziti metod jez se umi s velkou pfesnosti vyporadat s dostate€né velkou ¢asti systému (tisice
atoml) a to vrozumném case. Tyto metody musi spolehlivé popsat vSechny typy
nekovalentnich interakci, jakymi jsou napiiklad vodikové vazba, disperzni interakce Cci
halogenova vazba.> Vypoletni nastroje jsou dileZité nejen pro samotnou identifikaci
potenciondlniho 1é¢iva (v rdmci procesu tzv. virtual screeningu) ¢i vybér modifikaci jez zlepsi
ucinnost a dal$i vlastnosti téchto latek, ale také pro detailnéjs$i porozuméni mechanismu jejich
pusobeni.

Narozdil od velmi rozsifenych molekulové mechanickych (MM) metod (které jsou shrnuty
v Ref. 4), jsou kvantové mechanické (QM) metody ze své podstaty schopny popsat
nekovalentni interakce spolehlivé.” QM metody jsou schopny popsat kvantové efekty jakymi
jsou naptiklad pfenos protonu ¢i naboje, polarizace nebo vazebné interakce pomoci sigma
diry, zahrnuji vétSinu organickych a anorganickych entit a nepotiebuji zadné ptidatné

parametry.

2. Cile prace
Tato prace si klade za cil ukazat zptsobilost nékterych kvantové mechanickych piistupii

na poli pocitacového navrhu léCiv. Prace zdlraziiuje zavéry osmi piivodnich ¢lankt, které



jsou rozdéleny do tiech ¢asti. Prvni ¢ast se vénuje studiu sily a povahy vSech typt vazebnych
interakci pomoci sigma diry, tj. halogenové, chalkogenové a pniktogenové vazby, a to
pfesnymi kvantové mechanickymi metodami. V druhé ¢asti se aplikaci hybridntho QM/MM
pristupu zabyvame komplexy proteind s ligandy. Snazime se zde hlavné odhalit strukturni
vlastnosti systémt, jez jsou experimentdlné nedosazitelné¢. Nakonec piedstavujeme ucinny
nastroj zaloZzeny na semiempirické kvantové mechanické (SQM) metodé€, jenz muze byt

pouZit pro virtualni prohledavani latek z databazi.

3. Metody

Vsechny zde pouzité metody jsou zalozeny na kvantové mechanice a jejich rizna presnost
a narocnost pak predurCily jejich pouziti v jednotlivych studiich. Konkrétné byly pouzity
nasledujici metody: od velmi piesné metody CCSD(T)/CBS® pro srovnavaci vypoéty
modelovych systéma, pres vyhovujici DFT-SAPT’ metodu pro rozloZeni interakénich energii,
az po rychlé DFT a PM6 metody rozsifené o empirickou korekci pro disperzni energii a
korekce pro vodikovou a halogenovou vazbu.® Hybridni QM/MM piistup’ kombinovany
s implicitnd aproximovanym vodnim prostiedim'® (s vyjimkou explicitng zahrnutych
strukturng dtlezitych molekul vody) nam dovolil zkoumat komplexy proteinti s ligandy

sestavajici z tisicth atomd.

4. Vysledky a zavéry

4.1 Pavod interakci pomoci o-diry

V této prvni Casti vysledkil jsme si kladli za cil komplexné osvétlit podstatu halogenové
vazby. Vytvorili jsme databazi 128 halogenové a dihalogenové vazanych komplext rtizné
velikosti a ptivodu. Takto jsme do studie zahrnuli zastupce slabych a stfedn¢ siln€ halogenové
vazanych komplexi vytvofenych ze standardnich elektronovych donorii (jakymi jsou napf.
voda, amoniak, formaldehyd, dimethyl ether ¢i trimethylamin), zastupce standardnich
halogenovych donorti (napt. halogenbenzeny nebo substituované halogenbenzeny) a silné
halogenové vazané komplexy se znacnym pienosem naboje.

Sigma diry vSech subsystémil nesouci atom halogenu byly popsany z hlediska velikosti a
sily.!" Dale jsme spoé¢itali celkové stabilizaéni energie vsech komplexti na DFT-D3 a

CCSD(T)/CBS urovni a provedli rozklad interakénich energii metodou DFT-SAPT.



Ukézali jsme, Ze vSechny studované subsystémy maji pozitivni sigma diru. Velikost a sila
sigma diry dobfe korelovaly (R=0,86) a byly zvySeny se vzriistajicim atomovym c¢islem
halogenu a také s prezenci atomi fluorti které k sobé stahuji elektrony. Sila sigma diry
u dihalogenové vazby vzristala s klesajicim atomovym ¢islem druhého halogenu. Vlastnosti
monomeru byly vztazeny k vlastnostem komplexii (Obréazek 1) a bylo ukazano, ze stabilizacni
energie a sila sigma dér koreluji prekvapivé slabé (R=0,52). Tato korelace nicméné vzrostla
na 0,77 pfi vybéru nejsiln¢jSiho komplexu konkrétniho monomeru. Sila sigma diry tedy
informuje spiSe o schopnosti daného monomeru tvofit halogenovou vazbu, nez o sile

halogenové vazaného komplexu.
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Obr. 1: Zavislost stabiliza¢ni energie E,y, na sile sigma diry V.

Z vysledkt DFT-SAPTu je patrné, ze dominantnim piispévkem k celkové stabilizacni
energii je u 62% komplext elektrostaticka energie, zatimco u zbyvajicich 38% piipadi je to
energie disperzni. Lze tedy konstatovat, ze oba pfispévky hraji stejné dualezitou roli
v charakterizaci halogenové vazby, pfiCemz elektrostatickd energie odpovida stabilizaci a
smerovosti vazby a disperzni energie vysokeé stabilizaci.

Dale jsme studovali vazebné interakce pomoci sigma diry u heteroboranti. Ukézali jsme, Ze
zatimco sigma dira u CH,S lokalizovana na vrcholku dvojmocné siry je jen méné zaporna nez
okolni elektrostaticky potencidl (ESP) a jiz kladna u CF,S, tak pentakoordinovana sira
v krystalu thiaboranit je kladn€ nabita s méné pozitivni ¢asti na vrcholku atomu a péti vysoce

kladn€ nabitymi sigma dirami po stranach atomu (Obr. 2).



Obr. 2: Porovnani ESP a dipolovych momenti (Sipky) pro siru obsahujici 2D organické slouceniny a 3D

anorganické heteroborany.

U téchto anorganickych krystalt jsme kvantové mechanicky analyzovali v§echny vazebné
motivy thiaboranl s exo-substituovanym atomem chléru, jédu a fenylovou skupinou. Zde
jsme ukdézali stéZejni roli nelinedrni chalkogenové B-S...n vazby. DFT-SAPT dekompozice
celkové stabilizacni energie pak odkryla dominantni Glohu disperzni energie néasledovanou
elektrostatikou. Indukéni Clen pak napoveédél o nezanedbatelné uloze pfenosu naboje u téchto
sloucenin.

K rozkryti kompletniho obrazku o interakcich heteroborani pomoci sigma diry jsme
provedli systematickou vypocetni studii vétsStho setu 12  heteroboranovych molekul
obsahujicich atom chalkogenu nebo pniktogenu v 3D closo-kleci a exo-substituovaného
atomu halogenu u dikarbaborant. Vysledky prokazaly, Ze sigma diry chalkogenti i pniktogent
u heteroboranti jsou vysoce kladné nabité Casti na jiz kladné nabitych atomech a Ze jsou
1 kladn€ji nabit¢ nez u organickych molekul. V piipadé dvou pniktogenii je oblast
s nejkladngj$im ESP umisténa mezi oba atomy, jak je ukdzano na obrazku 4.

Bylo prokéazéano, ze sila sigma diry mlize byt vylepSena: i) zmé€nou atomového disla, tj.
substituci Se misto S a As misto P, ij)) zménou skeletonu klece — od desetivrcholové
k dvanactivrcholové kleci a iii) zménou chemického okoli, napt. exo-substituci halogenu

v para pozici heteroatomu.
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Obr. 4: Vypocteny ESP pro closo-1,2-P,BoH) a closo-1,2-As,BoH o

Sila odpovidajicich nekovalentnich interakci byla prozkouméana CCSD(T), DFT-D3 a
DFT-SAPT vypocty komplexii vybranych heteroborant s péti akceptory sigma diry (benzen,
trimethylamin, dimethyl ether, aceton a formamid). Bylo prok4zéno, ze vSechny tyto
molekuly tvofi vazby pomoci sigma diry jez jsou silngj$i nez u sigma dirou vazanych
organickych molekul. U chalkogenové vazby jsme ukdazali, Ze ji 1ze modulovat substituci siry
selenem, zatimco u pniktogenové vazby substituce fosforu arsenem nepiinaSi tizené
vylepSeni. Z vysledkiit DFT-SAPTu u obou typl vazeb je patrnd dominantni role disperzni

energie, nasledovana elektrostatikou, bez prispévku prenosu naboje.

4.2 Protein-ligandové interakce

Tato druhd c¢ast vysledkli se zamétuje na detailni QM analyzu protein-ligandovych
interakci tfi medicinaln€ dulezitych proteinti — HIV-1 proteasy, dvou isoenzymi sekretované
aspartatové proteasy a karbanhydrasy II a IX. Zde jsme si hlavné kladli za cil odhalit
strukturni vlastnosti systémt, jez jsou experimentalné nedosazitelné: i) urCeni protonacnich
stavi a identifikace nejstabilnéjSich konformeri/tautomert, ii) rozbor energetickych
pfispévki jednotlivych aminokyselin k celkové interakci ligandu v proteinu a iii)

charakterizace vazby podobnych ¢i riznych ligandii.

4.2.1 HIV-1 Proteasa

U dvou modelovych systémi komplexu HIV-1 PR s ligandem — darunavir (DRV)" a
peptidomimeticky inhibitor KI2", jsme aplikovali DFT-D a PM6-DH2 metody v hybridnim
schématu. Osvétlili jsme tak pravdépodobnost protonacnich stavii téchto komplext s ohledem
na vSechny orientace 1 konformace studovanych inhibitorii. Spravnost pouziti kvantovych

metod byla zdlraznéna vyskytem jevu pfenosu vodiku v aktivnim misté proteinu.



V piipadé dvou orientaci ligandu v HIV-1 protease jsme demonstrovali symetrickou a
energetickou spfiznénost parti protonacnich variant. Vypocetné se ndm podaftilo identifikovat
nejstabilnéjsi protonacni variantu katalytickych aspartati (Asp25/Asp25’) u HIV-1 PR/DRV
komplexu, coz bylo nasledné potvrzeno experimentem. U komplexu HIV-1 PR s KI2 jsme
odhalili monoprotonaci na Asp30 u karboxylového paru Asp30/Glu-P2’ a také to, Ze
akceptorem hydroxylové skupiny KI2 inhibitoru je OD2 kyslik z Asp25'.

Z metodologického hlediska z prace vyplynulo, ze PM6 vypocty s QM casti rozsifenou
na 8 A (coz je cca 1300 atomil) ddvaji kvalitativng stejné odpovédi jako DFT-D vypodty
na mensi ¢asti (QM obsahujici cca 500 atomtl). Ukazali jsme také, ze pii zvEétSeni QM cCasti se
riskuje, ze strukturni zmény ve velkych vzdalenostech od aktivniho mista ovlivni celkovou
energetiku. Ddle jsme porovnéavali nékolik QM metod pro popis pienosu vodiku u malého
modelového systému karboxylového paru. Ukézali jsme zde, Ze DFT GGA funkcionaly
podcenuji energetickou bariéru jen o néco méné nez PM6-D a PM6-DH2 metody (Obr. 5)

a tim jsme poukazali na potifebu zavedeni novych korekci PM6 metody.
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Obr. 5: Graf energetickych bariér proton transferu.

4.2.2 Sekretovana aspartatova proteasa kvasinky Candida Parapsilosis

Zde jsme aplikovali jiz nov€ upravenou PM6 metodu v hybridnim QM/MM schématu
pro detailni porozuméni rozdilu vazby pepstatinu A do dvou isoenzyml sekretované
aspartatove proteasy — Sapplp a Sapp2p.14

Konkrétné jsme usilovali o rozSifeni zavéri z krystalografie o fakta, kterd nejsou

dosazitelnd ani z krystalli s velkym rozliSenim: i) vyvraceni pfitomnosti tfetiho protonu



v aktivnim mist¢ a iij) analyza energetickych pfispévka vSech dulezitych aminokyselin
v aktivnim misté.

Zaprvé jsme zde ukdazali, Ze varianta sdilené¢ho (tfetiho) protonu mezi katalytickymi
aspartaty (Asp32/Asp211) ma interakéni energii o 10 kcal/mol mensi nez varianta se dvéma
protony v aktivnim misté. To bylo ovéteno 1 optimalizaci, kdy mél tfeti proton problémy 1 ze
stérickych duvodu.

Pro stanoveni energetickych ptispévkil vSech aminokyselin v aktivnim misté jsme uzili tzv.
virtudlni glycinovy sken (Obr. 6). Zkoumana aminokyselina je zde substituovana glycinem a
energeticky prispévek jejiho postranniho fetézce (AAG',) je vypocten zrozdilu AG'y,
s pivodni aminokyselinou a nové AG';,, s mutovanym glycinovym residuem. Interakcni
“volnd* energie (AG'i;) vSech studovanych systémi byla stanovena na optimalizovanych QM

¢astech jako single-point vypocet na PM6-D3H4/COSMO urovni.
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Obr. 6: Virtualni glycinovy sken pro Sapp2p a Sapplp aktivni mista s navazanym pepstatinem A.

Ackoli byla sila interakce pepstatinu A s obéma isoenzymy témeét stejnd, virtudlni
glycinovy sken zachytil nékolik vzajemné se kompenzujicich rozdili vazby pepstatinu A

v Sapp2p a Sapplp.



4.2.3 Karboranové inhibitory karbanhydrasy (CA)

V této casti jsme zkoumali vazbu dvou karboranovych inhibitorG s closo- a nido-kleci
do CAII isoenzymu.”> Zaméfili jsme se na teoretické vysvétleni: i) charakteru vazby tdchto
inhibitorti, i) stability vSech rotamerti a enantiomerd téchto latek a také na iii) analyzu
energetickych piispévki jednotlivych aminokyselin v aktivnim misté proteinu.

V prvni fadé¢ jsme modelovali a vypocetné identifikovali nejstabilnéjsi isomery z péti
moznych rotacnich isomert closo-karboranového inhibitoru (1a) a ze ¢tyf moznych isomerd
nido-karboranového inhibitoru (7a), tj. dva enantiomery se dvéma moznymi pozicemi
vodikového B-H-B mistku.

Vazba 1a a 7a ligandli se v CAII proteinu mirné li§i a to v orientaci postrannich fetézct
aminokyselin interagujicich jak s karboranovymi klecemi tak také se sulfoamidovym
spojovacim ¢lankem. Abychom osvétlili tento rozdil, fragmentovali jsme ligandy na dvé ¢asti

3

a vypocitali jejich interakéni “volnou energii (AG';,) s aktivhim mistem CAII. Hodnoty
vypoctené relativni vazebné volné energie byly ve shodé s experimentdlné stanovenymi
hodnotami, pficemz sulfonamidova skupina interagovala vyznamné silnéji nez karboranové
interagovaly se stejnou silou, ale rozdil v interakéni energiich (AE;,) closo a nido karboranové
klece byl signifikantni. Ukazali jsme, ze closo klec interagovala o 58,9 kcal/mol slabéji nez
nido klec, pficemz hlavni roli pfi vazbé hrala disperzni energie. Na druhou stranu, disperzni
energie u nido klece tvoftila jen 26,5% z celkové AE;,,. Zasadnim prvkem pfi interakci nido
klece se tedy jevi byt elektrostaticky charakter vazby. Vyslednd interakéni “volnd” energie
obou kleci je vsak srovnatelna a to diky vysoké desolvataéni penalizaci nabité nido
karboranové klece.

Role jednotlivych postrannich fetézci vSech aminokyselin aktivniho mista byly
kvantifikovany glycinovym skenem, ktery ukazal zasadni rozdily ve vazbé obou ligandi.
Closo karboranova klece interagovala pomoci disperzni energie a vytvaiela jen slabé
divodikové vazby s nepolarnimi C-H skupinami. Naproti tomu, zadporn¢ nabita nido klec
interagovala s proteinem hlavné pomoci elektrostatiky a vytvéiela velmi silné a kratké
divodikové vazby s polarnimi vodiky NH, skupin. Nejsilngj§im piispévkem k celkové
vazebné energii (AAG',= -4.1 kcal/mol) byla piitom kratkd divodikovéd vazba s Asn67
s H...H vzdalenosti 1,7 A.



Ligand 1a byl nasledné namodelovan i ve vazbé s CAIX isoenzymem, jenz se 1i§i od CAII
ve tvaru dutiny aktivniho mista zpisobeném variaci Sesti aminokyselin. Pfitom jsme ukazali
odliSnou pozici closo karboranové klece v CAIl a CAIX a pomoci glycinového skenu
kvantifikovali jednotlivé vazebné piispévky vSech aminokyselin v této opacné ¢asti aktivniho
mista CAIX a porovnali s piispévky aminokyselin CAIl. Tim jsme ptedstavili strukturni a
vypocetni analyzu aplikovatelnou ve strukturnim navrhu (z angl. structure-based drug design)
karboranovych inhibitorti selektivnich viaci CAIX isoenzymu, jenz je mimojiné spjaty

s rakovinovym onemocnénim.

4.3 SQM/COSMO filtr

V této praci jsme zjednoduSenim semiempirické skérovaci funkce, tak aby byla pouzitelna
ve virtualnim prohledavani latek (z angl. virtual screening), zavedli “SQM/COSMO filtr”.
Ten se skladd ze dvou dominantnich ¢lend pro popis protein-ligandovych nekovalentnich
interakci, a to z interak¢éni energie ve vakuu (AE;,) na PM6-D3H4X urovni a ze zmény
solvatacni energie pti vazbé ligandu do proteinu (AAG;,,,) na COSMO implicitni Girovni. Nase
nové schéma zahrnuje pouze single-point vypocty struktur s relaxovanymi pozicemi vodiki a
to bez jakékoli dalsi optimalizace. Chovani SQM/COSMO filtru bylo testovano spolu s osmi
znamymi skorovacimi funkcemi (GlideScore XP, PLANTS PLP, AutoDock Vina, Gold
ChemScore a GoldScore, ChemPLP, Astex Statistical Potential a AMBER/GB)16 na ¢tyfech
nepiibuznych netrividlnich protein-ligandovych systémech — acetylcholin esterasa (AchE),
TNF-a adaptovany enzym (TACE), aldosova reduktasa (AR) a HIV-1 proteasea (HIV
PR).""!3 Celkové bylo dokovacimi algoritmy vygenerovano 2865 smysluplnych rozlignych
ligandovych poz. VSechny tyto pézy byly piepocitany deviti skorovacimi funkcemi a
normalizované vysledné energie byly zaneseny do grafli v zévislosti na RMSD krystalové
pozy ligandu. Grafy byly nésledné zjedoduseny a pielozeny do jednoho vysledného grafu
(Obr. 7). Pro kvantifikaci chovani jednotlivych skorovacich funkci jsme zavedli dvé kritéria —
pocet nespravné vyhodnocenych ptiznivych feSenich (z angl. false-positive solutions) a
RMSD™ kritérium vztahujici se k maximalni hodnot¢ RMSD vSech ligandovych pdz
od krystalové struktury v pfedem definovaném rozpéti normalizovaného skore.

Vysledky ukézaly jak chovani SQM/COSMO filtru jenz splnil vSechna kritéria piedc¢i
ostatni pouzité skorovaci funkce. Za SQM/COSMO filtrem, majicim nejmén¢ “false-positive*

feSenich, nasleduje Gold CS a ASP skorovaci funkce.



Touto studii jsme tedy demonstrovali schopnost SQM/COSMO filtru rozpoznat spravnou
vazebnou pozu ligandu a také schopnost jit za tuto hranici a sprdvné ohodnotit dokonce 1

velmi malé zmény v geometrii navazaného ligandu.

normalised score / arb. units —»
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Obr.7: Grafy zavislosti normalizovanych hodnot skore na RMSD hodnotach od krystalové pozice ligandi

vsech Ctyf protein-ligandovych systéma.

5. Zavér

Zaprvé jsme uspesné aplikovali presné kvantové mechanické metody na komplexy vazané
sigma dirou, tj. na rozsifeny dataset halogenové vazanych komplexti, na anorganické krystaly
thiaboranti stabilizovanych chalkogenovou vazbou a na kompletni dataset heteroborana
interagujicich se svymi organickymi partnery pomoci vSech tfech typii vazby pomoci sigma
diry. Bylo ukazéno, Ze jedinym zptisobem jak spravné rozkryt kompletni obrazek o vazebné
interakci sigma-diry je spfazeni vlastnosti monomerd, tj. sigma dér, s vlastnostmi komplexa.
Analyza energetickych prispeévkil k celkové stabilizaéni energii ukéazala spolec¢nou roli
polarizani a disperzni energie na stabilizaci halogenové vazby a nadhodila tak otdzku
adekvatnosti stavajici [IUPAC definice.'”® Dale jsme se zabyvali experimentdlng zniamymi

heteroborany a studovali jejich dovednost tvorit chalkogenové a pniktogenové vazby. DFT-



SAPT rozlozil jejich celkovou stabilizaci na jednotlivé piispévky a ukazal dominujici roli
disperzni energie a elektrostatiky, ndsledovanou indukéni energii. Ukéazali jsme a také
kvantifikovali nékolik zptisobli modulace téchto interakci, coz mize byt dale vyuzito
v krystalovém inZenyrstvi nebo vyvoji l1€civ.

Zadruhé jsme ukazali jak Ize ruku vruce se strukturnimi znalostmi efektivné vyuzit
teoretické vypolty pro detailni popis protein-ligandovych systémill. Vyuzitim QM/MM
pfistupu jsme kvantitativné popsali vazbu ligandu do proteinu, odkryli experimentalné
nedostupné strukturni vlastnosti a vysvétlili fundamentalni rozdily vazby rtznych ligandi.
Vyhody kvantové mechanickych metod byly zejména ukazany u protein-ligandovych systémi
s pfenosem protonu, ionty kovu ¢i s neobvyklymi ligandy, tj. borany. Zavedli jsme virtualni
glycinovy sken, jenZ dovoluje podrobnou analyzu energetickych piispévkl postrannich
fetézci aminokyselin dan¢ho aktivniho mista k celkové interakéni energii proteinu
s ligandem. Pomoci opravenych semiempirickych a DFT metod jsme také predstavili
vypocetni protokol uziteCny pro stanoveni nejpravdépodobnéjSich protonacnich stavi a
identifikaci  nejstabilngjSich  isomer  (konformerii/tautomeri) v biomolekuldrnich
komplexech. Tato zjisténi jsou velmi dulezitd pro vytvoreni spravného vypocetniho modelu
studovaného systému, na némz pak zavisi vysledky vypocti vazebnych afinit. VSechny
prezentované vysledky jsou uzite¢né nejen pro pochopeni interakei a selektivity specifickych
ligandt ve vazbé do daného proteinového cile, ale také pro dalsi raciondlni névrh G¢innéjsich/
selektivngjSich inhibitort.

Nasledné je zaveden SQM/COSMO filtr — G€inny nastroj pro spolehlivou identifikaci
spravnych vazebnych po6z, zalozeny na semiempirickém PM6D3H4X popisu protein-
ligandovych interakci a na implicitni COSMO solvataci. SQM/COSMO filtr diky svym
vlastnostem tj. obecnou pouzitelnosti, srovnatelnosti napti¢ chemickym spektrem a absenci
potfeby systémovée specifickych parametri, posunul hranice ptesnosti skérovacich funkei
pro urcovani energie vazby ligandl v proteinech. Spole¢né s Casovou nenaroc¢nosti dovolujici
vypocty tisicti dokovanych p6z se nami predlozeny SQM/COSMO filtr miize stat efektivnim
nastrojem pro zpiesnovani v pozdgjSich fazich virtualniho prohledavani nebo nastrojem

pro posuzovani vykonu jinych skérovacich funkci.



1. Introduction

Drug discovery (DD) process is not only very expensive but it also carries an extremely
high risk of failure.' The use of various in silico techniques can help avert those failures in all
pre-clinical phases of DD which becomes more and more popular thanks to enormous
advances in software and hardware computational power. It is obvious that computer-aided
drug design (CADD) can also significantly minimize time and cost requirements of drug
development.”

The majority of drugs act through a competitive inhibition to their biological targets.
The most common case is a reversible non-covalent binding of a ligand to the protein active
site, thus preventing a native substrate from entering the site. The ligand potency is expected
to be proportional to the free energy of binding (AGj) between the protein and the ligand,
which is related to the dissociation equilibrium constant (K;) or ICsy value of the protein-

ligand complex (Eq.1).

AG,=RT InK; (1)

The change of the binding free energy can be estimated computationally by using many
tools, from statistics-based methods to physical chemistry-based approaches. In order to
correctly describe all phenomena contributing to the binding energy, the methods must be
able to deal with a sufficient large parts of the system (thousands of atoms) with high
accuracy within a reasonable time. The methods must reliably describe all types of non-
covalent interactions, e.g. hydrogen bonding, dispersion interaction or halogen bonding.’
Computational tools are not only important for the identification of drug candidates (“virtual
screening”) but also for the selection of modifications that would improve the potency and
other properties of the compounds and also for bringing a deeper insight into the mechanism
of their action.

In contrast of widely used molecular mechanics (reviewed in Ref. 4), quantum mechanical
(QM) methods are by the definition able to reliably describe non-covalent interactions.” QM
offers proper description of quantum effects such as proton and charge transfer, many body
effects, polarization or c-hole bonding and covers the vast of organic and inorganic chemical

space without a need of ligand-dependent parameters.



2. Aims of the Study

The thesis aims to show the ability of some QM-based approaches to contribute to the field
of computer-aided drug design. It emphasizes outcomes of eight original papers that have
been devided into three parts. The first part is devoted to high-level QM methods used to
study accurately the strength and origin of the stabilization for o-hole bonded model systems,
going from halogen through chalcogen to pnicogen bonding. The second part explores
protein-ligand binding by using a hybrid QM/MM approach. It aims mostly to unveil features
of the structure which are not accessible to the crystallographic experiments. The last part
introduces an effective semiempirical quantum mechanical (SQM) based tool applicable for

virtual screening.

3. Methods

The thesis is based on QM methods with different accuracy/computational cost
performance determining their use in presented studies. It comprises particularly from highly
accurate CCSD(T)/CBS calculations® used in model systems as benchmark data, through
suitable DFT-SAPT decomposition’ of the interaction energy, to the fast DFT and
semiempirical PM6 methods augmented with empirical dispersion correction and hydrogen-
and halogen- bond corrections.® All calculations of the protein-ligand complexes comprising
thousands of atoms are speeded up by using a hybrid QM/MM approach’ with water
environment approximated by a combination of implicit solvent model'® and explicitly treated

important structure water molecules.

4. Results and discussion

4.1 Nature of c-hole bonding

In the first part we aimed to shed light on the nature of halogen bonding comprehensively.
We made up a significantly large dataset of 128 halogen- or dihalogen- bonded complexes of
different size and origin. Thus we covered representatives from weak and moderate
complexes formed by standard electron donors (e.g. water, ammonia, formaldehyde, dimethyl
ether or trimethylammonia), through standard halogen donors (e.g. halobenzenes or
substituted halobenzenes), up to strong halogen-bonded complexes with a significant charge

transfer.



Firstly, we described o-holes of all halogenated subsystems in terms of size and
magnitude.'' Secondly, we calculated total stabilization energies of all complexes at DFT-D3
and CCSD(T)/CBS level and performed the DFT-SAPT decomposition.

It was shown that all studied subsystems possess a positive c-hole. It was also proved that
the magnitude and size of the o-hole correlate well (R=0.86) and they increase with
the atomic number of the halogen atom and with the presence of electron-withdrawing
fluorine atoms. In the case of the dihalogen bonding, the magnitude increases with
the decreasing atomic number of the second halogen. When relating the properties of
monomers with properties of complexes (Figure 1), we showed that the stabilization energy
surprisingly correlates with the magnitude of the c-holes only weakly (R=0.52). However
when we selected the most stable complex of particular halogenated monomers,
the correlation coefficient increased to 0.77. The magnitude of o-hole therefore informs about
the ability of the monomer to create halogen bond rather than about the strength of

the halogen-bonded complex.
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Fig. 1: The dependence of the stabilization energy Eg, on the magnitude of the 6-hole V .«

The results of DFT-SAPT decomposition showed that the most dominant contribution to
the total stabilization energy was in 62% of complexes the electrostatic energy, whereas in
remaining 38% of cases the dominant term was the dispersion energy. Both contributions are
thus with the same importance responsible for a characterization of the halogen bonding,
where the electrostatic interaction is responsible for stabilization and directionality of

the bond and dispersion energy is responsible for its high stabilization.

In the second part we studied o-hole bonding of heteroboranes. We showed that while

the 6-hole localized at the top of divalent sulphur atom in CH,S is just less negative than



the surrounding electrostatic potential (ESP) and already positive in the case of CF,S,
the pentacoordinated sulphur atom in crystallized thiaborane structure is positively charged

with the less positive area at the top of the atom and five highly positive c-holes on its sides

(Fig. 2)
HQC:S F2C:S

Fig. 2: Comparison of calculated ESPs and dipole moments (arrows) for a sulphur-bound 2D organic structures

and 3D inorganic boron hydrid.

We performed quantum mechanical analysis of all binding motifs in inorganic crystals of
thiaboranes with an exo-substituted chlorine atom, iodine atom and phenyl ring. We showed
the pivotal role of non-linear chalcogen B-S...w bond. The DFT-SAPT decomposition of total
stabilization energy revealed the dominant role of dispersion contribution, followed by

electrostatic term and induction, showing not negligible charge transfer phenomenon.

To elucidate the complete picture of the 6-hole bonding of heteroboranes we performed
a systematic computational study on bigger dataset of 12 closo-heteroborane molecules in
which chalcogen and also pnicogen atoms were incorporated in the 3D cages, whereas
halogens were considered as exo-substituents of dicarbaboranes. The results showed that
the o-holes of chalcogens and pnicogens are highly positive areas formed on already
positively charged atoms and are both more positive in heteroboranes than in organic
molecules. In the case of two pnicogens, the area of the most positive ESP is placed between
these atoms as shown in Figure 4.

We showed that the magnitude of c-holes can be tuned by i) changing the atomic number,

e.g. going from S to Se and from P to As, ii) changing the skeleton of the borane cage, i.e.



going from 10-vertex to 12-vertex cage and iii) changing the chemical environment, e.g. by

exo-substitutions of halogen atoms (instead of hydrogens) in para position to the heteroatom.
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Fig. 4: ESP calculated on closo-1,2-P,B1oH; and closo-1,2-As,B1oHo

The strength of non-covalent interactions of selected boron clusters with five o-hole
acceptors (benzene, trimethylamine, dimethyl ether, acetone and formamide) was elucidated
by CCSD(T), DFT-D3 and DFT-SAPT calculations and it was shown that these molecules
can form very strong o-hole bonds that are stronger than in other neutral c-hole bonded
organic complexes. It was shown that the chalcogen bonding of heteroboranes can be
modulated by Sto Se substitution, whereas P-to-As substitution has smaller impact on
modulation in pnicogen bonding. DFT-SAPT decomposition revealed the dominant role of
dispersion energy, followed by electrostatic term in both cases. Small induction energy

contributions showed that charge transfer does not contribute.

4.2 Protein-ligand binding

The second part of the thesis focused on adetailed quantum mechanical analysis of
protein-ligand interactions of three medicinally important targets — HIV-1 protease, two
isoenzymes of secreted aspartic protease and carbonic anhydrase II and IX. We aimed to
unveil features of the structure which are not accessible to the crystallographic experiment:
i) the determination of the protonation states and the identification of the most stable
conformers/tautomers ii) the dissection of energy contributions of individual amino acids
toward the total interaction and iii) the characterization of the nature of different binding of

similar/different ligands.



4.2.1 HIV-1 Protease

In two model systems of HIV-1 PR/inhibitor complex, particularly with inhibitors
darunavir (DRV)'? and peptidomimetic KI2 inhibitor"’, we applied DFT-D and PM6-DH2
methods in a hybrid scheme with MM to shed light on the probability of all protonation
variants of complexes with regard to all orientations and conformations of studied ligands.
The need of QM-based methods was underlined by the occurance of proton transfer
phenomena.

We showed that in HIV-1 PR/inhibitor complexes with two orientations of the ligand,
the symmetry-related pairs of the protonation variants are also energy-related. We
successfully identified the most stable protonation variant of catalytic aspartic dyad
(Asp25/Asp25’) of HIV-1 PR/DRV complex that was confirmed by the experiment.
In the case of HIV-1 PR/KI2 complex we revealed that the Asp30/Glu-P2’ carboxylate pair is
monoprotonated on the Asp30 and that the acceptor of the hydrogen bond from the hydroxyl
group of the KI2 is most probably the OD2 oxygen of the Asp25'.

From the methodological point of view we concluded that the corrected PM6 QM/MM
calculations using QM part extended up to 8 A (~1300 atoms) gives the same qualitative
picture as DFT-D QM/MM calculations that are limited by the size of QM region (up to 500
atoms). We showed that bigger QM parts increase the risk of unrelated distant structural
changes that can affect the energetics of the active site. Moreover we compared QM methods
on the small model of carboxylate pair and showed that proton transfer barriers are
underestimated by DFT using GGA functional and even more by the PM6-D and PM6-DH?2
method (Fig. 5). We thus pointed to the need for better corrections for PM6 method.
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Fig. 5: The graph of proton-transfer barriers calculated in several QM-based methods.



4.2.2 Secreted Aspartic Protease of Candida Parapsilosis

We employed newly corrected PM6 method in a hybrid scheme to understand
the difference of binding of the pepstatin A ligand to two C. parapsilosis isoenzymes, Sapplp
and Sapp2p.'* We specifically augmented the crystallographical findings by features not
accessible even in high resolution: i) the disproval of the presence of the third proton in
the active site and ii) the analysis of energy contributions of all important aminoacids in
the active site.

We calculated that the shared (third) proton between catalytic aspartate dyad
(Asp32/Asp211) has far less favorable interaction energy (by about 10 kcal/mol) with
the pepstatin inhibitor than the model with only two protons in the active site. It was also
proved by steric reasons revealed from the optimization.

To dissect the energy contributions of the all important amino acids in the active site we
applied a virtual glycine scanning (Fig. 6). The interacting amino acids in the active site were
substituted with glycine and the energy contributions of their side chains (AAG';,,) were
calculated as the difference between the original AG';,, with the wildtype amino acid and
the new AG';,, with the mutated glycine residue. Interaction ‘free’ energies (AG';,) of all
studied systems were determined on optimized structures as single-point energies at the PM6-

D3H4/COSMO level.
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Fig. 6: The virtual glycine scan for of Sapp2p and Sapplp active sites in binding with pepstatin A



Although the interactions of pepstatin A with Sapp2p and Sapplp are mostly similar, we

noted several mutually compensating differences for the binding of pepstatin A to Sapp2p and

Sapplp.

4.2.3 Carborane-based Inhibitors of Carbonic Anhydrases (CA)

We studied the nature of binding of two carborane-based sulfamide inhibitors bearing
closo- and nido-carborane cages to CAIl isoenzyme.”” We aimed to theoretically explain:
i) the nature of binding of these carborane-based inhibitors, ii) the stability of all possible
rotamers and enantiomers of studied inhibitors and i#ii) contributions of all important
aminoacids in the active site of CAII.

First of all we modeled and computationally identified the most stable isomers from all
five possible rotational isomers (rotamers) of closo-carborane inhibitor (1a) and four possible
1somers of nido-based inhibitor (7a), i.e. two enantiomers combined with two positions of the
B-H-B bridge.

The binding of 1a and 7a to the CAII protein slightly differed in the orientation of amino
acid sidechains interacting with carborane cages and also in the interaction of sulfamide
linker. We thus fragmented ligands into two parts and calculated their interaction ‘free’
energies (AG';,,) with the CAII active site. The results revealed revealed a good agreement of
calculated and experimental relative binding free energies and the AG';,, of sulfonamide
moiety was significantly stronger than of the carborane cages that is in agreement with
previous findings. However sulfonamide head groups of 1a and 7a interact with the same
strength, the difference between AE;, of closo and nido carborane cages was significant.
It was shown that the closo cage interacts by 58.9 kcal/mol less strongly than the nido cage
and the dispersion energy itself played a major role in its binding. In contrast, the dispersion
energy of the nido cage contributed only about 26.5% of the total AE;,. The driving force of
the nido cage hence seemed to be of an electrostatic character. The resulting interaction “free”
energy of the closo and nido cages was however comparable, because of the high desolvation
penalty of charged nido-carborane cage.

We also quantified the roles of individual amino acid sidechains in the active site by virtual
glycine scan procedure and showed the significant differences. Closo-carborane cage were
bound mainly via dispersion interactions and formed only very weak dihydrogen bonds with
non-polar C-H groups. Contrarily, negatively charged nido-carborane interacted with

the protein mainly via electrostatic interactions and formed very strong and short dihydrogen



bonds with polar hydrogens of NH2 groups. The biggest contribution to the total binding
(AAG';,= -4.1 kcal/mol) was mediated by a short dihydrogen bond with Asn67 with the H...H
distance of 1.7 A.

We also modeled the binding of compound 1a into CAIX isoenzyme that differs from
CAII in a shape of the active site cavity caused by variations of six amino acids. We showed
the different position of the closo-cage in CAIl and CAIX. The interacting contributions of all
important amino acids in the opposite site of the CAIX active site were determined by virtual
glycine scan and compared with CAIIl. We thus reported structural and computational analysis
applicable to strucure-based design of carborane compounds with selectivity towards

the cancer-specific CAIX isoenzyme.

4.3 The SQM/COSMO filter

We simplified the SQM-based scoring function to make it usable in virtual screening and
defined the SQM/COSMO filter energy. It considers two dominant terms to describe protein-
ligand interaction, namely the AE;, term at the PM6-D3H4X level for gas-phase non-covalent
interactions and the AAG;,, term at the COSMO level for implicit solvation. Our novel
scheme consists of a single-point rescoring of hydrogen-relaxed structures with no additional
optimization of the systems. We compared its performance with eight known scoring
functions (GlideScore XP, PLANTS PLP, AutoDock Vina, Gold ChemScore and GoldScore,
ChemPLP, Astex Statistical Potential and AMBER/GB)'® on four unrelated difficult-to-
handle protein ligand systems — acetylcholine esterase (AchE), TNF-a converting enzyme
(TACE), aldose reductase (AR) and HIV-1 protease (HIV PR).'"* We generated 2,865
sensible and non-redundant alternative ligand poses in total by docking algorithms. All
the poses were re-scored by nine scoring functions and resulting scores were normalized and
plotted against the RMSD of the crystal structure. The resulting clouds of points were
simplified to a single graph (see Fig. 7). In order to quantify the performance of studied
scoring functions we introduced two criteria - the number of false-positive solutions and
RMSD™ referring about the maximum value of RMSD from the crystal structure revealed

within all poses ranked in a defined interval of the normalized scores.

The results showed that the SQM/COSMO filter behaviour met all conditions at superior
level unlike the others scoring functions with the lowest number of false positives, followed

by slightly worse performance of Gold CS and ASP.



We thus demonstrated its ability to recognize the correct binding pose and moreover to go

beyond this limit and evaluate even small changes in the geometry of the ligand binding.
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Fig.7: The plots of normalized scores against RMSD values for all four protein-ligand systems

5. Conclusions

We successfully applied accurate quantum mechanical methods on the o-hole bonded
complexes, i.e. onextended datasets of halogen bonded complexes, innorganic crystal
structures of thiaboranes stabilized by chalcogen bonds and a complete dataset of
heteroboranes interacting with their organic partners by all three types of c-hole bonding.
It was shown that the only way how to elucidate the complete picture of o-hole bonding is to
relate the properties of monomers, i.e. 6-holes, with the properties of complexes. The analysis
of contributions to the total stabilization energies has revealed the concert action of
polarization and dispersion energies to the stabilization of halogen bonding and thus has
opened the question of adequacy of the recent TUPAC definition of halogen bonding.'®
We also tackled experimentally-known heteroboranes in order to examine their ability to form
chalcogen and pnicogen bonding. DFT-SAPT decomposed their total stabilization energies
and have shown the dominating role of dispersion and electrostatic energy, followed by
induction. We have also shown and quantified several ways of modulation of 6-hole bonding

which can be utilized in its applying in crystal engineering and drug design.



We have shown how structural information coupled with theoretical calculations can be
effectively used for detail studies of protein-ligand systems. We used QM/MM methodology
to quantitatively describe the protein-ligand binding, to unveil features of the structure that are
not accessible to the crystallographic experiment and to explain fundamental differences in
the binding modes of inhibitors. We have shown benefits of the QM-based approach in
protein-ligand complexes involving proton-transfer phenomena, metal ions and unusual
compounds such as boranes. We have introduced the virtual glycine scan procedure that
dissects the energy contributions to the total interaction energy of the sidechains of all
important aminoacids in the particular active site. We have introduced the novel
computational protocol using corrected SQM and DFT methods which is useful not only for
a determining the most probable protonation states but also for assessing stabilities of various
isomers (conformers/tautomers) in biomolecular complexes. These findings are very
important for building the reliable computational model of the studied systems for further
affinity estimates. All provided results are useful for understanding and selectivity of
the ligand binding to the particular protein target as well as for further rational design of more
potent/selective inhibitors

We have introduced the SQM/COSMO filter — the effective tool for reliable native pose
identification based on the semiempirical PM6D3H4X description of protein—ligand
interactions and implicit COSMO solvation. Because of its advantages, i.e. generality,
comparability across the chemical space, no need of any system-specific parameters,
the SQM/COSMO filter has just pushed the limits of the accuracy of scoring functions to
estimate the energetics of protein-ligand complexes. Together with its time requirements
allowing calculations of thousands of docking poses, we propose the SQM/COSMO filter as
a tool for accurate medium-throughput refinement in later stages of virtual screening or as

a reference method to judge the performance of other scoring functions.
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