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ABSTRACT

INVESTIGATION OF INTERACTION ENERGIES OF
TOPOISOMERASE | INHIBITOR: TOPOTECAN

Topoisomerases (Topl) cut one or both strands of DNA and therefore bring changes
in the topology of DNA. They are ubiquitous enzymes which are essential for the cellular
regulation of DNA supercoiling caused by processes such as replication, transcription, and
recombination. These enzymes also adjust the steady state level of DNA supercoiling in
order to facilitate protein-DNA interactions. Because of their crucial roles in DNA
replication, topoisomerases are the focus of many cancer research, as they are the sole target
for several families of anti-cancer drugs that are typically medium size organic molecules.
The drug chosen for this project is Topotecan (TPT) which belongs to Camptothecin (CPT)
family of anticancer drugs. The main purpose of this research is the application of three
major physical theories on mechanics, namely quantum, classical, and statistical, in a
harmonious blend to focus on different aspects of the dynamic mechanism of the DNA-
Topoisomerase and DNA-Topoisomerase-TPT molecular systems. The large scale atomistic
studies have been conducted by Levent Sar1 from Fatih University, they have been coupled
with the electronic level calculations in this study. Quantum chemical methods used in this
study are DFT and semi-empirical theory. Overall, in this project, we aimed to combine both
electronic level static calculations (quantum chemical data based on the time-independent
Schrodinger equation) and time dependent data obtained at the atomic level (molecular
dynamical calculations), and have used them together to gain deeper understanding on Top1-
TPT-DNA interactions.
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OZET

TOPOIZOMERAZ I INHIBITORU TOPOTECANIN ETKILESIM
ENERJILERININ INCELENMESI

Topoisomerazlar (Topl) DNA nin bir veya iki zincirini keserek DNA nin replikasyon
esnasinda topolojisinin diizenlenmesi ve kromozomlarin ayrilmasi gibi ¢ok 6nemli hiicresel
faaliyetlerde bulunurlar. Bu ylizden replikasyon, transkripsiyon ve rekombinasyon gibi
temel hiicresel aktivitelerde DNA’nin degisen topolojisini (6zellikle siiperkoil seviyesini)
ayarlama gorevi topoisomeraz proteinleri tarafindan yapilir. DNA’nin superkoil seviyesinin
belirli bir seviyede tutulmasi, diger hiicresel fonksiyonlari is yapan proteinlerle olan
iligkisinin diizenli olmasi noktasinda ve hiicre i¢eresinde kompakt bir sekilde yerlesebilmesi
i¢cin oldukca 6nem arz etmektedir. Ozellikle DNA nin replikasyonunda, Top1 proteinlerinin
aktif rol oynamasi, bu proteinlerin bir ¢ok kanser arastirmasinda odak haline gelmesine
sebep olmustur. Bu arastirma i¢in segilen kanser ilaci Camptothecin siifindan Topotecan
(TPT) ilac1 olmustur. Bu projenin temel amaci, fizikte mekanik {izerine kurulu ii¢ temel teori
olan, kuantum, klasik, ve istatiksel mekanik teorilerini birbirleri ile uyumlu bir sekilde
kullanarak, DNA-Topl1-TPT sistemini degisik seviyelerde incelemektir. Binlerce atomdan
olusan bu biiyiik 6l¢ekteki dinamik hesaplar Fatih Universitesi’nden Levent Sar1 tarafindan
yaptlmistir. Bu projede ise Topl aktivitesini hedef alan orta biiyiikliikteki kuvantum
mekaniksel hesaplar ile birlestirilmistir. Elektronik seviyedeki teorik hesaplamalarda DFT
ve semi-emprik yontemler kullanilmigtir. Kisaca, bu projede, elektronik seviyedeki statik
hesaplar (zamandan bagimsiz Schrédinger denklemi iizerine kurulu kuvantum mekaniksel
hesaplar) ile atomik seviyede zamana bagl hesaplar (klasik ve istatiksel mekanik {izerine
kurulu molekiiler dinamiksel hesaplar1) biraraya getirip, Topl-TPT-DNA etkilesimleri

lizerine yeni bilgilere ulasilmasi hedeflenmistir..
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1. INTRODUCTION

1.1. Topoisomerase

Essential cellular processes such as replication, transcription, chromatin assembly,
recombination, and chromosome segregation require unwinding of double stranded structure
of DNA. Rapid unwinding results in topological distortions in DNA, also called supercoils,
can prevent essential DNA metabolism. Such supercoiling can be relaxed by one of the
ubiquitous nuclear enzymes Topoisomerase 1 (Topl). The crystal structure first unraveled
in the 70’s [1-5], Topl targets double stranded DNA and single stranded DNA in case of a
hairpin loop [6]. Human Topl in Figure 1.1 consists of 785 amino acid residues, from 4
domains namely: core domain with 420 residues, C-terminal domain with 52 residues, N-

terminal domain with 214 residues and linker domain with 76 residues [7].

Figure 1.1. Domain structure of human Topl. Domains of the protein are shown with the
following color schemes: red, core domain; yellow, C-terminal domain; green, linker

domain and blue, N-terminal domain.

The crystal structure of human Topl was discovered in 1998 and the mechanism of
action resolving DNA supercoils was explained in several steps [8]: (i) the enzyme surrounds
DNA to form a non-covalent Topl-DNA complex which is stabilized by hydrogen bonds

and electrostatic interactions. (ii) Covalent complex is established via nucleophilic attack of



the hydroxyl group of catalytic tyrosine (Tyr723 in C-terminal) on a DNA phosphodiester
bond, resulting in cleaved DNA backbone as illustrated in Figure 1.2. (3) After the cleavage,
the proposed “controlled rotation” mechanism in Figure 1.3, occurs as the 5-OH broken
strand rotates around the unbroken strand to relax torsional stress in DNA [9]. (4) Resulting
covalent phosphotyrosine intermediate, also known as “cleavable complex”, at the 3’ end
religates when attacked by the free hydroxyl group on 5’ end of the broken DNA strand
through an esterification to religate the phosphodiester backbone of DNA and release the

enzyme [2].
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Figure 1.2. Topoisomerase mediated DNA cleavage and religation mechanisms.

Under normal conditions, cleavage complex is unstable and religation is preferred
[10]. But before the religation, the complex is highly vulnerable to inhibitors. Since
religation step requires nucleophilic attack of a free 5’-OH end to the phosphotyrosine bond,
it is necessary that both should be in close proximity. Any factor that can cause misalignment
between the phosphotyrosine and 5'-hydroxyl end is referred to as Topl inhibitor, will
stabilize the cleavage complex and prevent religation. Without religation, initially reversible
single stranded DNA break collides with RNA polymerase during transcription or with DNA
polymerase during replication resulting in double stranded breaks and leads to cell death
[11].
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Figure 1.3. Mechanism for a) Supercoil formation b) DNA relaxation c) Topl action [12].
1.2. Topoisomerase Inhibitor Camptothecin

Topl has gained great attention after it was found that it is the sole target of the
camptothecin class of antitumor drugs in the 80’s [5,13]. One of the most renowned drug
camptothecin (CPT) a noncompetitive inhibitor of Topl, is a plant alkaloid first isolated
from the bark of campthotheca acuminate, an Asian tree known to exhibit antitumor activity
well before it was found to target Topl [14,15]. Cytotoxicity of CPT’s are attributed to their
inhibitory effect on the relaxation mechanism of the supercoils formed during DNA

replication and their induction of double stranded breaks. CPT inhibits the religation step of



the Topl catalyzed relaxation mechanism, resulting in accumulation of covalent reaction
intermediate of Top1-DNA-CPT complex, referred to as the cleavage complex (Toplcc) [5].
Toplcc is a reversible protein-DNA covalent complex and acknowledged as a cellular
lesion. CPT non-covalently interacts with flanking base pairs of DNA and Topl active site
amino acid residues to increase the half-life of the cleavage complex by preventing the
enzyme from leaving (religation step). While the CPT-DNA-Top1 complex is reversible and
non-lethal, collision of the replication fork causes double stranded breaks in DNA that

cannot be repaired by any enzyme, and causes lethality as shown in Figure 1.4 [16].
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Figure 1.4. The working mechanism of cell death caused by Top1 targeting CPT anticancer
drug [17].

There are several unique characteristics of CPT: (1) The natural 20S isomer of CPT
alone shows inhibitory activity but not the synthetic 20R isomer. (2) Under physical

conditions CPT neither binds to Topl or DNA individually but rather binds to the cleavage



complex [18]. Selective inhibition of Topl-DNA complex by CPTs has been proven by
deletion of Top1 gene from modified yeast cells resulting in CPT resistance [19]. Restoration
of Topl on plasmid however induced CPT sensitivity. Consecutively, overexpression of
Top1l resulted in elevated levels of CPT toxicity and decreased levels of Topl resulted in
CPT resistance [20-22]. However, it has been extremely difficult to study the mechanism of
camptothecin activity because the drug acts as an uncompetitive inhibitor and binds only to

the transient enzyme substrate complex.

1.3. Camptothecin Analogue Topotecan

Today, many Topl-targeted anticancer drugs currently in clinical investigation are
based on the CPT structure. Water soluble analogue of CPT, Topotecan (Hycamtin,
GlaxoSmithKline) and Irinotecan (Camptosar, Pfizer) showing significant activity against
solid tumors, have been approved by US Food and Drug Administration for the treatment of
ovarian and small-cell lung cancers, colorectal cancers, respectively [23-25]. Hence,
understanding their inhibition mechanism is crucial for the development of novel anticancer
drugs. For this purpose, important sites for the drug binding on human Topl enzymes were
investigated by Topl mutations [22]. There are several experimental studies which attempt
to clarify the mechanism of CPT derivatives such as Topotecan. While one of these studies
has shown that DNA sequence is not significant in the uncoiling rate and ternary complex
stabilization [26], another one revealed the importance of the sequence selectivity in the
camptothecin induced cleavage by human Topl [27].

TPT or Topotecan (9-[(dimethylamino)methyl]-10-hydroxy-camptothecin), when
compared to other members of the camptothecin family, has higher solubility and stability
and lower toxicity which has enabled its successful use in treatment of ovarian and small
cell lung cancers [28-30]. At physiological pH=7.4 TPT and other camptothecin derivatives
are in equilibrium with their closed lactone and the E ring hydrolyzed open carboxylate
forms (Figure 1.5) [31]. This pH dependent equilibrium shifts towards the lactone form
under high acidic conditions (pH<4), and to carboxylate form under high basic conditions
(pH>10) [32]. A kinetic model describing the equilibrium between open and closed forms
of TPT concluded the equilibrium constant to be 1.98 + 0.07 x 1073 [33]. Moreover, it has
been proven by NMR [34] and HPLC [35] studies that at pH 6.28 a 50:50 mixture of the two



forms of TPT is present. The carboxylate, open-ring form of Topotecan, predominates at
physiological conditions. Carboxylate form of TPT lacks Topl inhibiting activity and
effectively binds to blood proteins [36,37]. This binding affinity of carboxylate form shifts
the equilibrium to the right, therefore reduces the presence of active lactone form.
Additionally carboxylate form has less than 10% the potency of the lactone form as a Topl
inhibitor [38], attributed to its low affinity for the active site of the cleavage complex and
reduced membrane permeability [5,13]. The lactone form of TPT, the biologically active
form, shows higher cytotoxicity but its mechanism of inhibition is poorly understood. The
binding mode of active TPT was investigated with HPLC and NMR studies indicating that
TPT binds to cleavage complex through intercalation [34]. It has been suggested that the
double-stranded DNA stabilizes the active lactone form and promotes the conversion of the
carboxylate form to the lactone form [39] and only the lactone form binds to the double- and
single-stranded DNA in the absence of Topl [34]. The crystal structure of the ternary
complex (human Topl-DNA-TPT) was obtained in 2002 by Staker [16]. In the crystal
structure the intercalation of TPT into the nicked region of the covalently bound DNA and
Topl complex is clearly observed. The crystallographic data also reveals the presence of
carboxylate form of TPT, also regarded as the inactive form, in the intercalation pocket
forming water-bridge hydrogen bonds with key amino acids [40]. While the crystal structure
explains why the drug binds only to the enzyme — substrate complex by presenting specific
hydrogen bond contacts with both the DNA and the enzyme, it provides no further
explanation on the contribution of each amino acid residue or DNA to the inhibition process.

TPT-Lactone form TPT-Carboxylate form

Figure 1.5. pH dependent hydrolysis of E-ring: equilibrium between TPT-lactone and TPT-
carboxylate form (K=1.98 x 107%).



The most significant understanding of the inhibitory mechanism was revealed in a
Nature paper in 2007 [41]. In the study, Koster et al. carried out single molecule experiments
to investigate the dynamics of the relaxation mechanism in the presence of TPT. They found
that the drug molecule significantly slows down the DNA relaxation. The Topotecan-
mediated uncoiling of positive DNA supercoils is reported to be around 20 times slower than

that of wild type relaxation.

1.4. Intermolecular Interactions with TPT

Intermolecular interactions play a crucial role in a variety of biological processes, such
as immune responses, enzymatic reactions, cell signaling, storage of genetic information and
drug inhibition mechanisms. As in the case of inhibition of an enzyme by a drug, it is well
known that the position and orientation of the interacting protein and the drug can drastically
affect the strength of the interaction. Modern X-ray crystallography techniques can provide
detailed three dimensional electron density maps and give a clue on non-covalent
interactions. However, simply summarizing these interactions are inadequate for a
mechanistic understanding of the inhibition. It is necessary to perform high level quantum
mechanical calculations to quantify the strength of each intermolecular interaction and

provide an insight into the inhibitory mechanism.

Computational studies on enzyme-inhibitor interactions have gained momentum in the
last decade with the advances in computation algorithms and affordable computing times.
Understanding enzyme-inhibitor intermolecular interactions has always centered around
three non-covalent interactions namely: hydrogen bonding, electrostatic and hydrophobic
interactions. More recently it become evident that n-r stacking plays a significant role as
well. In this work intermolecular interactions between ligand (TPT) and enzyme (Topl) have
been analyzed on the basis of a comprehensive conceptual framework that takes into account

all of the mentioned non-covalent interactions.

1.5. Literature Study on Essential Interaction Site Residues

Lys532 and Arg364 are well-known residues in Topl for their key role in the supercoil

relaxation mechanism [42]. In recent molecular dynamics (MD) studies, the importance of



these residues is emphasized [43] and the dynamic properties of human Topl are
investigated [43-45]. NMR studies have also been performed to explain the binding mode
of CPT to DNA [34,39,47,48]. Also, a combined experimental (UV-Vis) and computational
strategy is used to analyze the electronic and structural properties of TPT in water at different
pH values [49].

Topl mutations were investigated in order to understand the importance of specific
residues of Topl in the relaxation mechanism of DNA. In principle, mutants that lead to
drug resistance might identify the sites in Topl that involve in a drug binding or some other
enzymatic step that is essential for inhibition mechanism. Drug binding residues such as
Asn722 and Thr718 in C-terminal domain mutations were investigated [50]. Asn722 is
immediately in sequence to the catalytic Tyr723 and has been extensively examined because
of its critical position. It has been concluded that while Asn722-Ser mutation causes CPT-
resistance, it shows little impact on the catalytic activity of Topl. Meaning, while it is in
close proximity to the catalytic Tyr723 residue, it has no contribution to DNA binding, strand
cleavage or religation unlike Tyr723. This observation leads to the fact that Asn722 is a drug
binding residue. Thr718-Ala mutation directly affected the relaxation rate even though the
crystal structure has shown no direct or indirect contact between the drug and the residue.

In other studies mutations of Arg364 and Asp533 residues in core domain [51,52] has
been discovered to result in TPT resistance. In the crystallography structure Asp533 is shown
to form two contacts: one with TPT and the other with guanadino group of Arg364. It is
emphasized that elimination of these residues would be expected to negatively impact the
drug binding. Despite numerous experimental and molecular dynamics studies published,
there is a very limited number of quantum chemical studies on this subject. One high level
quantum chemical study using the MP2 method indicates that the binding orientations of
non-camptothecin Top1 inhibitors such as indenoisoquinolines are primarily governed by -
© stacking [53]. This interaction is only observed between DNA and the drug so the study
concludes that DNA has stronger interaction with the drug compared to the protein and better
stabilizes the ternary complex. Molecular dynamics simulations involving mutation of Topl
and calculation of interaction energies of the wild type (not mutated) enzyme were
conducted [54]. Three amino acid residue interaction energies with TPT are presented in this
work: Lys425, Asp533 and Arg364 to be -6.52+2.26, -10.524+5.24 and -6.74+1.64 kcal/mol



respectively. While this work provides no further insight on the interaction of other residues
in the active site, it provides us with a relative comparison for three residue interaction
energies. This work also states that the strongest interaction is observed for Asp533, and the

interactions of Lys425 and Arg364 with TPT are very close to each other.
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2. AIM OF THE STUDY

In this study, quantum chemical calculations were carried out following the atomistic
molecular dynamic simulations performed by Levent Sar1 from Fatih University. The aim of
this study is to gain a better understanding on the interactions in the ternary complex DNA-
Topl-TPT. The focus of the study is to elaborate individual non-covalent interactions
between i) TPT and DNA, ii) TPT and protein. The relative energetic strengths of TPT-DNA
and TPT-protein interactions will provide us with the estimates of crucial interactions in the
stabilization of the ternary complex justifying the reason why TPT can be used as an anti-

cancer drug.



11

3. METHODOLOGY

In this chapter the aim is to define some theoretical approaches used in this study
namely: Density Functional Theory (DFT), basis sets, Polarizable Continuum Model (PCM),
semi-empirical methods. Semi-empirical calculations were performed using MOPAC2012

and quantum chemical calculations were performed by Gaussian ’09.

3.1. Density Functional Theory

Density Functional Theory (DFT) is a quantum mechanical approach that is based on
the theorem of Hohenberg and Kohn. This theorem states that with known electron density
one can describe the ground state properties of a molecule. The major goal of DFT is to solve

the non-relativistic time-independent Schrodinger equation:

HY = E¥ (3.1)

where H is the Hamiltonian operator the solution of Schrodinger equation gives system
energy E as an eigenvalue described by the wave function W. Schrédinger equation has
many acceptable eigen functions W, each one yields a different eigenvalue, meaning that it

has infinite set of solutions. Therefore for each W; wavefunction there is an eigenvalue E;:

HY, = E¥;(X),n=1,2,3.. (3.2)

Equation 3.2 can be easily solved for small systems. However, infinite number of solutions
causes finding the exact solution for many electron systems. Since the Hamiltonian for the
electron-electron interaction term is too complex. Finding the solution with approximations
is one way in which the wave function of the whole system should be written as the product

of many electron systems.

Eigen functions can be broken down into one electron like systems:
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l‘IJHP = llJll.IJz l'IJN (33)

this is the Hartree Product and it treats each electron system independently.

Hamiltonian operator can be broken down into kinetic and potential terms:

H=T+V (3.4)

The Hamiltonian depends on the positions and atomic numbers of the nuclei and all the

electrons and it can be broken down to several components:

h e?Z e?Z,7
- 2m V‘Z_ 2m Vk 22 T : Z +Z - (35)
; e k ik Tl} Tki

i i<j k<l
where the first two term is the Kinetic energy of electron and nuclei respectively, the third
term is the electron-nuclei interaction, the fourth and fifth term is the exchange-correlation
for electron—electron repulsion and Coulomb repulsion respectively. Dependence of

Hamiltonian on the total number of electrons can be obtained by integrating the electron

density p over all space:

N = fp(r)dr (3.6)

Electron density p(r) determines the external potential due to nuclei V(r):

p(r) = Nf J |W(ry, 1y, ... B)|?dry, drsy, ... dr, (3.7)

where r; represents the coordinates of the electrons. Any electron density evaluated with

DFT except the real one will present higher energy compared to ground state.

Ground state electronic energy can be presented as a function of electron density:
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E[p()] = f V(p@dr + Tlp] + Vo] (3.8)

Where the first term is for the interaction of electrons with external potential, T[p(r)] term
is kinetic energy of electrons and V[p(r)] is the electron-electron interaction energy.

Electronic energy can be expressed as:

E[p(®)] = f V(r)p@dr + Tslp] +J1p] + Exclp] (3.9)

where Tg[p] is the kinetic energy of non-interacting electrons, J[p] is the coulomb and
Exc[p] is the exchange-correlation and correction for real kinetic energy of the system.
Although exchange-correlation Ex[p] is the kinetic energy difference between interacting
and non-interacting electron systems it is expressed as the sum of quantum mechanical
exchange Ex[p], correlation E;[p] and correction term for classical self-interaction energy.

The Coulomb energy term is the repulsion arising from the electron repulsion.

The exact value of exchange correlation functional is unknown. There are several
approximations used to calculate it and the first one is the Local Density Approximation
(LDA). LDA divides non-homogenous system and considers the electron density uniformly
distributed. Hence this method is not applicable to highly delocalized electron density

systems. Ex.[p] can be expressed with this approximation as:

Brelp®] = [ p@ere(p)dr (3.10)
Exc (p (r)) can be differentiated to give the exchange-correlation functional Vy.[p(1)]:

dexc (P (1’))

ao) *oxel) o)

Vxclp(™] = p(r)

Kohn Sham Hamiltonian expressed as hgg IS :
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hgsdi = €id; (3.12)

One of the functional used for this purpose, M06-2X is a Minnesota 06 generation global
hybrid functional based on meta-GGA approximations. It takes into account double amount
of nonlocal exchange (2X) and employs 54% Hartree-Fock exchange. It is parametrized to

take into account long range and non-covalent interactions [55].

X X
Exy’ = 1og EA" + (1 - W) ERFT + EPFT (3.13)

where EFFis the nonlocal Hartree—-Fock (HF) exchange energy, X is the percentage of
Hartree—Fock exchange in the hybrid functional, E2FT is the local DFT exchange energy,

and ERFT is the local DFT correlation energy.
Another functional is a long-range corrected (LC) hybrid density functional ®B97XD it

employs 100% Hartree-Fock exchange for long-range interactions between electrons and
22% for short-range. The total energy is computed by:

Eppr-p = Exs—prr + Edisp (3-14)

as the sum of a KS-DFT part, using the ®B97X functional, and an empirical atomic-pairwise

dispersion correction. The exchange is written as:
EXC = CxE)IgF + E)?CFA (315)

where cy is a small fractional number, typically ranging from 0.2 to 0.25 for

thermochemistry, and from 0.4 to 0.6 for kinetics.

M06-2X and ®B97XD functionals were used since they were reported to be suitable

for the prediction of energies for structures with non-covalent interactions [55].

3.2. Solvation Model
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Biological processes like drug-enzyme interactions take place in solvent containing
medium in living organisms. It is necessary to include solute-solvent interactions in order to
evaluate the intermolecular interaction in biological system appropriately. Computational
methods can be separated into two based on their treatment of solvation: explicit and implicit
solvation model. In continuum solvation which is an implicit solvation method, the solvent
is treated as a homogenous medium having a single dielectric constant (€). Dielectric
constant is set to be equal to bulk value of solvent. Solute is embedded into a cavity

surrounded by the solvent medium.

AGsolvation = AGcavity + AGdispersion + AGelectrostatic + AGrepulsion (3-16)

where the first term represents the energy cost of placing the solute into the solvent cavity.
The second term is dispersion interaction between solvent and solute which adds
stabilization to solvation free energy. The third term represents the interaction energy
between solute and solvent. The final term is the exchange interactions of solute-solvent not

included in the cavitation energy.
3.3. Semi-empirical Methods

Semi-empirical approach was developed to overcome the computational cost of
integral calculations. This method exploits the fact that chemical properties can be described
with valence electrons and draws the core electrons into the nuclear center. The most

demanding step of HF calculations are the two electron integrals appearing in Fock matrix:

nuclei

Foy =<,u|—%V2|v>— Z 7, <ﬂ|%v2|v>+2pm [(,uvl/la)—%(u/llva) (3.17)
Ao

k

not only solving the integrals are tedious but also there are many of them (N* where N is the
number of basis functions). One way to save computational time is to accurately estimate
their value beforehand. Especially for integrals in large molecules, one can avoid calculating
very large integrals by assuming them to be zero.

The earliest semi-empirical method was MNDO, it was advantageous because it was
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parametrized to reproduce molecular properties instead of atomic ones [56]. At first, it was
widely used because it increased accuracy. However, in time various limitations were found.
Among the most important of which was the lack of hydrogen bonding contribution. As
hydrogen bonding is essential in biochemical systems this method’s particular defect was

precluding its use in biological system.

The lack of hydrogen bonding contribution in MNDO semi-empirical methods have
been improved by the AM1 method, which over simplified the complicated hydrogen
bonding phenomenon, to core-core interactions [57]. In the coming years several
improvements were made to the semi-empirical method and the parametrization. The
resulting method was PM3 which was developed by Stewart [58]. He predicted that AM1
had been non-optimal because optimization of parameters was done in stepwise fashion,
which would give rise to accumulating errors. That is why, in PM3 method simultaneous
optimization of the parameters for main elements was adopted. Various changes to MNDO
approximations were introduced such as addition of d-orbitals to the main group elements

and addition of diatomic parameters.

The PM6 method is the most recent and accurate addition to the MNDO family of
semi-empirical approximations [59]. Like PM3 method it was developed by Stewart and has
been parametrized guided by the errors found in earlier methods. It was built on the PM3
method but differing in: core-core interactions, addition of transition metals, unpolarizable
cores. Low energy interactions such as intermolecular interactions can be better expressed
with this method. This is why it is the best semi-empirical method that can be used in
biological systems which includes a large variety of non-covalent interactions. Despite the
improvement in hydrogen bonding corrections, there were significant errors in zwitterions.
The main advantage of the PM6 method is in particular it was parametrized to reproduce
AH; taking into consideration the B3LYP functional [60] in DFT. It is stated that PM6 shows
comparable performance in equilibrium systems. However, when non-equilibrium systems
are considered, especially for transition state geometries, PM6 is inferior compared to
B3LYP.

PM6-DH+ method, also known to be a third-generation hydrogen-bonding correction

procedure, is used to correct the errors that are observed in the PM6 method. This method



17

was chosen because it was parametrized for the non-covalent interaction energies obtained
from advanced quantum mechanical calculations (DFT). Compared to previous semi-
empirical approaches, empirical corrections for dispersion and hydrogen-bonding
interactions were included to gain a better understanding on interaction energies of
biological systems [61]. The advantage of using third-generation correction instead of first
or second is because it does not make hydrogen bond acceptor/donor assumptions unlike the
first two generation corrections. Instead, it regards the hydrogen bond as being charge

independent between two atoms that can be viewed as an acceptor or a donor.

Cap
En_bona = r_zfgeom X fdamp (3.18)
AB

where C,5 is the corresponding hydrogen-bonding correction parameter for A and B
hydrogen donor/acceptor atoms. The damping function fy,.,, is activated for larger
molecules to accurately identify the hydrogen bonding distance. Geometry function fcom

is used to define the torsion angles.
3.4. Computational Details

Semi-empirical calculations with MOPAC 2012 [62] were used for geometry
optimizations of the selected active site obtained from 3 ns long molecular dynamics
simulation. PM6-DH+ method was used to correct the errors that are observed in PM6
method. This method was chosen because it was parametrized for the interaction energies
obtained from advanced quantum mechanical calculations (DFT). Compared to previous
semi-empirical approaches empirical corrections for dispersion and hydrogen-bonding
interactions were included to gain a better understanding on interaction energies of
biological systems [61]. One of the previous semi-empirical methods, PM6 was used to
observe the difference between PM6-DH+ method. Indeed, both in vacuum and water
optimizations with PM6 method protonation of TPT has occurred. This geometry is
undesired because it disrupts the aromaticity of the Aring in TPT.

Optimizations with MOPAC were carried out in several steps. Keywords MOZYME

and MMOK were used to include Localized Molecular orbital method and molecular
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mechanics correction to NHCO bonds. EPS keyword was chosen to activate COSMO [63]
(Conductor-like Screening Model) method to approximate the effect of surrounding solvent.
In optimization calculations EPS is 78.4 and 4, to set the dielectric constant (€) for water and

protein respectively.

Optimization of the whole complex with advanced quantum mechanical calculations
(@B97XD/6-31G(d)) in gas phase was carried out with Gaussian09.

Following optimization with both Gaussian and MOPAC, single point calculations
were carried out to accurately quantify the interactions energies. The Gaussian09 program
package [64] was used for the single-point calculations with M06-2X/6-31+G(d,p) and
®B97XD/6-31+G(d,p) methods, which are suitable for the prediction of energies for

structures with non-covalent interactions [55].
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4. RESULTS AND DISCUSSION

4.1. Optimization Results

Selected active site for the quantum chemical calculations was constructed from
residues and DNA layers within 8 A radius from TPT. The amino acids considered were
chosen not only because of their proximity to the active site but also because they have been
reported to be important for the stabilization of the cleavage site. The employed model
includes 4 layers of DNA base pairs, 8 amino acid residues and the drug TPT seen in Figure
4.1.a. Methyl groups were introduced to the ends of the outer layer DNA and to the ends of

amino acid residues. These methyl groups were frozen during all geometry optimizations.

a)
Tyr723 == Asn722
Lys425
TPT Thr718
—’
Arg364
Lys532 = Asp533
b) Asn722 = Tyr723 -@
\\\\ :
Lys425 . W3 '
\\\\ ! /,” \A{]-
~ ,’ 1
1
Thr718 ---- W2 -- -~
‘ 7 Lys532
e 4 \\ I

His632 Arg364 ---- Asp533

Figure 4.1. Simplification of selected sites for quantum mechanical calculations (after 3ns
MD). a) Representation of active site. b) TPT-Residue interaction map (the DNA layers are

not shown for clarity).
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Asparagine residue
Asn722

Tyrosine residue
Tyr723

N
s " Histidine residue

\* His632

. . Aspartate residue
Lysine residue ~ 'gb\ 3 Asp533
Lys425 ~ 4
*

Arginine residue
Arg364

Figure 4.2. Selected sites for quantum mechanical calculations. (The 4 DNA layers are not

shown for clarity).

Optimization of the active site was carried out in three steps:

(i) Hydrogen optimization with heavy atoms (any atom other than hydrogen) frozen.

(if) Optimization of the system with: frozen DNA base pairs, residue backbones and
residue methyl ends (indicated in Figure 4.2 with asterisks), outermost layers of DNA
represented in Figure 4.1 a) as blue boxes.

(iii) Complete system optimization with only amino acid methyl ends and outermost layers
of DNA frozen.

Optimized structures with PM6-DH+ and ®B97XD method were compared to see if
the semi-empirical method was able to reach the accuracy of the expensive DFT method.
Between the optimization methods it is observed that the structure of TPT differs slightly in
A and E rings. The resulting DNA structures are exactly the same for outermost layers as
expected since they were frozen in optimization. The intact backbone of DNA is Figure 4.3.a
changed between two optimization methods. For residues the largest difference is observed
for His632, W1 and W2. His632 acts as a hydrogen-acceptor with PM6-DH+ and as a
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hydrogen-donor with ®B97XD optimization method. It can be said that in PM6-DH+
method electrostatic interactions are more important compared to ®B97XD. Since charged
residues are in close proximity: Arg364-Asp533-Lys532 drawn together.

b)

Figure 4.3. Comparison of PM6-DH+ protein phase in blue and ®B97XD in red optimized
structures. a) DNA-TPT and b) TPT-Residue.

Table 4.1. Interaction distances (A) in selected active site after MD, optimization with
PM6-DH+ (€=78.4), PM6-DH+ (€=4) and ®B97XD/6-31G(d) methods.

MD (3ns) PM6-DH-+ (€=4) ®B97XD
PTyr723-w1 1.87 1.74 1.76
Asn722-W3 2.35 1.83 1.86
Arg364-TPT 3.35 251 2.62
Thr718-W2 1.86 1.66 1.78
Lys425-TPT 1.69 1.74 1.90
His632-W2 2.85 2.50 1.88
Asp533-TPT 2.02 171 175
Lys532-TPT 2.76 2.44 2.55
Lys532-W1 1.73 1.71 1.70
W1-TPT 1.97 1.86 3.08
W2-TPT 1.78 1.76 2.10
W3-TPT 1.72 1.89 1.88

Interaction distances (A) presented in Table 4.1 compares the initial (3ns MD), after
optimization with PM6-DH+ in both water and protein and finally gas phase optimization
with ®B97XD methods. Contraction in the distances after optimization with all methods are
seen for PTyr723-W1, Asn722-W3, Arg364-TPT, Thr718-W2, His632-W2, Asp533-TPT,
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Lys532-TPT compared with MD distances. Other distances with different optimization
methods are comparable except for W1-TPT, W2-TPT and His632-W2 distances. It can be
observed by looking at the interaction distances alone W1-TPT and consecutively water-
bridging residues with W1 (PTyr723 and Lys532) are expected to show a huge difference in
interaction energies with ®B97XD method.

4.2. Separation of Covalently Bound Residues

After optimizations the main aim is to accurately quantify the contribution of each
amino acid residue to the overall interaction with TPT. For this purpose, covalently bound
residues were separated. Covalently bound residues are Tyr723-DNA, Tyr723-Asn722 and
Lys532-Asp533.

Catalytic Tyr723 residue was separated from the DNA layer by breaking the phosphate
sugar bond (Figure 4.4). Ruptures in covalent bond are shown in red line. New tyrosine
fragment is denoted as PTyr723 because it includes phosphate. Phosphate is a part of DNA
and breaking the bond so that it stays with tyrosine residue fragment, can be misleading. But
we know that most of the interaction of DNA with TPT is caused by m-m stacking
interactions[53]. Hence, this fragmentation method is not expected to decrease the
interaction energy of DNA considerably. Methyl cap was introduced to new PTyr723

fragment. For the fragmented DNA a hydrogen was introduced where the covalent bond was

broken.
™, £ N i
" ‘_ - o—r!':o + ° O
M : a
DNA-Tyr723 PTyr723 DNA

Figure 4.4. Cleavage of catalytic Tyr723 residue from DNA.

For amino acid residues covalently bound to each other (Lys532-Asp533 and
PTyr723-Asn722) ruptures were introduced in between the peptide bond (Figure 4.5).
Resulting two fragments were capped to preserve the peptide bond and an additional methyl

groups were added.
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PTyr723-Asn722 Lys532-Asp533

H
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° PTyr723 Asn722 " Lys532 Asp533

Figure 4.5. Cleavage of two covalently bonded residues, PTyr723-Asn722 and Lys532-
Asp533.

4.3. Interaction Energy Calculations for Residues

Interactions of waters and residues are presented in Figure 4.6 after PM6-DH+ and
®B97XD/6-31G(d) optimization. Only the interacting and neighboring ring was presented

in TPT structure with the corresponding residue and if present, water molecule.

The detailed interaction characteristics of each residue can be discussed by looking at
Figure 4.6. The rough comparison between two optimization methods was discussed in
Figure 4.3 and it is stated that the His632 residue changes from being an hydrogen acceptor
to hydrogen donor residue. Another residue PTyr723, while no change in the interaction

manner is observed its hydrogen bonding atom differs between two methods.
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PM6-DH+ (€ =4)

©B97XD/6-31G(d)

PTyr723-TPT interaction

PTyr723

E

TPT

o)

Loow

e

1.
;f 1.74

Asn722-TP

Asn722 -

T interaction
Asn722 N\ %/{
\
)
1.76
1884 .

Figure 4.6. Comparison of the interacting PTyr723 and Asn722 residues and waters (PM6-

DH+ optimization in first and ®B97XD in second column).
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Arg364-TPT interaction

Thr718-TPT interaction

Thr718

Figure 4.7. Comparison of the interacting Arg364 and Thr718 residues and waters (PM6-

DH-+ optimization in first and ®B97XD in second column).
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Lys532-TPT interaction

’K 1o B
L

His632 ¢

|

His632

Asp533- TPT interaction

Figure 4.8. Comparison of the interacting Lys532, His632 and Asp533 residues and waters

(PM6-DH-+ optimization in first and ®B97XD in second column).
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Lys425-TPT interaction

Figure 4.9. Comparison of the interacting Lys425 residues and waters (PM6-DH+

optimization in first and ®B97XD in second column).

The most notable change between two optimization methods is clearly observed in
Thr718 residue. With PM6-DH+ method the interaction between TPT and Thr718 is only
maintained by a water bridge. However, this changes with the ®B97XD optimization where
Thr718 establishes a direct interaction with the TPT while the water bridge remains intact.
This result can be the outcome of the long range correction of ®B97XD functional, which
enables the accurate optimization of distant interactions. Another notable change is seen for
Lys532 residue which interacts directly and through a water bridge with the TPT in PM6-
DH+ method. Albeit the presence of a water bridge in addition to the direct interaction would
result in a stronger interaction, ®B97XD disrupts the preexisting water bridge. This indicates
while ®B97XD optimizations are advantageous for long range interaction, they can be

unreliable for the calculation of short range interactions such as Lys532.

4.3.1. TPT Residue Interactions Without Water Contributions

The interaction energy (AEinT) calculation, is carried out with the supramolecular

method:

AE;yt = Eg_rpr — Erpr — Eg (4-19)
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where Er-te7is the single point energy for the residue and TPT complex. Etpr and Er is the
single point energy of TPT and residue separately. With this interaction energy calculation
method, the contribution of the water to the interaction of residues are ignored. Residues
interacting with TPT only by water bridges (PTyr723, Asn722, His632 and Thr718) are
expected to have low interactions. On the other hand, residues interacting with TPT directly
through a hydrogen bond (Lys425, Arg364, Asp533 and Lys532) are expected to have higher
interaction energies. The three water molecules (W1, W2 and W3) were treated like residues
and their interaction energy were calculated separately. Only the closed-lactone form of TPT

was used due to the lack of open-carboxylate form molecular dynamics simulation.

Table 4.2. Interaction energies (kcal/mol) of residues and water molecules with M06-2X/6-
31+G(d,p) and ®B97XD/6-31+G(d,p)//PM6-DH+ (£=4).

MO06-2X/6-31+G(d,p)*//PM6-DH+ (€=4)
ag=0 2£=78.4 ag=4
PTyr723 5.58 -0.12 1.67
Asn722 -0.76 -0.28 -0.45
Arg364 -13.17 -4.61 -6.30
Thr718 -3.68 -0.75 -1.58
Lys425 -20.74 -5.46 -8.87
His632 0.17 -0.03 0.04
Asp533 -12.32 -6.25 -7.05
Lys532 -15.48 -1.18 -4.53
w1 -3.06 -2.60 -2.69
W2 -4.85 -3.15 -3.62
W3 -4.26 -2.31 -2.81

©B97XD/6-31+G(d,p)*//PM6-DH+ (€=4)
ag=0 2£=78.4 ag=4
PTyr723 5.11 -0.59 2.15
Asn722 -1.16 -0.68 -0.77
Arg364 -15.22 -6.83 -7.84
Thr718 -4.52 -1.54 -2.59
Lys425 -23.48 -8.24 -11.6
His632 -0.10 -0.31 -0.19
Asp533 -12.53 -6.40 -5.94
Lys532 -16.67 -2.48 -4.89
W1 -2.79 -2.33 -2.26
W2 -4.93 -3.20 -3.85
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W3 | -3.98 | -2.04 | -2.64 |

2 Single point calculations in gas phase (€=0), PCM correction in water (€=78.4), PCM

correction in protein (€=4)

Interaction energies calculated with M06-2X/6-31+G(d,p)//PM6-DH+ (€=4) method
in gas, water and protein phase are presented in Table 4.2. PTyr723 and His632 residues
show unfavorable repulsive interactions in both gas and protein phase calculations. For
calculations in water phase Tyr723 and His632 shows little change in the order of -0.12 and
-0.03 kcal/mol respectively. The other residues and waters (W1, W2 and W3) show
favorable interactions with TPT. The strongest and weakest interactions vary with phase
difference. The strongest favorable interaction in protein and gas phase is seen for Lys425
residue while in water phase for Asp533 residue. This is expected since these residues have
the smallest interaction distance. Interaction energies calculated with ©®B97XD/6-
31+G(d,p)//PM6-DH+ (€=4) method in gas, water and protein phase are presented in the
second part of Table 4.2. Comparing the results with M06-2X single point calculations, we
observe that now only PTyr723 gives repulsive positive interaction with higher magnitude.
The strongest interaction is similarly seen again for Lys425 with higher magnitude. The
second strongest interaction however changes from Asp533 to Arg365. This result is
unexpected because considering the two residues, both have direct interactions with TPT
and Asp533 (1.71 A) has the smaller interaction distance compared to Arg356 (2.51 A).

Table 4.3. Interaction energies (kcal/mol) of residues and water molecules with M06-2X/6-
31+G(d,p) and ®B97XD/6-31+G(d,p)//@B97XD/6-31G(d).

MO06-2X/6-31+G(d,p)*//0B97XD/6-31G(d)

ag=0 2£=78.4 ag=4

PTyr723 1.88 -0.29 1.08
Asn722 -0.77 -0.30 -0.57
Arg364 -10.25 -4.00 -4.26
Thr718 -4.43 -3.39 -3.70
Lys425 -16.29 -3.99 -6.15
His632 -1.36 -0.05 -0.60
Asp533 -16.07 -7.45 -8.37
Lys532 -9.07 0.26 -0.29
w1 -2.82 -0.95 -1.44
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-5.20

-2.12

-3.28
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W3

-1.54

-4.63

-5.58

Table 4.3. Interaction energies (kcal/mol) of residues and water molecules with M06-2X/6-
31+G(d,p) and ®B97XD/6-31+G(d,p)//mB9I7XD/6-31G(d) (cont.).

©B97XD/6-31+G(d,p)*//0B97XD/6-31G(d)

ag=0 £=78.4 ag=4

PTyr723 1.58 -0.55 0.81
Asn722 -1.29 -0.51 -0.78
Arg364 -12.54 -6.42 -6.64
Thr718 -4.73 -3.72 -4.02
Lys425 -18.34 -6.08 -8.20
His632 -153 -0.19 -0.75
Asp533 -16.21 -7.51 -8.46
Lys532 -9.85 -0.74 -1.19
w1 -2.66 -0.74 -1.26
W2 -4.90 -1.76 -2.95
W3 -7.56 -4.61 -5.57

& Single point calculations in gas phase (€=0), PCM correction in water (€=78.4), PCM

correction in protein (E=4)

Interaction energies calculated with MO06-2X/6-31+G(d,p)/®B97XD/6-31G(d)
method in gas, water and protein phase are presented in Table 4.3. The interaction results
obtained from ®B97XD optimized structure differs from the PM6-DH+ optimized ones. The
strongest interactions in protein phase are seen for Asp533 and then Lys425 residue. This
result can be attributed to the change in the interaction distance of Lys425 to TPT with ®B97XD
(1.90 A) method compared to PM6-DH+ (1.74 A) method. For ®B97XD optimized
structures, an elongation in distance is observed for Lys425 by 0.16 to 0.22 A compared to
PM6-DH+. Hence the decrease in interaction energy is expected. While the distance of
Asp533 differs only by 0.03 A an insignificant change in the distance, renders the interaction
of Asp533 strongest. Interaction energies calculated with ©®B97XD/6-
31+G(d,p)//®B97XD/6-31G(d) method in gas, water and protein phase are presented in the
second part of Table 4.3. As expected, with ®B97XD optimization the interaction energy of
Thr718 is stronger (-4.02 kcal/mol) compared the PM6-DH+ optimization (-2.59 kcal/mol).
This is the result of establishment of a direct hydrogen bond contact between TPT and
Thr718 with ®B97XD. The strongest interaction is similar to first part of the Table 4.3 and
it is with Asp533. However, this time the interaction difference between Lys425 and Asp533
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Is smaller than single point calculation done with M06-2X in protein phase. This result is
desired because it is similar to the work done by Pan et al in which it is stated that the two
charged residues interaction energies are similar. The reason why the strongest interaction
seen with the ®B97XD is not Lys425, as was in PM6-DH+ optimized structure, is because
the change in interaction distance of Lys425 in Table 4.1. The elongation in interaction
distance by 0.16 A between PM6-DH+ to ®B97XD methods caused the interaction energy
of Lys425 to decrease in the ®B97XD method.

As expected by looking at the interaction distance table, with ®«B97XD optimized
structure the interaction energy of His362 increased with decreasing interaction distance.
Another distance that changes with this optimization method is W1-TPT, an elongation is
seen with the magnitude of 1.22 A compared to PM6-DH+ optimized structure. Without
any calculations, the expected result is to observe a decrease in all the residue interactions
water bridging with W1. One of such residues is Lys532, and we see interaction energy
decrease with ®B97XD method by 3.70 kcal/mol, because the preexisting water bridge
between TPT and Lys532 is disrupted. The second residue interacting with TPT through W1
is PTyr723. However, when we look at the interaction energies of two methods we see an
increase in interaction energy with ®B97XD method where a decrease is expected.

Considering all the interaction energies calculated with M06-2X and ®B97XD single
point calculations with different optimization methods we can say that these results are in
agreement with the work of Pan et al. which reported that the strongest interaction is
observed for Asp533, then Lys425 and Arg364 respectively. The order of the second and
third strongest interaction varies with different functional and optimization method but it is
to be expected since Pan et al. reported the interaction energies with deviations, especially
for Asp533 with a deviation in the order of 5.24 kcal/mol. In gas phase calculations increase
in the interaction energies was observed. This result is expected since gas phase presents the
purely electrostatic interactions. In the PCM corrected water medium we see the lowest
interaction energies this too is expected because of polarization. However, the overall
interaction energies are too low to be compared to any reference. That is why from here on

calculations in water and gas phase will not be considered.
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432, TPT-Water to Residue interactions

The interaction energy (AEinT) calculation, is carried out with the supramolecular
method:

AEINT = ER—W—TPT - ETPT—W - ER (420)

AEnT calculated with above equation treats the water molecules as a part of TPT. Where Er-
w-TpT is the single point energy of the residue, bridging water and TPT complex. Etpr-wand
Er is the single point energy of bridging water-TPT complex and residue respectively. This
calculation method will only yield different interaction energies for water bridging residues
namely PTyr723, Asn722, Thr718, His 632 and Lys532. The other residues will present the

same interaction energies as before so they are not presented in Table 4.4.

Table 4.4. Interaction energies (kcal/mol) of residues with water as part of TPT.

MO06-2X?/PM6-DH+ (€=4) | ©B97XD¥/PM6-DH+ (€=4)
PTyr723 2.62 -2.11
Asn722 -0.88 -5.27
Thr718 -5.74 -10.00
His632 1.95 -1.46
Lys532 -11.76 -17.34

MO06-2X?/wB97XD ©B97XD¥/wB97XD
PTyr723 -6.21 -6.01
Asn722 -5.66 -5.85
Thr718 -8.31 -8.89
His632 -6.30 -6.46
Lys532 -11.18 -12.49

4 PCM correction in protein (€=4)

With the use of this method we achieved only one repulsive interaction which is
disadvantageous for the stability of the active site. However, a drawback is that indirect
hydrogen bonds such as with Thr718 (-10 kcal/mol) became comparable to the direct
hydrogen bonding interactions such as with Lys425 (-11.6 kcal/mol) with PM6-DH+
method. An unexpected result is observed in interaction energies for Thr718. When water is

calculated as part of TPT, the interaction of Thr718 is stronger for PM6-DH+ optimized
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method. However, the expected result is to be stronger interaction energy for ®B97XD
optimized structure, where there is a direct hydrogen bond between TPT and Thr718 besides
the water bridge. This result is rationalized when we look back at Figure 4.6. With the PM6-
DH+, water (W2) is much more closer to the Thr718 residue compared to ®B97XD, 1.66 A
and 1.78 A respectively. Even the direct hydrogen bond cannot compensate for the
interaction loss for the increase in distance between Thr718 and water. It can be said that
this interaction energy calculation method is unsuitable for Thr718. For His632 residue an
expected increase in interaction energy is observed for ®B97XD where the Water (W2) and
residue distance (1.88 A) is smaller than PM6-DH+ (2.50 A). The interaction energy is
almost the same between the two methods for Asn722 since the interaction distance between
water (W3) and Asn722 is almost the same. The strongest interaction with this method
Lys532 is not surprising at all. Lys532 has a direct hydrogen bond and a water bridge contact
with TPT, when the water (W1) is expressed as a part of TPT, since the interaction distance
is small between water and Lys532 it becomes the strongest interaction. However, this is not
realistic since the water-TPT distance is very large (3.08 A) with ®B97XD, hence water
cannot be taken as a part of TPT for calculations of Lys532. This case is also the same for
PTyr723 interaction. Since again the water molecule (W1) and TPT distance is very large
with ®B97XD, the interaction energy is exaggerated (-6.01 kcal/mol). While PM6-DH+
optimized results are more reliable because water-TPT distance is smaller (1.86 A) than
®B97XD method.

4.3.3. TPT to Residue-Water interactions

The interaction energy (AEinT) calculation, is carried out with the supramolecular

method:

AEINT = ER—W—TPT - ETPT - ER—W (43)

AEnT calculated with the above equation treats the water molecules as a part of residues.
Here Er-w-trT IS the energy of the residue, bridging water and TPT complex. Etprand Er-w
is the energy of TPT and residue-water complex respectively. This calculation method will
only vyield different interaction energies for water bridging residues namely PTyr723,
Asn722, Thr718, His 632 and Lys532.
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Regarding all the interaction energy calculations so far we can compare the
performance of M06-2X and ®B97XD functionals. The most distinct difference between the
two is the expression of long-range interaction energies. As expected, ®B97XD functional
IS better in expressing long range interactions, since it is a long-range corrected functional.
However, when short range interactions are considered it is less reliable than M06-2X
functional. Computational time for ®B97XD is much more favorable than M06-2X

justifying the fact that the interaction energies are based on this functional.

Table 4.5. Interaction energies (kcal/mol) with water calculated as a part of residues.

M06-2X%//PM6-DH+ (€=4) |0B97XD?#//PM6-DH+ (€=4)
PTyr723 2.56 0.82
Asn722 221 -3.97
Thr718 -5.31 -7.81
His632 -1.94 -3.83
Lys532 -5.63 -8.16
M06-2X%/wB97XD ®B97XD¥/wB97XD
PTyr723 0.08 -0.12
Asn722 -6.41 -6.74
Thr718 -7.26 -7.21
His632 -4.17 -3.99
Lys532 -1.82 -2.61

4 PCM correction in protein (€=4)

When water molecules are expressed as part of residues repulsive interactions are
observed for PTyr723 residue. While this result is not desired, with the use of
®B97XD//oB97XD method a slightly favorable interaction is seen as -0.12 kcal/mol. The
interaction energy of Asn722 is increased when compared to the method used in part 4.3.2
while Thr718 it decreased as expected. For His632 an acceptable interaction energy value
for a water bridging residue is observed for ®B97XD optimization while in part 4.3.2 the
opposite case was observed. The most notable change in interaction energy is seen for
Lys532 with the ®B97XD//@B97XD method. In part 4.3.2 the calculated energy was the
strongest (-12.46 kcal/mol), while water is considered as a part of the residue it is -2.61

kcal/mol. This huge difference between two energies are directly related to the water (W1)
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and TPT distance as discussed before. This outcome is understandable for ®B97XD method
but it is perplexing to see a similar difference in energy for PM6-DH+ method where the

water-TPT distance is very close to water-residue one.

After expressing the interaction energies with three methods the main problem is
finding out which interaction energy is correct for a water-bridging residue. We can find out
the correct result by looking at the water-residue distances and TPT-water distances

expressed with three different methods and comparing them with MD results.

Table 4.6.Interaction distances (A) with PM6-DH+ (€=4) and ®B97XD/6-31G(d)
compared to MD (3 ns).

MD PM6-DH+ (€=4) oB97XD
W-R TPT-W W-R TPT-W W-R TPT-W
PTyr723 1.87 1.97 1.74 1.86 1.76 3.08
Asn722 2.35 1.72 1.83 1.89 1.86 1.88
Thr718 1.86 1.78 1.66 1.76 1.78 2.10
His632 2.85 1.78 2.50 1.88 1.88 2.10
Lys532 1.73 1.97 1.71 1.86 1.70 3.08

From Table 4.6 we draw several conclusions. First of all, there is an apparent increase
in the TPT- water (TPT-W) and water-residue (W-R) distances shortened with the ®B97XD
optimization. Meaning that water molecules are closer to residues and further away from
TPT with this method. While water residue distances are almost same between all the
considered amino acid residues. This indicates that the position of water in the active site is
determined by the residue-water interactions, and that all the residues interact with water in
the same manner. The presence of charged and uncharged residues makes this conclusion

inadvisable.

From Table 4.6 it can be inferred whether the water can be taken into account as part
of protein or as a part of TPT. If the distance between the water-TPT is smaller than water-
protein distance, the interaction energy method in part 4.3.2 will be used. In other words,
water will be taken as a part of TPT. Similarly, if the water-TPT distance is smaller than
water-protein one, the method in part 4.3.1 will be used. Looking at MD distances, PTyr723

and Lys532 appears to have smaller water-residue interaction distances and hence the water
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should be taken into account as a part of the residue. For residues Asn722, Thr718 and
His632 the water-TPT distance is smaller than water-residue ones and water molecule should
be calculated as part of TPT. Comparing optimization methods with the MD results we see
outliers with this deduction. For PM6-DH+, Asn722 and Thr718 have smaller water-residue
distances than MD results. However the interaction distances for W-TPT and W-R are very
close to each other and the error should be insignificant. When we look at ®B97XD
optimization results the outlier interactions increase to three with considerable deviations in
distances. This is why several exceptions will be made and in the light of these findings, the

interaction energy can be summarized in the following Table 4.7.

Table 4.7.Interaction energies (kcal/mol) comparison with literature.

@B%?I(f(aéf 4'\)"6' ©B9I7XD¥/wBI7XD | MM/GBSA® MD?
PTyr723 +0.82 -0.12 - +1
Asn722 -3.97 -5.85 - -1
Arg364 -7.84 -6.64 -6.74+1.64 -5
Thr718 -7.81 -7.21 - -
Lys425 -11.60 -8.20 -6.5242.26 -
His632 -1.46 -3.99 - -1
Asp533 -5.94 -8.46 -10.52+5.24 -13
Lys532 -8.16 -1.19° - -11

4 PCM correction in protein (€=4)

bException
°Data from Ref [54]
dData from Fatih University

There is one exception in the final interaction energies calculated with ®B97XD
method which is for Lys532. In PM6-DH+ Lys532 maintains a water bridge (W1) interaction
with TPT while also interacting without the water bridge as observed in Figure 4.6.
However, in ®@B97XD optimization the water bridge connecting Lys532 to TPT is disrupted.
The method in part 4.3.2 could be used to compensate for the decrease in interaction energy
with the disruption of water bridge. However this method would make the interaction of
Lys532 in the order of -12.49 kcal/mol. This results would not be feasible at all since Lys425
has smaller interaction distance than Lys532 and has -8.20 kcal/mol interaction energy. The
expected result would be to find the interaction of Lys425 stronger than that of Lys532.
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When the optimization results are compared with the findings in the literature,
®B97XD method reflects similar results with MM/GBSA calculated results from the work
of Pan et al. And PM6-DH+ optimization results are similar to the interaction obtained from
the MD results by the Fatih University. While, ®B97XD method is more expensive
compared to semi-empirical methods, and better presents the results obtained in the work of
Pan et al. their MD results were obtained from 10 ns long optimizations, while in this work
structures taken from 3 ns MD optimization was used. This means that even taking the initial
structure from 3 ns MD, we can achieve similar results obtained from a 10 ns MD. Also
PM6-DH+ can be used when the MD optimizations are long and reliable and inexpensive
method is desired for the calculation of interaction energies.

4.4. Interaction Energy Calculations for DNA

The interaction contribution DNA could only be calculated by PM6-DH+//PM6-DH+
method in protein phase. The expected result was that the n-x stacking interaction between

DNA and TPT should be greater than protein-TPT interactions as reported by Song et al.

The interaction energy (AEnT) calculation, is carried out with the supramolecular

method:

AEINT = EAA—DNA—TPT - ETPT - EAA—DNA (44)

where Eaa-ona-TeT IS the single point energy for all the residue, DNA and TPT complex. In
other words, the energy of the selected active site. Etpr and is the single point energy of
TPT while Eaa-ona is the energy of and DNA and all amino acids. With this equation, the
interaction of the whole active site with TPT is calculated.

AEINT = EDNA—TPT - ETPT - EDNA (45)

Equation 4.23 is for the calculation of the interaction energy (AEinT) between DNA and
TPT. Where Epna-teT is the single point energy for DNA and TPT complex. Etpt and is the
single point energy of TPT while Epna is the energy of DNA.
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AEINT = EAA—TPT - ETPT - EAA (46)

Finally, for the interaction energy (AEnT) between all the amino acids (AA) and TPT is
calculated with the use of equation 4.24. Where Eaa-tpt IS the single point energy for all
the amino acid residues and TPT complex. Etpr and is the single point energy of TPT

while Eaa is the energy of amino acids. The resulting calculated interaction energies are

presented in Table 4.8.

Table 4.8.Calculated interaction energies (kcal/mol) of the active site (AA-DNA), DNA
and all amino acids (AA) with TPT.

PM6-DH+%//PM6-DH+ (€=4)
AA-DNA -95.81
DNA -32.20
AA -35.94

2 PCM correction in protein (€=4)

The whole interaction of the selected active site, meaning that residues and DNA, was
calculated and found to be -95.81 kcal/mol. The contribution of DNA to the interaction
energy is calculated to be -32.20 kcal/mol, slightly lower that of all amino acid contribution
(AA) which calculated to be -35.94 kcal/mol. This reflects the opposite results from the work
of Song et al. The reasoning behind the similar DNA and amino acid interactions may be
reflecting the stability of the cleavage complex. Since neither interaction is dominating, TPT
cannot bind to DNA or the enzyme alone. But before any final deductions can be made,

calculations should be repeated with a more expensive method such as ®B97XD.
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5. CONCLUSION

The findings of the present study provide an insight on the important residues playing
a role on the inhibition of Top-DNA cleavage complex in the presence of TPT. The
interaction energies of these residues are reported, can be taken into consideration for new
Topl-DNA targeting anti-cancer drug development. The quantum chemical interaction

energy results were in accordance with the previous molecular dynamics studies.

This work provides a comparison between semi-empirical and DFT methods. For
interaction energy calculations semi-empirical method PM6-DH+ can be used as an
inexpensive and reliable method if the initial structure is taken from a long molecular

dynamics simulation.

The contribution of DNA to interaction energy is calculated similar to all the amino
acid residues combined.
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6. SUGGESTIONS FOR FUTURE WORK

Interaction energies for carboxylate form of TPT can be investigated in order to
address the inactivity problem of this open form. Topl mutations performed in the work of
Pan et al. can be investigated for a more comprehensive understanding on interaction

between enzyme and TPT.

Optimization with ®B97XD method in protein phase can be conducted to better

compare the performance with the PM6-DH+ method.

DNA interactions can be investigated with the use of more expensive methods instead
of semi-empirical method for a more comprehensive understanding on DNA and enzyme

interaction comparison.

The initial structure used for quantum mechanical calculations can be taken from
longer molecular MD simulations for a more realistic result. It is shown that average TPT-
residue distances or active site residues can change as presented in Appendix A. A more
realistic model can be examined if the initial structure selected for QM calculations are taken
from longer MD simulation.

Another approach can be to study the binding energies of other Top1 inhibitor such as
Irrinotecan. Exploring TPT like structures can lead to better understanding of active site and
design of better anti-cancer agents.
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APPENDIX A: MOLECULAR DYNAMICS RESULTS 3NS AND AVG.

Molecular Dynamics calculations were performed using the CHARMM force field
[65]. Canonical conditions (NVT) were imposed via the Nose-Hoover thermostat [66,67],
and 2 fs time steps are taken employing the SHAKE algorithm [68]. The non-bonded
interactions are shifted to zero over 8-12 A. The ternary complex model of DNA-human
Topl-TPT was set up using the protein databank crystal structure 1K4T [16]. The system is
immersed into a 60 A radius sphere of TIP3P [69] water molecules, and charge neutralization
was performed by changing waters with sodium ions, where water oxygens had highest
electrostatic energies. The system was minimized (within the TIP3P spherical water box)
until a root-mean-square gradient of 10-2 kcal/mole, as a result of 1500 steepest descent
followed by 1700 steps of adopted basis Newton-Raphson procedure. Then, each system
was equilibrated for about 500 ps with the stochastic boundary potential [70] to keep the
outmost water molecules. Intel-Xeon-5365 and Intel-Xeon-5462 CPUs are used, employing
8 cores in parallel. The production level simulation is 3 ns long, and has approximately
114.000 atoms.



42

Interaction Energy (kcal/mole)

61u356 —— Trpd16 —— Lys532 His632 —— Lys751 61356 —— Trpdl6
Arg364 mmm Tyrd26 ASPS33 memmm Thr718 —— 25
Lys374 Argd88 —— Arg530 Asn722 ——

Lys532 His632
Arg36d s Tyrd26 ASP533 mmmm Thr 718 ——
Lys374 —— Argd88 —— Arg590 fsn722 ——

Lys751

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time (ns)

Energy (kcal/mole

Interaction Energy (kcal/m

61u356 —— Trpd16 —— LysS32 His632 Lys751 61u356 —— Trpd16 —— LysS32 His632 —— Lys751
25 & Arg364 s Tyrd26 ASPS33 e Thr 718 —— 25 | Arg36q e Tyrd26 ASPS33 memmmm Thr718 ——
Lys374 —— frgd88 —— ArgS90 fAsn722 —— Lys374 —— Argd88 —— ArgS90 fsn722 ——

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time (ns) Time (ns)

Figure 6.1. Changes in the interaction energy between TPT and residues when (A) 100 pN
(B) 200 pN (C) 300 pN (D) 400 pN is applied to the enzyme after 3ns molecular dynamics

simulation.

In order to understand the interaction TPT with molecular dynamics approach,
different forces were applied to the lip region of the enzyme. Change in the interaction
energies were observed in Figure 6.1. These results show that Asp533 residue (blue line)
how the highest contribution the interaction energy with TPT. The duration of Asp533
interaction is also stronger than the others as it remains unchanged around 12 kcal/mol when
100 pN and 200 pN force is applied to the enzyme (Figure 6.1.A-B). When the force is
increased to 300 pN and 400 pN (Figure 6.1.C-D) we observe that the interaction is broken
around 1 ns. Another strong interaction is with Arg364 residue (green line) that is around -
7.5 kcal/mol and remain intact until 300 pN force is applied. Moreover, Lys532 residue
(yellow line) shows an interaction almost as strong as Asp533 but even with the smallest
force 100 pN we observe the interaction starting to decrease 0.2 ns (Figure 6.1.A). We
conclude from these findings that over the inspected residues with MD namely: Glu356,
Arg364, Lys374, Trp416,
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Lys532, Asp533, Arg590, His632, Thr718, Asn722, and Lys751 strongest interactions
are seen for Asp533, Lys532 and Arg364 respectively. Comparing these results with the
work of Pan et al.[54] we see that our results have higher interaction energy. Since in their
work they did not calculate the interaction of Lys532 instead calculated Lys425, and in our
MD results we did not include Lys425 in the upcoming quantum mechanical calculation the

interaction of Lys425 will be addressed.
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Figure 6.2. Durations of hydrogen-bonding interactions with TPT under (A) 100 pN (B)
200 pN (C) 300 pN (D) 400 pN applied forces.

As seen from Figure 6.2.A-B when the applied force is 100-200 pN the interaction
between TPT and Asp533 residue remains intact all through the simulation time (3ns). When
the force applied is increased to 300 pN the interaction decreases to 1200 ps and to 400 pN
only 950 ps long. This information points out that when force is applied to separate the
enzyme from TPT, the interaction with Asp533 severs. Hence the data obtained from MD
simulations all point out that interaction of enzyme with TPT in fact prevent the enzyme
from leaving. This finding is in accordance with the findings in the 2007 Nature paper [41]
which indicated that Topl targeting anticancer drugs prevents the religation step from

occurring.
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In this work, we have performed quantum mechanical calculations, initial structure
taken from 3 ns long molecular dynamic simulations. It is possible to compare the structure
taken from 3 ns simulation with the 10 ns average distances. This will provide us with the
answers of two important questions: if it is realistic to start the quantum mechanical
calculations from a structure taken from 3 ns long MD really. And, if the interactions seen
in this structure are, in fact stable. Some interactions might be brief and not be preserved in
a 10 ns long MD. One of such examples are water molecules, bridging hydrogen bond
interactions between TPT and the enzyme. One molecule of water is rarely stationary, even
in the presence of a stabilizing interactions. The disruption of such interactions can easily be
observed, to be replaced by another water molecule in the course of the MD. However, being
not able to track the changes of distance between water and enzyme is not important, since

it is possible to do so for each amino acid residue and TPT distances.

Table 6.1. Calculated interaction distances (A) between TPT and residues for 3 ns and

average (avg.) of 10 ns MD.

3ns MD Avg. 10 ns MD
PTyr723 7.2 6.5
Asn722 5.7 6.3
Arg364 3.9 3.8
Thr718 3.4 3.3
Lys425 2.7 3.7
His632 5.6 6.3
Asp533 2.9 3.8
Lys532 5.6 6.3
Glu356 8.3 5.7

In Table 6.1 the 3 ns and average 10 ns residue-TPT distances are presented. For the
quantum mechanical calculations the selected active site from 3 ns MD was constructed from
the residues within 8 A radius away from TPT. Glu356 residue were not counted in the
calculations carried out in this study. However, when we see the distance between Glu356
and TPT is shortened in average 10 ns MD distances. It is obvious that in average 10 ns MD
simulation the interaction of this residue is stronger than in 3 ns. The other residues are all
considered, but for most residues longer interaction distances are observed. Some remain

almost unchanged such as Arg364 and Thr718.
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