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ABSTRACT

DETERMINATION OF THE BIOLOGICAL ACTIVITY OF COMPLEXES
FORMED WITH PT(I1) AND 2-PYRIMIDINETHIOL USING QSAR
METHOD BASED ON QUANTUM CHEMISTRY
PHD THESIS
HASAN CAN YAZICI
BOLU ABANT IZZET BAYSAL UNIVERSITY
INSTITUTE OF GRADUATE STUDIES
DEPARTMENT OF CHEMISTRY
(SUPERVISOR: PROF. DR. AYSE MORKAN)
(CO-SUPERVISOR: PROF. DR. iZZET MORKAN)

BOLU, FEBRUARY 2022
(xiii + 133)

In the study, the subject of drug design was handled with theoretical and
computerized chemistry calculations. Ligand-based and structure-based drug
development methods were chosen as the main topic in this study. From studies on
the A2780 human ovarian cancer gene, 154 platinum-based complexes were
selected from the literature for ligand-based drug design. As a result of the
calculations, HCTH407P was chosen as the DFT method to be used in geometric
optimizations, and the basis set was ZORA relativistic full electron. Approximately
1400 descriptors were calculated taken from NMR, quantum mechanics, and
PaDEL. Models were created for all groups using the multiple linear regression
(MLR) method from the quantitative structure-activity relationship (QSAR)
calculations together with the calculated descriptors. These models were validated
with the four principles of the OECD and applied to 30 new drug candidate
compounds formed together with platinum and the known biologically active 2-
pyrimidinethiol ligand. As a result, 11 compounds were found to have low
cytotoxicity and were identified as potential drug candidates. In structure-based
drug development, the interactions of metal-containing molecules with DNA,
which is one of the ultimate targets in cancer, were investigated. Here, the
difficulties of integrating metal-containing compounds into this system were
overcome. An effective core basis set (ECP), which deactivates core electrons on
the metal atom, was used to make the calculations faster. As in ligand-based drug
design, OLYP was chosen as the best DFT method, HayWadt for ECP, LanL2TZ
for metal basis set, and def2-TZVP for other atoms.Since, DNA groove binding was
examined, planar and +2 charged platinum and 2-pyrimidinethiol complexes
consisting only of carrier ligands were formed. Molecular docking calculations
were made with a total of 84 complexes composed of 21 biologically active
functional compounds in 4 different groups with these complexes. The complexes
with the best pose were selected from each group. The metal-containing complexes
in the best exposures were subjected to 100ns simulations in the aqueous system.
As a result of the simulations, the intermolecular interactions and binding affinities

in the structures were examined in detail.

KEYWORDS: QSAR, Simulations, Molecular Docking, MLR, DFT, Basis Set,
ECP, MM-GBSA, Drug Discovery, Descriptors, A2780, Cancer, LBDD, SBDD,
ICso, Cytotoxicity, Molecular Dynamics



OZET

PT(11) VE 2-PIRIMIDINTIYOL ILE OLUSTURULAN KOMPLEKSLERIN
BIYOLOJIK AKTIiVITELERININ KUANTUM KiMYASINA DAYALI
QSAR YONTEMI iLE BELIRLENMESI
DOKTORA TEZi
HASAN CAN YAZICI
BOLU ABANT IZZET BAYSAL UNIVERSITESI
LISANSUSTU EGITIM ENSTITUSU
KIMYA ANABILIM DALI
(TEZ DANISMANI: PROF. DR. AYSE MORKAN)

(IKINCI DANISMAN: PROF. DR. iZZET MORKAN)

BOLU, SUBAT - 2022
(xiii + 133)

Calismada ilag tasarimi konusunu teorik ve bilgisayarli kimya hesaplamalari ile ele
alindi. Temel olarak platin temelli ilaglarin gelistirilmesi hedeflendi. Ligand temelli
ve yap1 temelli ilag gelistirme yontemleri bu calismada ana baslik olarak segildi.
A2780 insan ovaryum kanser geni iizerine yapilan ¢alismalardan 154 adet platin
iceren kompleks literatiirden ligand temelli ilag gelistirme i¢in secildi.
Hesaplamalarin sonucunda, geometrik optimizasyonlarda kullanilacak DFT
metodu olarak HCTH407P ve temel set ise ZORA relativistik tam elektron olarak
secildi. NMR, kuantum mekanik ve PaDEL'den olmak iizere yaklasik 1400
tanimlayici hesaplandi. Hesaplanan tanimlayicilar ile kantitatif yapi-aktivite iligkisi
(QSAR) hesaplamalarindan ¢oklu dogrusal regresyon (MLR) yontemi kullanilarak
tim gruplar i¢cin modeller olusturuldu. Bu modeller, OECD'nin dort prensibi ile
dogrulandi. Platin ile biyolojik olarak aktifligi bilinen 2-pirimidintiyol ligand
arasinda olusturulan 30 adet yeni ila¢ aday1 bilesiklerde uygulandi. Bunun
sonucunda, 11 adet bilesigin sitotoksisitesi diisiik bulundu ve potansiyel ilag
adaylar1 olarak belirlendi. Yap: temelli ilag gelistirmede ise, metal iceren
molekiillerin kanserde nihai hedeflerden olan DNA ile etkilesimleri incelendi.
Burada metal igeren bilesiklerin bu sisteme entegresinin zorluklarin iistesinden
gelindi. Hesaplamalarin daha hizli olabilmesi i¢in metal atomu iizerinde baga
katilmayan elektronlar1 deaktif eden efektif ¢ekirdek temel set (ECP) kullanildi.
Ligand temelli ilag tasarimindaki gibi en iyi en iyi DFT metodu OLYP, ECP i¢in
HayWadt, metal temel set i¢in LanL2TZ ve diger atomlar i¢in def2-TZVP secildi.
Daha sonra, DNA oluk baglanmas1 incelenecegi icin diizlemsel ve sadece tasiyici
ligandlardan olugsan +2 yiikli platin ile 2-merkaptoprimidin kompleksleri
olusturuldu. Bu kompleksler ile 4 ayr1 grupta 21 adet biyolojik aktif fonksiyonel
grup kullanilarak meydana getirilen toplamda 84 adet kompleks ile molekiiler
yerlestirme hesaplamalar1 yapildi. Her bir gruptan en iyi poza sahip kompleksler
secildi. En iyi pozlardaki metal igeren kompleksler sulu sistemde 100ns'lik
simiilasyonlara tabi tutuldu. Simiilasyonlar sonucunda, yapilardaki molekiiller arasi

etkilesimler ve baglanma afiniteleri detaylica incelendi.

ANAHTAR KELIMELER: QSAR, Simiilasyon, Molekiiler Yerlestirme, MLR,
DFT, Temel Set, ECP, MM-GBSA, ila¢ Kesfi, Tanimlayicilar A2780, Kanser,
LBDD, SBDD, ICsp, Sitotoksik, Molekiil Dinamik
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1. INTRODUCTION

Platinum drugs are among the drug agents frequently used in cancer
chemotherapy. Cancer occupies an important place among deaths worldwide (1).
The cause of cancer is the uncontrolled proliferation of cells because of mutations
in DNA replication while cell division takes place. However, differentiated cells
spread to other organs (2).

The first platinum-derived cancer drug used in chemotherapy was Cisplatin
(CP; [cis-diamminedichloroplatinum(l1)]). CP was first synthesized by M. Peyrone
in 1844, and its chemical structure was first revealed by Alfred Werner in 1893 (3).
Cancer activity was discovered accidentally in 1965 by Barnett Rosenberg and his
colleagues in a study to understand the effect of electrical fields on bacterial cells.
CP is the first platinum complex compound approved by the FDA (Food and Drug
Administration) in 1978 (4). It was used in the treatment of cancer in 1979 (5). CP
is used as an active agent in many types of cancer. However, its use in treatment
has been limited due to its high toxic effects such as neurotoxicity, nephrotoxicity
(6). CP is used alone in the treatment of cancer, as well as in combination with other
effective and less toxic drugs. It is successful in the early period in the treatment of
many other types of cancer, especially in the ovary (7).

CP has a square plane structure. CP is a heavy metal complex containing
two chloride molecules, two ammonia molecules and a platinum central atom
surrounded in the cis position. There are labile or leaving and carrier groups in this
structure. In the mechanism that provides the anticancer activity of CP, chlorine is
the leaving group and nitrogen is the carrier group (8).

Drug trials using new analogues of CP are currently being carried out
widely. In these studies, new platinum derivative compounds with cytotoxic effect,
synthesized by using different functional groups instead of carrier and leaving
groups, are subjected to in-vitro and in-vivo tests. Successful drug lead compounds
participate in phase studies. The first condition for this success is to be able to detect
compounds with low toxic effects and high anti-cancer activity. Because the
indicator of success in cancer treatment is to stop the proliferation of tumor cells
and destroy them without damaging the patient's healthy cells. Therefore, studies
are underway to develop new chemotherapeutic agents that influence cancer types
that develop CP resistance and whose side effects are minimized (9). In this content,



carboplatin  (CBDCA,; [cis-diammine(1,1-cyclobutanedicarboxylato)-platinum
(IN]) and its main starting compound, CP, are platinum drugs commonly used in
cancer treatment [10].A second-generation platinum-derived drug, CBDCA is
much less neurotoxic and nephrotoxic than CP [11]. The relatively less toxicity of
this compound is attributed to slower hydrolysis of the leaving group called
cyclobutandicarboxylate compared to the chloride ligands in CP [12]. CP and
CBDCA have been used extensively for many years in the treatment of ovarian
cancer, testicular cancer, neck and head tumors, and various other solid tumors.
Accordingly, many tumors have inherent resistance or develop acquired resistance
to these cancer agents. The mutagenicity of CP in living cells (13) poses a problem
because secondary malignancies have been associated with CP chemotherapy (14).
Intensive efforts have been made to develop third-generation platinum anticancer
drugs that are hoping to overcome these limitations. Oxaliplatin (OX; [trans-R,R-
1,2-diaminocyclohexaneoxalatoplatinum (11)]) is a compound thought to achieve
this success and has recently been approved for colorectal cancer and for the
treatment of tumors resistant to CP and CBDCA. Although OX has some
mutagenicity (15), it appears to be less mutagenic than CP (16). Nedaplatin,
Laboplatin and Heptaplatin, which are other platinum analogues approved for use
in far eastern countries, are used in the clinic (17).

2-pyrimidinethiol is an important compound with biological effect. It has
been tested in some studies as a bacterial inhibitor and as an antiviral agent. It is
also sometimes like biologically active structures such as 2-thiouracil found in t-
RNA (18-20). It is predicted that new square planar complexes formed by the
bonding of platinum metal with together nitrogen or sulfur atoms in the 2-
pyrimidinethiol compound may be significant in terms of antitumor effect.

The discovery of new drug compounds is a demanding process that takes
many years, requires high costs and can often result in failure. It is necessary for
this process to contain many multi-disciplines together. Traditional approaches to
drug discovery rely on the stepwise synthesis and screening of large numbers of
compounds to identify a potential candidate. When this process is done specifically
for diseases, the probability of success increases. Because each drug has a
biological pathway specific to the disease. While the drug molecules act on this
pathway to reach the target structure that causes the disease, they can interact with

many structures such as enzymes, proteins, water, organic molecules. While these



interactions can have a positive effect, they often appear as a toxic effect.
Experimental methods are frequently used to perform these operations. However,
today there is an increasing effort to apply the increased computational capacity in
biology and chemistry to facilitate drug discovery, design, development, and
optimization (21-22). Computational calculations support the solution of problems
in many fields of science with the development of technology.

Rational drug design methods occupy the minds of scientists and are
constantly evolving. Rational drug design can be used to identify/design new drug
candidates or to optimize the absorption, distribution, metabolism, excretion, and
toxicity profile of identifying molecules from various sources. Developments in
computational techniques and hardware have facilitated the application of in-silico
methods in the discovery process. Rational drug design is implemented with two
methods, ligand-based drug design (LBDD) and structure-based drug design
(SBDD).

To predict the biological effect with the most accurate and least error, it is
necessary to determine the most suitable and stable states of the initial geometries
for the chemical structures. The physical structure should be selected from the least
energy conformer if there is no single crystal structure for this. There are many
methods for improving the structure. The most known of these methods is Density
Functional Theory (DFT) (23-31). By using suitable DFT methods, the geometric
structure is stabilized, and the existence of imaginary modes is determined by
vibrational frequency calculations and the structure is verified. It is very valuable
that the initial geometries of small ligands can be designed with minimum error
based on all drug design methods.

The focus in LBDD is drug candidate small molecules and the cytotoxic effect
of these molecules against the disease. The basis of LBDD is Quantitative
Structure-Activity Relationship (QSAR) methods. QSAR studies are useful
methods for screening chemicals that do not require experimental studies,
especially in the early stages of drug discovery. If they are subjected to appropriate
classification and validation analyzes (32), they become satisfactory tools for
evaluating only those with the best results. In recent years, QSAR models have been
used successfully to search for new molecular agents (33-38). Many other 2D and

3D chemical and physical properties of molecules whose 3D stable structure is



designed are revealed by quantum chemical calculations and these descriptors are
associated with the biological activity of a living thing.

Another rational drug design method is SBDD. Because of the advances in
determining biomolecular structures by spectroscopic methods, striking advances
have been made in structural and molecular biology. These methods yielded more
than 100,000 proteins as well as three-dimensional (3D) structures of DNA (39).
Advances in bioinformatics, along with the discovery of many target proteins, have
accelerated the pace of drug development. The presence of biologically important
proteins and 3D structures of DNA facilitates the identification of binding gaps.
These developments form the basis of SBDD (40). SBDD is more efficient and
target-specific for the discovery and optimization of potential drug molecules.
Among the related computational techniques, the most used methods are molecular
docking and molecular dynamics (MD) simulations. These methods have numerous
applications in the analysis of binding energies, ligand-protein interactions, and
evaluation of conformational changes that occur during the insertion process (41).
In docking studies, binding energies to the receptor with a 3D structure can be
determined and the position of the ligand in the binding region of the receptor can
be animated (42-44). In the simulations, the effect of the small ligand molecule
placed in the target structure is simulated within a certain period (45-50). This can
be useful for understanding the type of binding and for designing more compatible
small molecule ligands for known target macromolecules.

In our study, it is aimed to design new complexes formed between platinum
(1) and 2-pyrimidinethiol, which can be potential drug candidates and show high
anticancer activity. It is planned to provide the structural characterization of all
complexes first, and then to estimate the biological effects of the newly designed
complexes by applying LBDD and SBDD methods.

First, many keywords are tested to minimize the structural errors caused by
the algorithm errors in the geometric structures of the complexes and to detect the
method constraints. It is aimed to find the most suitable structure characterization
method and algorithm. After determining the parameters that make up the
calculation infrastructure, it is important to determine the combinations of DFT
method and basis set with the least standard deviation in terms of structural
parameters by using a complex containing platinum, especially sulfur and nitrogen

atoms. It is necessary to elucidate the single crystal structure of the complex and to



specify its structural parameters clearly. Single crystal 3D structures are stored in
The Cambridge Crystallographic Data Centre (CCDC), the largest known crystal
structure database. The desired single crystal structures from this database can be
obtained free of charge in the desired formats.

The second part of the calculations is to calculate the antitumor activities of
the new platinum complexes using the LBDD methods. Here, a disease-based
method is adopted. One of the cancer types that is the basis of our study is the
A2780 gene of the human ovarian cancer family. Researchers have used the A2780
gene many times in their in-vitro studies with CP-derived complexes. They perform
chemical and physical characterization in their preliminary drug discovery studies
and obtained the cytotoxic activity (ICso) values of these complexes (51-74).
Appropriate CP derivative complexes are expected to be categorized according to
the conditions in which the researchers perform the experiment. It is necessary to
reveal the most stable geometric structures in space by using the best combination
of DFT and basis set, which we predicted to determine as in the previous section.
Many chemical and physical descriptors, which are valuable to be revealed because
of the calculations with these structures, are integrated into the QSAR statistical
methods, and it is aimed to determine the descriptors and the regression equation
that most accurately describes the cytotoxic activity. The determined regression
equation is intended to be used to predict the activity of CP derivative complexes
whose activity is unknown which is designed.

In the last part of the calculations, using SBDD, one of the computational-
aided drug design (CADD) methods, it is aimed to design new complexes with
planar structure containing platinum and 2-pyrimidinethiol with +2 charge, which
cannot be leaving groups. After design, these complexes that bind to the target
DNA, to predict the regions where they bind and interact, and finally to determine
the changes that this interaction brings on the target. These complexes with suitable
geometric structures taken from DFT are subjected to molecular docking and their
regions in DNA are located docking poses with the best binding properties and
energy are ranked. The best pose is selected and the complex structure containing
this pose is designed together with the intracellular aqueous environment. By
performing MD simulation, the effects of complex binding to the target are
observed in the aqueous medium. Here, it is aimed to calculate the binding affinity

of the drug candidate complex with the target structure DNA in a certain period.



DNA, the target receptor structure used in calculations with SBDD, can adopt a
variety of different conformations that are affected by environmental factors such
as hydration and ionic strength, and the primary structure of the polynucleotide
(75). These conformations have been discovered as A-, B-, C-, D-, E-, and Z-DNA
(76). However, under physiological conditions, the B-form of DNA predominates.
The Watson-Crick model was based on the B form of DNA. This form is found in
aqueous environments with low salt concentrations and is the conformation
considered to be biologically important. In our calculations, it is planned to use B-
form of DNA as a target.

In this study, the most important goal is to design new platinum derivative
complexes that can be drug candidates by blending many disciplines with different

computational methods.



2. AIM AND SCOPE OF THE STUDY

Many studies have been conducted in the literature on the importance of
platinum-containing compounds. There are many theoretical, in-vitro, in-vivo and
clinical studies, in which the biological effects of platinum-containing compounds
are shown. The drug capacity of platinum-containing compounds remains
interesting for researchers today. The literature examples explained in detail below,
are shaped according to the calculation pattern to be made in this study.

2.1 Complexes Between 2-Pyrimidinethiol and Platinum
Complexes to be formed between platinum and 2-pyrimidinethiol are

expected to be important drug candidates due to the biological activity of 2-
pyrimidinethiol. The anti-tumor effect of complexes between platinum and 2-
pyrimidinethiol by G. Cervantes et al. (77), the compound [Pt.Cl2(Spym)a],
(Spym=2-pyrimidinethiol), was synthesized and studied as spectroscopic (the
presence in the 1**Pt NMR spectrum). The interaction of this complex with DNA
was studied by various techniques, including circular dichroism, electron
microscopy, melting temperature determination, and atomic force microscopy.
Frontal results showed a high activity against HL-60 and HelLa tumor lines for the
Pt-Spym complex in contrast with the CP activity (figure 2.1-2.2). The best values
for 1Cso were obtained, while the values of LDsp were lower than those for CP. In
vivo toxicity test with male mouse BDF gave a LDs value for the Pt-Spym complex
of 250 mg/kg. This value indicates that the toxicity is much lower than those of CP

or CBDCA, which are the platinum complexes used in clinical trials.

Compound LCsp(uM) LCsp(ug/ml)
cisplatin 35.0 10.5
Pt-Spym 3.5 33

Figure 2.1. LC50 for cisplatin and Pt-Spym in the tumor line HL-60.

Compound LCso(uM]) LCsolng/mi)
cisplatin 37.0 1.1
Pt-Spym 3.5 33

Figure 2.2. LC50 for cisplatin and Pt-Spym in the tumor line HeLa.



2.2 Quantum Chemical Calculations of Platinum Containing

Complexes
There are many methods and programs in quantum chemical calculations.

Choosing the best and useful ones can take a long time. However, it is a very
important phenomenon that the structures can be illuminated correctly in terms of
physical and chemical aspects. There are many studies in the literature in which
accurate and minimal error geometric structure optimizations for compounds are
compared with experimental values. In these studies, different theoretical methods
and basis set combinations were tested many times.

The study, which carried out detailed orbital and structural analyzes, was
published in 2011 by Nour T. Abdel Ghani and Ahmed M. Mansour (78). A ligand
and its Pd (I1) and Pt (1) complexes have been synthesized as potential anticancer
compounds. Geometry optimization, calculations including highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
molecular orbital definition and charge distribution were made using DFT. Natural
bond orbital theory (NBO) was used to investigate the orbital interactions that
provides main stabilization. Based on the results obtained from the physical and
chemical techniques and ab-initio calculations of the metal complexes, about the
way of bonding, it can be said that a neutral bidentate coordinated bond is formed
between the nitrogen and the metal (figure 2.3). Thus, a planar geometry can be

proposed for complexes.

a b

Figure 2.3. Optimized structures of (a) cis-PdLCI2 and (b) cis-PtLCI2.



In a study by Magdalena Malik and Danuta Michalska comparing DFT
methods (79), various DFT methods have been examined for their abilities in the
determination of raman and infrared spectra and geometric structure of CP. The
estimated DFT methods content the range PBEO, B2PLYP, M06-2X, M06-L, MO06,
B3LYP, mPW1PW, CAM-B3LYP, wB97XD and LC-wPBE. The theoretical
spectra and calculated bond lengths and angles have been checked against to the
experimental values. The LC-wPBE method is success to other DFT methods in
finding the geometry of CP according to results. Unhappily, the M06-2X, B3LYP
and MO06-L methods are insufficient in the assessment of the strength of two Pt-
NHz bonds in CP. Both the functionals of mPW1PW and PBEQO, in paperclip with
the LanL2TZ(f) basis for Pt have counterpart results and look like that the best
methods for estimating the Raman and infrared spectra of CP. DFT functionals of
the long-range corrected (wB97XD, LC-wPBE and CAM-B3LYP) have shown

successful performances in estimating the vibrational frequencies of Pt-ligand.
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Figure 2.4. The structures of the 14 platinum-based complexes that comprised the
training set used in this study. Gray = Pt, blue = N, red = O, tan = C, white = H,
green = Cl, orange = P, yellow = S.



Louise M. Debefve and Christopher J. Pollock (80) tried to understand the
nature of platinum in complex formation by using DFT methods on 14 platinum-
containing compounds (figure 2.4) using the ORCA program. They selected five
commonly used DFT methods, PBE, PBEO, TPSSh, B3LYP and BP86 for this
sublect. Geometric optimizations were performed in the presence of various
ligands. In addition, many calculation variations were applied in terms of basis sets,
dispersion models, relativistic approximations, and solvation in these calculations.
It turned out that the best performing method and basis set combination for the 14
platinum-containing complexes used here was the def2-TZVP basis set containing
the ZORA relativistic approximation together with the PBEO functional (these
complexes are different in terms of their varying sizes, oxidation state, ligand
diversity and number). Among the 80 methods tested for these 14 complexes with
crystallographic  data, the combinations of PBEO/ZORA/SVP/CPCM,
PBEO/ZORA/TZVP/D3BJ/ICPCM and PBEO/ZORA/TZVP/D3BJ/CPCM were
found to be the best. In addition, the success of these tests was statistically tested
by the researchers. As a result, the ZORA relativistic approximation and def2-
TZVP basis set in platinum-containing complexes were found to be compatible with
the experimental data. Many DFT methods and mentioned basis set combinations
were used in the study.

2.3 Quantitative Structure Activity Relationship of Platinum

Complexes
Complexes that can be drug candidates, whose structure-activity

relationship is revealed by QSAR calculations, can shed light on further
experimental studies. There must be some important physical and chemical
descriptors for this process that can explain the biological activity. By using the best
descriptors, theoretical activity values close to the known experimental cytotoxic
activity specific to a particular disease type can be found. Appropriate descriptor
selection and theoretical activity values are made by specific statistical analysis.
QSAR is one of the LBDD methods that are still actively used today.

In this study published by Elena Monti et al. in 2004 (61), to find the
appropriate descriptors for QSAR using statistical analysis was characterized 13
new synthesized or re-synthesized diamine-platinum (I1) complexes and cytotoxic
activity values against the A2780 and A2780/cp8 tumor cell lines which are

effective in cisplatin resistance (ICso). They detected and used for the cisplatin,
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carboplatin, and oxaliplatin drugs routinely used in clinical treatments. QSAR study
provides simple regression models to predict log (1/1Cso) values of diamine-
platinum (Il) complexes on these cells that are resistant to treatment for ovarian
cancer. In total, 16 complexes were characterized by the best regression model
using 197 molecular descriptors. They found the regression result that was best
matched to the experimental data by using the principal component data analysis
(PCA) with four compatible descriptors and determined their activity theoretically.
The Q2Lmo-s0% Value calculated by cross validation with four variable regression

models provided 84.4% compatibility to experimental activity values (table 2.1).

Table 2.1. Molecular descriptors and statistical information for the best
regressions of the log(1/1Cso) on human ovarian cancer cells for the 16 Pt (I1)

complexes.
model variables Q%Loo/Q*mo-50%  R* s F
1 CIC: I(3)e I(4)e I(2)p 0.971/0.920 0.988 0.111 221.7
2 I(3)e I(4)e I(2)p 0.950/0.914 0.972 0.161 137.8
3 nRO09 I(2)p 0.897/0.845 0.932 0.241 88.5
4 I(3)p 0.680/0.637 0.761 0.434 44.5

Igor V. Tetko et al. (34) used Associative Neural Network and Multiple
Linear Regression analysis of statistical methods in this study to confirm the QSAR
models. After their QSAR study for 187 complexes they identified from the
literature. 11 Pt (11) and 35 Pt (IVV) compounds were preferred for this subject. The
octanol/water partition coefficient of log P was chosen as experimental data because
it is one of the most important physicochemical parameters for the development of
new anticancer drugs with improved pharmacokinetic properties. The error of the
consensus model, 0.65 for Pt (1) and 0.37 for Pt (1) complexes, indicates that the
predictions have good success. Less success for Pt (IV) complexes was attributed
to experimental difficulties with log P measurements for some least soluble
compounds. This model was formed using general descriptors such as molecular
fragments, E-state indices and extended functional groups.

Hristo P. Varbanov (81) et al. found cytotoxic ICso values for 53 new bis-,
tris-, tetrakis-(carboxylato)platinum(l\VV) complexes (figure 2.5) that they
synthesized on the system in their laboratory. They used the wb97x functional in
the DFT for structural optimizations of the complexes and descriptors describing
the activity. The cell lines of CH1 and SW480, which are cancer cell genes and
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sensitive to CP, were used in cytotoxicity tests. They used multiple linear regression
(MLR) and principal component analysis (PCA) methods to develop the QSAR
models and analyze the data. They measured the robustness and predictability of
the models in terms of R? and Q? (R? of cross-validated estimating, using the leave-
two-out procedure-LTOP or leave one-out procedure-LOOP, RMS root mean
squared error-RMSD, and average absolute error-AAR). The actual predictive
ability of each model was checked by external validation by dividing the data set
into training and prediction sets. In any case, the training set covers 75% of the data,
while the remaining 25% is selected. As a result of the statistical calculations, the
QSAR model for CH1 cells (R? = 85%, Q? = 82%) was constructed using the
combination of MW, Hdon, Hace and Eeas’ (table 2.2). Models consisting of Es, Hdon,
Hacc and COOH (R? = 80%, Q% = 75%) and Ei, EeaS, Ecas’ and Haon (R? = 80%, Q?
= 76%) were used for the SW480 cell line (table 2.3). According to these results,
the proposed QSAR model is compatible with the descriptors and can successfully

predict the biological activities of these complexes theoretically.
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ICso = f(R’, L, X, R)

Figure 2.5. Octahedral platinum (IV) complexes in building system.
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Table 2.2. The Best Regression Models in the CH1 Cell Line of the 53 Platinum
(IV) Complexes for Cytotoxicity.

no. of
variables descriptors R* QYLTOP) rms
1 H,_ 0.51 048 0.78
2 H,, H,. 0.70 0.67 0.62
3 q(PY), E..s’, Hyoy 0.79 075 0.53
4 a, q(PY), E,s', Hy,, 0.86 0.82 0.45
4 MW, q(Pt), E..s', Hy, 0.85 0.81 0.47
4 MW, E,s', Hy,,, H,.. 0.85 0.82 0.46
4 a, Eosy Hyop Ho.. 0.85 0.82 0.46
5 MW, a, g(Pt), E,.s’, Hy,, 0.87 0.84 0.43
6 MW, a, q(Pt), E,s', Es, Hy,, 0.8 0.84 0.43

Table 2.3. The Best Regression Models in the SW480 Cell Line of the 53
Platinum (IVV) Complexes for Cytotoxicity.

no. of
variables descriptors R*  Q*LTOP) rms
1 H, 0.63 0.60 0.75
2 q(PY), Hy,, 0.73 0.70 0.65
3 Es, Hy,,, H,.. 0.77 0.73 0.61
4 Es, Hy,,, H,., COOH 0.80 0.75 0.59
4 E, Eus, Eus’, Hyy, 0.80 0.76 0.58
4 E, E., E.s Hy, 0.82 0.79 0.54
5 Eyontor Ey Ewy Ees) Hyay 0.84 0.80 0.52
5 q(PY), H/Lgap, E, E.s, Hy,, 0.82 0.78 0.56
6 Enono By Euy Es, Byys, Hy 0.85 0.81 0.51
7 Enono By Euy Es, B, Eus, Hyo, 086 0.80 0.52

2.4 Structure Interactions Between DNA and Ligands

Platinum-based drug molecules show their effect by binding to DNA. DNA
affinity is evaluated as an indicator of the effect of the drug on the cancer.
Theoretical studies examining platinum-DNA interactions provide preliminary

information to researchers in many respects.
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Minor Groove (101D) Major Groove (1IBWG) Covalent Cross-linking (1AUS)

=

Threading Intercalation (367D) Classic Intercalation (1Z3F)

Figure 2.6. DNA-ligand binding modes. The ligand (stick content) is shown as
blue. In LAUS the cross-linked bases are shown in a stick representation.
Parentheses show PDB codes.

Yocheved Gilad and Hanoch Senderowitz (32) studied the complexes that
figure out DNA-intercalator binding. They analyzed the binding sites of 63 high-
resolution DNA-ligand intercalators (figure 2.6), which they downloaded from the
Protein Data Bank (PDB) web site. As a result of this analysis, they found that
ligands bind rather between G and C between the C and A base pairs (70% and
11%, respectively). For this test, they constructed decision trees to be able to
generate different types of binding to known and unknown DNA regions. Here,
they changed many parameters and settings in the AutoDock protocol. The
percentages of success of bindings with RMSD < 2.00 A were determined for all
decision trees. In general, satisfactory results were obtained when ligands with
known and unknown binding sites were docked into DNA constructs. The results
of this study indicate that DNA intercalators can be used successfully in the docking
procedure of the AutoDock program in drug design.

Ceyda icsel et al. (43) were examined synthesis, characterization, stability
studies, interaction with DNA, DNA binding, molecular docking, antioxidant
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properties, cellular uptake, and in vitro cytotoxic activity of new palladium (11) and
platinum (1) 5,5-diethylbarbiturate complexes with 2,2’-dipyridylamine 2,2’-
bipyridine and 2-phenylpyridine. The complexes were found to have a satisfactory
binding ability by a non-covalent binding state and intercalation in accordance with
molecular docking studies. PDB was scanned by the researchers and two forms of
B-DNA, dodecamers and octamers, were downloaded and used for ligand docked
(figure 2.7), respectively (d(CGCGATATCGCG)2 (1DNE) for groove binding and
an octamer d(GAAGCTTC)2 (1DSC) for intercalation). In addition, complexes 1
and 2 displayed (figure 2.7) strong binding with supercoiled pUC19 plasmid DNA.
Cellular uptakes were made to appreciate the subcellular localization of the current
complexes. A moderate radical scavenging activity of 1 and 2 was confirmed by
the DPPH and ABTS trials. Compounds of 1, 2 and 5 showed selectivity towards
the HT-29 (column) cell line.

Figure 2.7. Platinum complexes and their DNA binding positions.

Hemant Kumar Srivastava and colleagues in their study (82) compared
computational methods for ligands binding to Minor Groove DNA. Figure 2.8
shows some types of ligand-DNA interactions. Computational analyzes were
performed for 57 non-covalent DNA minor grooves present in modeling DNA-
ligand interactions of interest. In the study, firstly, a comparison of GLIDE,
CDOCKER, GOLD and AUTODOCK docking programs was made. Next,
quantitative structure stability relationship (QSSR) models were found and

molecular dynamics simulations were developed. When the ligand docking
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procedure was applied, the pose with the best score for the GOLD and GLIDE
programs was found close to the lowest RMSD exposure (figure 2.9), and the
deviation was detected at a lower value than the other docking protocols. Geometric
optimizations were performed by applying the B3LYP functional, which is the DFT
method for the structures, with the 6-31G* basis set, and the resulting quantum
chemical descriptors were used to generate the best QSSR models. The best model
was established for 46 ligands. Finally, the AMBER program was run for molecular
dynamics simulations. Here, according to the results of the placement of the
complexes in the water box of 10 Angstrom and in the initial minor groove regions,
the changes after the production run after 5 ns were checked and whether there were
fluctuations. The group of researchers thinks that the docking, molecular dynamics,
and structure stability relationship approaches, which should further trigger the

interaction, have successfully demonstrated, and validated their performance.
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Figure 2.8. Some ligand-DNA interaction types and DNA binders
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Figure 2.9. Collation of RMSD of formed ligand poses determined from the
GLIDE, CDOCKER, GOLD and AUTODOCK docking from the experimental
insertion.
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3. MATERIALS AND METHODS

Structural Analysis
of Drug Candidate
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Figure 3.1.Simple flow diagram for Calculations

Many software and computer systems have been used in the calculations.
According to the flow diagram in the figure 3.1, the calculations of the structural
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parameters and geometries for the drug candidate compounds, with the Gaussian
03 and ORCA 4.2 programs; descriptor calculations with Multiwfn 3.7, ORCA 4.2
and PaDEL-Descriptor; QSAR analyses, QSARINS 2.2.4; molecular docking
calculations with AutoDock 4.2.6, AutoDockTools 1.5.6 and python-based scripts;
molecular dynamic simulations were made with the AMBER 20 program.

During the calculations, computers at the National High Performance
Account Center (UHEM) affiliated to Istanbul Technical University, Tiibitak
ULAKBIM TRUBA and a home computer with intel i9 9900k processor were used.
Calculations at UHEM were made depending on project number 4007392020.
ORCA 4.2 software was installed on TRUBA and UHEM systems. input files of
the calculations were sent as a job by providing remote access with the slurm script
| created in these Linux-based systems. QSARINS 2.2.4, Gaussian 03, AutoDock
4.2.6, Multiwfn, PaDEL-Descriptor and AutoDockTools 1.5.6 programs and all
other viewing programs (Chemcraft, Gaussview 3, BIOVIA Discovery Studio, and
Chimera 1.15) were used on a home computer with an intel i9 9900k processor. In
addition, all molecular simulations were made with the GeForce 1080ti graphics
card and the GPU architecture integrated AMBER 20 program and its plugins.
Apart from these, many necessary additional software and web-based supporting
programs are used.

3.1 Determination of Initial Settings and Testing Critical Keywords

Before Choosing Suitable DFT Method and Basis Set
Before finding the most stable chemical and physical structure for heavy

metal-containing complexes, critical features of the software to be used were tested
and additional parameters and settings to be used during the main quantum
chemical calculations were determined. Initial calculations were based on Density
Functional Theory (DFT). Before choosing the most suitable methods for the
structures, preliminary studies were carried out with the ORCA 4.2 program.
ORCA 4.2 (83-85) is an ab initio quantum chemistry program package that
consist of modern electronic structure methods bearing density functional theory,
coupled cluster, multireference methods, many-body perturbation, and semi-
empirical quantum chemistry methods. Its main field of application is transition
metal complexes, larger molecules, and their spectroscopic properties. ORCA 4.2
has many useful keywords. The contributions of these keywords in solving the

geometry of metal-containing complexes were examined in detail with various
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variations. ORCA 4.2 software has some competencies as well as limitations and
deficiencies. Therefore, some vital settings were chosen very well before starting
the method and basis set selection also especially complexes including heavy metal.
Number of grid points to be used on atoms to prevent geometrical structure errors,
the self-consistent field (SCF) energy, geometry optimization algorithm, tolerance
values that must be applied for geometric structure, SCF iterations, calculation
times, the effect of NORI, RIJK, and RIJCOSX approximations on calculations,
auxiliary basis set and initial guess effects were tested.

The other important state in the DFT calculation is the size of the integration
grid point for numerical integration. 3D quadrature of numerical is necessary due
to the complex and challenging analytical form for correlation function of exchange
and energy. The values for these quantities are so sophisticated that there is no
chance of the estimating analytical solutions to the required integrals and several
numerical approach, usually 3D numerical integration, is essential. The numerical

integration (86-91) is a main part in DFT calculation.

Drawing Initial
Geometric Structure

Symmetry and
Structural Parameters

Calculation Integral
and Initial Guess

Calculation of SCF
Equations for DFT

Solving New Integrals

Energy Calculation

Geometric
structure
minimal and
stable?

Orbital Population
Analysis

[Final Geometry and ]

Figure 3.2. Simple geometric optimization flow chart.
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Most approaches are based on the Resolution of Identity (RI) approach (89-
95) (also called Density Fitting). Using these approaches speed up your ORCA 4.2
calculations significantly and is generally recommended. Calculations can often be
done with or without these approximations. The use of the RI approach always
requires an auxiliary basis set, and its choice depends on which integrals are
approached and which basis set is used.

Geometric optimizations and DFT operation logic are theoretically
constructed by software according to the diagram in figure 3.2. The Nedaplatin
complex (96) for the initial calculations (figure 3.3), which had been experimentally
characterized in the literature also used in the market as a drug, was chosen in the
studies. Structural changes and deviations from experimental geometric structures
were compared for the combination of many different parameters. The Nedaplatin
structure is deposited at CCDC (https://www.ccdc.cam.ac.uk) and has the code
706387. The compound was obtained from here.

Figure 3.3. Nedaplatin structure.

Known DFT methods of MO6L with high grid sensitivity and BP86 were
used to determine the most accurate grid points, approximation, and other useful
keywords for these tests. Platinum atom has grid sensitivity due to being a heavy

metal. Therefore, the high grid values were chosen.
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The Chemcraft program, which has a free trial version, was used to display
the complex structure, and convert between formats. The Chemcraft program
includes a set of graphical tools to facilitate working with quantum chemistry
calculations and helps to prepare new work for computation and analyze the
calculated results. ORCA uses “xyz” as the chemical compound format. The
complex downloaded from CCDC in “mol” format was converted to “xyz” type.
Next, the “xyz” coordinates are added to the input file of the ORCA in the
calculation. Inputs were prepared by using the keywords in table 3.1 for different
combinations. Many tests have been carried out. The resulting output files were
opened with Chemcraft and examined one by one. The results were evaluated
according to parameters such as total energy, calculation times and optimization

step numbers, and the effects of keywords.

Table 3.1. Useful ORCA 4.2 keywords for DFT calculations, tested by
preliminary work.

Definations ORCA Keywords

Calculation Type OPT (Geometric Optimization)

Shell Type RKS (Closed-Shell DFT)

RI Methods NORI (Not Used RI Approx.), Rl & RIJCOSX
Split RI NoSplit-RI-J & Split-RI-J

Auxiliary Basis AutoAux (Automatic Auxiliary Basis) & DEF2-J
DFT Method BP86 & MO6L

Metal ECP Basis Set def2-ECP

All Atom Basis Set def2-TZVP

SCF Tolerance TightSCF & VerytightSCF

Numerical Grid GRIDn (n: 3,4,5,6,7)

Numerical Final Grid FINALGRIDn (n: 3,4,5,6,7)

DFT Weight Scheme Weight_Becke & Weight_ AtomXC
Optimization Algorithm | RFO, QN & GDIIS

Initial Guess MoRead, Hcore & Hueckel

3.2 Ligand-Based Drug Design
Ligand-based drug design (LBDD) was performed according to the flow

diagram in figure 3.1. In the calculations, the determination of the most suitable
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DFT method and basis set combinations, a structurally characterized complex with
a platinum atom was selected from the literature for comparison (bond parameters).
As a result of a series of calculations and certain statistical standard deviation
analyzes, the appropriate DFT method and basis set combination was found. The
literature review was performed and studies that included in-vitro cytotoxic tests
for the human ovarian cancer gene A2780 were listed. The studies with platinum-
containing complexes were excluded from these articles. These studies were
separated according to their experimental methods and own groups (A-G).
Subsequently, the platinum complexes in these studies were designed. Only those
with experimental geometrical structures were obtained from CCDC. The
categorized complexes, except the experimental ones, were drawn according to
their 2D shapes as 3D. The suitable and stable geometric conformers were
determined by conformational analysis. Geometric optimizations for the
determined method and basis set combinations were performed for all complexes.
Then, novel complexes containing 2-pyrimidinethiol, which is the subject of the
study, were drawn and geometric optimizations were made by applying the same
method and basis set combination. Then, many useful descriptor calculations were
performed for complexes of newly designed and taken from the literature. QSAR
analysis was performed for the complexes taken from the literature, the descriptors
that best explained the cytotoxic activity were selected and the theoretical cytotoxic
activity values were calculated. The best selected equations were applied to the
newly designed complexes, each in its own calculation group, and the theoretical
activity values were determined for novel compounds.

3.2.1 Determination of the Best DFT Method
It is very important that the complexes, which form the basis of the

calculations to be made in the next process, have the most stable and correct
geometric structure. DFT and basis set combinations were applied to the complexes
and the selection of the best combination was determined by a series of statistical
elimination methods to achieve this. After the determination of useful keywords
and necessary algorithms, a reference complex with experimental crystal structure
parameters was found for the DFT method and basis set tests. A structure containing
sulfur, nitrogen and chlorine bonded to platinum atom was scanned for this reality.
After short literature review, the complex in figure 3.4 with CCDC code of 160941,
whose crystal structure was defined by D. Kovala-Demertzi et al. (97), was selected.
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Metal-containing complexes are structurally accurately elucidated by
quantum chemical calculations. There are many calculation methods to solve the
structure. One of the most used calculation methods is DFT that were based on
functions with many features related to many subgroups such as generalized
gradient approximation (GGA), hybrid-GGA, hybrid-meta-GGA, meta-GGA and
range-separated. These functions were used with known basis sets grouped in many
different categories as Pople, Stutgart, Ahlrichs, etc. According to the features
provided by programs, these methods and basis sets can be selected ready-made
within the ORCA 4.2. Some DFT functions can be selected out of the box from
ORCA, while others are imported from the LibXC (www.tddft.org/programs/libxc)
system to ORCA. LibXC is a library of exchange-correlation and Kinetic energy
functionals for DFT. References and descriptions of all DFT functions in LibXC

can be found at “www.tddft.org/programs/libxc/functionals” web address.
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Figure 3.4. The complex selected; (2-acetyl pyridine thiosemicarbazonato)-
chloro-platinum (I1)

All electrons in a complex must be considered for future descriptor
calculations for the determination of the quantum chemistry parameters The full
electron approach (98-103) system with zero order regular approximation (ZORA)

was used instead of the effective core potential (ECP) basis set.
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All DFT methods to be used in comparison calculations were selected and
categorized as in table 3.2 and 3.3. It was numbered in the best way for better
understanding. So, GGA, hybrid-GGA, hybrid-meta-GGA, meta-GGA and range-
separated were grouped as DFT1, DFT2, DFT3, DFT4 and DFT5, respectively.
DFT functions that fall into these groups are listed. Some of the DFT functions were
selected from the ORCA program, while others were selected from the LibXC
library and included in the calculations. The functions in each group are numbered
starting from one. ZORA relativistic approximation system was used for
calculations as a basis set. In this system, SARC-ZORA-TZVP was used for metal
basis set and ZORA-def2-TZVP was used for non-metal atoms.

Table 3.2. DFT functions and numbering system used for comparison taken
ORCA. The purple, blue, green, pink, and red boxes contain the numbering of the
DFT function as GGA, hybrid-GGA, hybrid-meta-GGA, meta-GGA and range-
separated, respectively.

DFT1-01 DFT1-02 DFT1-03 DFT1-04
B97 BLYP BP86 MPWLYP
DFT1-05 DFT1-06 DFT1-07 DFT1-08
MPWPW OLYP OPBE PBE
DFT1-09 DFT1-10 DFT1-11 DFT1-12
PW86PBE PWO1 PWP REVPBE
DFT1-13 DFT1-14 DFT1-15 DFT1-16
RPBE RPW86PBE XLYP B97-D3BJ
DFT1-17 DFT1-18 DFT1-19 DFT1-20
BLYP-D3BJ MPWLYP-D3BJ OLYP-D3BJ PBE-D3BJ
DFT1-21 DFT1-22 DFT1-23 DFT1-24
PW91-D3BJ REVPBE-D3BJ RPBE-D3BJ RPW86PBE-D3BJ
DFT1-25 DFT2-01 DFT2-02 DFT2-03
XLYP-D3BJ B1PW91 B3LYP BILYP
DFT2-04 DFT2-05 DFT2-06 DFT2-07
B3P86 B3PW91 BHANDHLYP MPWILYP
DFT2-08 DFT2-09 DFT2-10 DFT2-11
MPWI1PW O3LYP PBEO PBEH-3C
DFT2-12 DFT2-13 DFT2-14 DFT2-15
X3LYP B3LYP-D3BJ B1LYP-D3BJ B3P86-D3BJ
DFT2-16 DFT2-17 DFT2-18 DFT2-19
B3PW91-D3BJ O3LYP-D3BJ PW6B95-D3BJ PBEO-D3BJ
DFT2-20 DFT3-01 DFT3-02 DFT3-03
X3LYP-D3BJ MO6 M06-2X TPSSO
DFT3-04 DFT3-05 DFT3-06 DFT4-01
TPSSH TPSS0-D3BJ TPSSH-D3BJ MO6L
DFT4-02 DFT4-03 DFT4-04 DFT4-05
revTPSS TPSS revTPSS-D3BJ TPSS-D3BJ
DFT5-01 DFT5-02 DFT5-03 DFT5-04
wB97 wB97X CAM-B3LYP LC-BLYP




Table 3.3. DFT functions and numbering system used for comparison taken
LibXC. The purple, blue, green, pink, and red boxes contain the numbering of the
DFT function as GGA, hybrid-GGA, hybrid-meta-GGA, meta-GGA and range-

separated, respectively.

DFT1-26 DFT1-27 DFT1-28 DFT1-29
HCTH407-D3BJ B97-GGAl EDF1 HCTH120
DFT1-30 DFT1-31 DFT1-32 DFT1-33
HCTH147 HCTH407 HCTH407P HCTH93
DFT1-34 DFT1-35 DFT1-36 DFT1-37
HCTHP14 KT2 MOHLYP MOHLYP2
DFT1-38 DFT1-39 DFT1-40 DFT1-41
MPWLYP1W PBE1W PBELYP1W TH1
DFT1-42 DFT1-43 DFT1-44 DFT1-45
TH2 TH3 TH4 TH-FC
DFT1-46 DFT1-47 DFT1-48 DFT1-49
TH-FCFO TH-FCO VV10 OPBE-D
DFT1-50 DFT1-51 DFT2-21 DFT2-22
OBLYP-D OPWLYP-D B97-1-D3BJ B97-2-D3BJ
DFT2-23 DFT2-24 DFT2-25 DFT2-26
B1IWC B3LYP5 B3LYPS B5050LYP
DFT2-27 DFT2-28 DFT2-29 DFT2-30
B97-1P B97-1 B97-2 B97-3
DFT2-31 DFT2-32 DFT2-33 DFT2-34
B97-K BHANDH CAPO EDF2
DFT2-35 DFT2-36 DFT2-37 DFT2-38
HPBEINT MB3LYP-RC04 MPW1K MPW1PBE
DFT2-39 DFT2-40 DFT2-41 DFT2-42
MPW3LYP MPW3PW MPWLYP1IM PBEO-13
DFT2-43 DFT2-44 DFT2-45 DFT2-46
PBES0 REVB3LYP SB98-1A SB98-1B
DFT2-47 DFT2-48 DFT2-49 DFT2-50
SB98-1C SB98-2A SB98-2B SB98-2C
DFT3-07 DFT3-08 DFT3-09 DFT3-10
MPW1B95-D3BJ | MPWI1KCIS-D3BJ | MPWBI1K-D3BJ MPWKCIS1K-D3BJ
DFT3-11 DFT3-12 DFT3-13 DFT3-14
PBE1KCIS-D3BJ PW6B95-D3BJ REVTPSSH-D3BJ TPSS1KCIS-D3BJ
DFT3-15 DFT3-16 DFT3-17 DFT3-18
B86B95 B88B95 BB1K MPW1B95
DFT3-19 DFT3-20 DFT3-21 DFT3-22
MPW1KCIS MPWB1K MPWKCIS1K PBE1KCIS
DFT3-23 DFT3-24 DFT3-25 DFT3-26
PW6B95 PW86B95 PWB6K REVTPSSH
DFT3-27 DFT3-28 DFT3-29
TPSS1KCIS X1B95 XB1K

Geometric optimizations were made with the "compound” system in the
ORCA 4.2 program choosing the best DFT method. This system allows many

inputs to be made with a single calculation. “Compund” input example is in
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Appendix 1. Also, the inputs are run with the slurm script. The slurm script sample
and operating codes run in Tiibitak TRUBA are in Appendix 2.

As a result of optimizations, calculated bond parameters were compared
with experimental bond properties using some statistical methods and the method
with the lowest standard deviation was chosen. Statistical analyzes were made by
comparing the bond properties of the metal and the whole complex separately.
MAPE (Mean Absolute Percentage Error), MAD (Mean Absolute Deviation), MSE
(Mean Squared Error) and RMSE (Root Mean Square Error) were used for
statistical analysis. Method selection was made with reference to MAD, which was
one of the most used analyzes. In the following order (1-4) formulas are expressed:

MAD = 3 b ;Y| (1)
i=1
n Yl_?l
Mapg=% 5 (2)
n (Y _‘Q)’Z
MSE = > ~— (3)
n

i=1

RMSE = +VMSE (4)

3.2.2 Literature Search and Finding Appropriate Platinum

Complexes Against A2780 Ovarian Cancer Cell Line
A comprehensive literature review was made. Studies with platinum

complexes that have been tested in-vitro against the A2780 ovarian cancer cell gene
and reliably cytotoxic (ICso) values was stored. After the literature review was
completed, all identified studies were reviewed. In-vitro methods in the studies; as
the chemical used in the dyeing, the incubation time, the solvent that dissolves the
complex, the type of medium used, the number of the tested complex and the
number of bonds made by the platinum atom were categorized in table 3.4. Thus, it
was ensured that the experimental error caused by different studies was minimized.

The A2780 human ovarian cancer cell has been extensively reviewed for in-
vitro studies with platinum-containing complexes. All the articles with 1Cso
cytotoxic numerical values among the in-vitro studies on the A2780 cancer gene
were selected and categorized by means of the ZOTERO program according to the

criteria determined from hundreds of studies from these highly sensitive studies. As
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aresult, 19 articles listed in table 3.4, which may be suitable for the QSAR analysis

to be done in the continuation of the studies, were selected.

Table 3.4. Selection criteria in articles selected from the literature.

Inc. Type of Number | 1Cso (uM)
No | Group | Method | Time | Solvent Medium of Control Ref
(h) Complex | Value (CP)
1 SRB 96 TCA DMEM 10 02+0.05 | 51
2 SRB 96 TCA DMEM 4 0.2+0.07 | 52
3 SRB 96 TCA DMEM 6 0.3+0.06 | 53
4 Bl MTT 72 | DMSO |RPMI 1640 12 1.3£0.2 | 54
5 B2 MTT 72 | DMSO |RPMI 1640 4 25+0.3 55
6 B3 MTT 72 | DMSO |RPMI 1640 3 0.18+0.07 | 56
7 B4 MTT 72 | DMSO |RPMI 1640 6 2.64+£0.61 | 57
8 B5 MTT 72 | DMSO |RPMI 1640 3 22+1 58
9 SRB 96 | Water | DMEM 27 0.53 59
10 MTT 48 | DMSO |RPMI 1640 26 1.90+£0.20 | 60
11 MTT 120 | DMSO |RPMI 1640 16 1.37+048 | 61
12 MTT 96 | DMSO |RPMI 1640 18 2.72+£0.58 | 62
13| G1 SRB 96 | DMSO |RPMI 1640 11 0.55+£0.03 | 63
141 G2 SRB 96 | DMSO |RPMI 1640 2 0.6+0.1 64
15] G3 SRB 96 | DMSO |RPMI 1640 1 0.55+0.01 | 65
16| G4 SRB 96 | DMSO |RPMI 1640 1 0.83+0.02 | 66
171 G5 SRB 96 | DMSO |RPMI 1640 2 0.44+0.04 | 67
18] G6 SRB 96 | DMSO |RPMI 1640 1 0.88+0.01 | 68
19] G7 SRB 96 | DMSO |RPMI 1640 1 0.88+0.01 | 69

All articles in this list were grouped as per specific criteria, according to in-
vitro experimental condition performed by the study groups. The following
similarity criteria were used for this grouping as distinctive. Group numbers were
given for A-G for these articles. The articles in the group were defined starting from
number one. Another issue that is taken into consideration in the articles is whether
it is done by the same working groups.

3.2.3 Initial Structural Analysis of Complexes Detected from The

Literature
The most accurate determination of the initial structures of the complexes is

the most important factor that determines the course of the later stages of the
studies. From the literature, 154 platinum-containing compounds were identified,
which were grouped and included in the calculations. Those with single crystal
structures were downloaded from the CCDC site by finding their identifier codes.

Those that do not have a single crystal structure were drawn in 3D with Spartan 18
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and Chemcraft programs, which have limited time use licenses. The 2D drawings
in the studies where the complexes were found were taken as reference for these
designs. Two methods have been applied to identify the initial structures, the
manual drawings of the complexes and the crystal structures taken from the CCDC.

In the first method in which the crystal structure of the complexes could not
be found in the CCDC database, the complexes with 2D representations in the study
were drawn by considering the whole structure through the Spartan 18 program.
Later, the complexes were subjected to conformational analysis with the Spartan 18
program. In this analysis, the roughly drawn 3D structure was transferred to the
program. Conformation distribution process was chosen. It is provided to keep the
results up to 1000 kcal energy and up to 10000 structures for pre-settings. In
addition, the turning groups and bonds were checked if missing. Molecular
mechanics method was used for this scan. The conformers found after screening
were sorted according to their energy. Geometric optimizations were performed for
other conformers with the DFT B3LYP functional and LACVP basis set. The
LACVP (104-105) series of basis sets are a combination of the successful 6-31G
basis set with the LANL2DZ effective core basis set. Specifically, the atoms H-Ar
are described with the 6-31G (or 6-31G*, 6-31+G** etc.) basis set while heavier
atoms are modeled using the LANL2DZ basis set. After that, the structures were
ranked according to their energies, and the lowest energy structure was selected for
further calculations.

In the other method, the complexes with crystal geometries are selected
from the CCDC database by the identifying codes given in the article and selected
as the initial structure. The "mol" format compounds downloaded from CCDC were
checked after they were opened with the Chemcraft program.

The coordinate system format used in ORCA of "xyz" was created for all
complexes using Chemcraft and Spartan.

3.2.4 Geometric Optimizations of Complexes Taken from Literature
As a result of the calculations, using the best DFT method determined as

described in the section 3.2.1, geometric optimizations were made for 154
complexes in different groups and the most stable structures were found. All
geometric optimizations were carried out using the ORCA 4.2 program, which we
installed on Tiibitak's TRUBA and Istanbul Technical University's UHEM high

performance computing systems. Geometric optimizations were made using the
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same parameters for all complexes to ensure computational integrity. All
calculations were performed using the "compound” scheme, exemplified in
Appendix 1, using multiple inputs allowed by the ORCA 4.2 program. As useful
keywords, optimization and SCF energy parameters with tight tolerance are applied
to achieve better geometry and stable energy. In addition, a high grid frame was
added to the complexes and a large-scale population analysis was requested for
bonds, orbitals, and some charge methods. The coordinate system in "xyz" format,
which was previously created by spartan and Chemcraft, was added to the inputs.
3.2.5 Designs and Geometric Optimizations of Novel Platinum

2-Pyrimidinethiol Complexes
After revealing the stable geometric structures of all available platinum-

containing compounds detected in the literature, novel complexes containing
platinum and 2-pyrimidinethiol, which could be potential drug candidates with
unknown biological activity, were designed for QSAR analysis. In the design of
new complexes, the skeletal structures of the complexes in the groups, which were
already determined from the literature, were used as reference. By preserving the
main skeleton structure, 2-pyrimidinethiol structure was added together with all
possible conformers instead of changing functional groups in the structures. For
example, when the 20 complex structures in group A are examined, chlorine atoms
are definite present as -cis and -trans positions in all compounds. In some structures,
NH3 is present together with chlorines. In the A3 group, there is no NH3 at all.
While designing the new complexes, chlorine atoms are protected in -cis and -trans
positions. 2-pyrimidinethiol compound was added by replacing other non-common
functional groups. By applying this theory to all groups, structures were designed
and formed. The novel designed complexes are put together with the suffix "X"
next to the group name to represent that group according to which group it was
created. For example, the design of complex 1, which belongs to group A, was
designated AX-1. The same definitions were made for the new complexes in all
groups.

The most stable and low-energy conformation determination was made for
30 new complexes, whose design and drawing were completed. Here, the possible
orientations of the added 2-pyrimidinethiol compound were determined, since the
main skeleton of complexes taken from literature was clear. Geometric

optimizations of all conformations designed and drawn according to these
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orientations were made with the ORCA 4.2 program. As a result of these
optimizations, all conformers were ranked according to their energies. For the
structures whose conformer analysis was completed, geometric optimizations were
carried out with the ORCA 4.2 program by applying the input parameters and other
settings described in the previous section.

3.2.6 Calculation of Useful Descriptors for QSAR
Many useful chemical and physical parameters of the complexes are used

the most commonly properties to predict biological activity theoretically through a
set of statistical methods. Valuable descriptors have been calculated through
various programs and categories.

3.2.6.1 Descriptors Taken from The Final Structures of The

Complexes
Some information of the output files belong the most stable geometric

structures found as result of the calculations mentioned in all available and created
complexes were taken to be used as descriptors. As a result of the calculations, the
ORCA program creates an "out" output file. Normally, Chemcraft did not have the
ability to display "compound” multi-input separately from the output file. As a
result of contacting Chemcraft software support, this feature has been included in
the program with a new software update. The results of all complexes opened from
the output files were examined. 127 properties including dipole moment, bond
properties of platinum atom, Loewdin and Mulliken reduced orbital charges and
atomic charges of platinum atom, SCF energies and HOMO-LUMO orbital
energies, were determined as descriptors for all complexes with the use of this
feature of Chemcraft.
3.2.6.2 Descriptors Taken from The NMR Calculations of The

Complexes
NMR parameters were found for each complex used as an descriptor in

subsequent QSAR analyses. For this, the best DFT method was determined by using
ZORA relativistic full electron basis set. ORCA 4.2 program was used for NMR
calculations.

There is a restriction due to the ORCA program in NMR calculations. This
restriction, NMR calculations cannot be made with the methods added from the
LibXC library among the DFT methods listed in table 3.3. So, only calculations
were made with the DFT methods included in the ORCA library.
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In the calculations, cisplatin experimental NMR data were selected as
comparisons. The reference compounds were selected when calculating the NMR
shielding value. Nitromethane for nitrogen atoms, TMS for hydrogen atoms and
hexaplatinated for platinum atom were selected as the reference compounds. As
expressed in formula 5, isotropic shielding value was taken for the atoms in the
reference compound and cisplatin to calculate the chemical shift (ppm) value. For
example, Pmenoz is the isotropic shielding value for the atom in the reference
compound.? is the isotropic shielding value for the same atom in cisplatin. This
formula can be applied to other atoms. Only the chemical shift value was calculated

for the platinum atom common to all complexes.

Jeale = (Omenoz—0)/ (1 = 10 Cpeno2)  (5)

The DFT functions in table 3.2 were used to determine the best method for
NMR calculations. The best DFT method selection was made for NMR. Both
optimization and NMR calculations were made with the same DFT method and
basis set. The same settings were chosen in the method, basis set and other
parameters to ensure reliable results in the calculations of cisplatin and other
reference complexes. The compound system in ORCA was also used here. SARC-
ZORA-TZVP for metal atoms; ZORA-def2-TZVP basis sets for other atoms were
integrated as ZORA relativistic full electron basis sets. Also, the RIJCOSX

approach is also added to the inputs.

Mode Pt N H
\£10T=1 -2101.00|-424.90|3.93

Figure 3.5. Pt, N and H-NMR experimental values in CP

Statistical deviation methods in previous formula 1-4 were used to detect
errors caused by the methods, and as a result, the success of DFT methods was
compared statistically using NMR shielding data taken from reference compounds
and cisplatin complex.

After finding the best DFT method for NMR chemical shift value of CP,
NMR calculations were performed for 154 complexes taken from the literature and
30 novel designed complexes. As a result of these calculations, 42 descriptors,

including shielding values, chemical shift data, magnetic tensor shielding
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contributions and diagonalized sT*s matrix of platinum atom, were determined
from the ORCA output file for each complex.

3.2.6.3 Descriptors Taken from Quantum Theory Atom in Molecules
The Multiwfn 3.7 program was used for all quantum descriptor calculations.

Multiwfn (106) is an extremely powerful program for realizing electronic
wavefunction analysis, which is a key ingredient of quantum chemistry. Multiwfn
Is free, open-source, high-efficient, very user friendly and flexible. The program
works with “cmd” screen. First, the wavefunction file, which is one of the outputs
of the program for which the DFT calculations are made, is called to the Multiwfn
3.7. Then, any desired calculation is done by selecting the numbers to the left of the
program types shown in figure 3.6.

fokkkkdkokokkkkk Main Function menu *HHkxkkskkkkok

Show molecular structure and view orbitals

Output all properties at a point

Topology analysis

Output and plot specific property in a line

Output and plot specific property in a plane

Output and plot specific property within a spatial region (calc. grid data)
Check & modify wavefunction

Population analysis and atomic charges

Orbital composition analysis

Bond order analysis

10 Plot total DOS, partial DOS, OPDOS, local DOS and photoelectron spectrum
11 Plot IR/Raman/UV-Vis/ECD/VCD/ROA/NMR spectrum

12 Quantitative analysis of molecular surface

13 Process grid data (No grid data is presented currently)

14 Adaptive natural density partitioning (AdNDP) analysis

15 Fuzzy atomic space analysis

16 Charge decomposition analysis (CDA) and plot orbital interaction diagram
17 Basin analysis 18 Electron excitation analysis

19 Orbital localization analysis 20 Visual study of weak interaction

21 Energy decomposition analysis

100 Other functions (Part 1) 200 Other functions (Part 2)

300 Other functions (Part 3)

WCoOoONOTUVTE WNREO

Figure 3.6. Multiwfn program main menu interface.

Figure 3.6 shows the interface of the Multiwfn 3.7 program. In order make
calculations in the program, the wavefunction file containing all the structural
features of the complex must be transferred to the Multiwfn 3.7 program as input.
The code "orca_2mkl A1-01 -molden" was run in ORCA 4.2 program to create this
Multiwfn 3.7 wavefunction input file format “molden”. The "gbw" structure, which
contains all the features of the most stable structure created as result of geometric
optimizations with the code orca_2mkl, has been converted to "molden” format for

all complexes as Multiwfn 3.7 wavefunction input file.
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Multiwfn 3.7 program offers users the opportunity to prepare useful scripts
to perform many calculations with a single code. Multiwfn 3.7 sourced descriptor
calculations were made for all complexes with the script example shown in
Appendix 3 and the code to run this script. The numbers on the left of the script
example were run the calculation types seen in Appendix 3, respectively.

434 parameters including population analysis (Hirshfeld, Voronoi
deformation density, Mulliken, Lowdin, Modified Mulliken (including three
methods: Ros & Schuit, Stout & Politzer, Bickelhaupt), Becke, Atomic dipole
moment corrected Hirshfeld, CHELPG, Merz-Kollmann, Restrained Electrostatic
Potential (RESP)), bond order/strength analysis (Mayer bond order, Wiberg bond
order in Lowdin orthogonalized basis, Mulliken bond order, Laplacian bond order,
intrinsic bond strength index), quantitative analysis of molecular surface, dipole
moment, integral functions, energy index, polarity index and critical point density
analysis of platinum atom, real space functions for whole system, basin analysis for
attractors, analyzing real space functions in fuzzy atomic spaces and topology
analysis for any real space function (such as electron density (AIM analysis),
Laplacian, electrostatic potential and so on) were determined as descriptors for all
complexes from Multiwfn.

3.2.6.4 Descriptors Taken from PaDEL-Descriptor
Finally, some 1D, 2D and 3D descriptors were calculated with the PaDEL-

Descriptor 2.21 program. After final geometries of all complexes with the "mol2"
format were transferred to the program, descriptors were found.

3.2.7 QSAR Analysis
The final part of the ligand-based drug design is quantitative structure

analysis (QSAR). The QSARINS 2.2.4 (QSAR-Insubria) software developed at the
University of Insubria (108-109) was used in the QSAR analysis for all complex
groups.

All descriptors calculated in the previous section and cytotoxic data were
divided into complex groups (A-G) and saved as "csv". Approximately 1400
descriptors were created in the "csv" files of each group. For model development,
it is best to perform models using each of the currently calculated descriptors.
However, the number of model combinations is so large that it is impossible to
calculate all of them. Therefore, models were developed by reducing the number of

descriptors. So, the "csv" file of each group was imported into the QSARINS
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program, filtration was applied from the import data section for values and the
descriptors that had more than 90% correlation and possessed more than 95% of
constant values were removed. Random selection was made from the data setup
section for the remaining descriptors. The complexes are divided into 70% training
and 30% testing for this selection. Several random allocations were made until the
best model was obtained. Then, genetic algorithm-multiple linear regression (GA-
MLR) analysis was applied from the variable selection and model calculation part.
Regression up to a maximum of six descriptors was accepted for this analysis. Also,
the model per size, population size, generated model number, and mutation rate
were set to 10, 10, 10000, and 20, respectively.

Finally, all model statistical parameters and selection descriptor names were
listed in the section of view and select models. Many parameters were evaluated to
select the best model in this section. Regression formulas consisting of descriptors
selected in the best models determined for all groups were used to calculate the
estimated cytotoxic activity values of the novel created complexes.

3.3 Structure-Based Drug Design
The main target of complexes containing platinum metal, which is a drug

candidate, in the cell is the DNA macromolecule. In this section, the interactions of
these complexes with DNA were simulated. The construct chosen for modeling was
a 12-mer B-DNA.

The experimental structural data of the platinum-containing compound,
which was used to compare the DFT methods in the previous section, were used for
the best DFT and basis set selection. Differently from the previous section, effective
core basis sets (ECP) were used instead of ZORA relativistic full electron basis sets
for the selection of the basis set. The best basis set and DFT method were
determined after statistical deviation calculations. Then, the identified functional
groups taken from literature and the 2-pyrimidinethiol compound were added to
each platinum-containing complex using Gaussview 3 software. The complexes
were designed to interact with DNA in the form of non-covalent and groove binder.
The conformations of each drawing compounds were made with Gaussian 03
program. After determining the best conformations for the complexes according to
the lowest energy, all designed complexes were used in geometric optimization
calculations with ORCA 4.2. After the most stable and best geometric structures of

the complexes were found, the DNA structure was selected from protein data bank
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(PDB) as code of 1DNE. Molecular docking operations were performed with
AutoDock 4. Preparation of DNA and ligands for docking was performed with
AutoDockTools 1.5.6. Docking was done with various scripts and using some
python program. Docking calculations were performed quickly with the success of
the scripts and the best positions and binding energies of all ligands in DNA were
determined. The best of these pose was selected and prepared for simulations. These
preparations were made using MCPB.py and Gaussian 03 programs. Simulations
and minimization calculations were completed using AMBER 20. Ligand
containing DNA constructs with the best poses were integrated into the aqueous
medium. This medium was minimized and was heated at a constant volume.
Afterwards, the simulation was run for 2 ns and the environment was brought to
equilibrium. Finally, a simulation of 100 ns production was run and changes in
structure and binding energies at various times were found. Viewing and
monitoring of the simulations was done with Chimera 1.15. Binding energies were
found by MM/GBSA methods with AMBER 20 program. All graphics were plotted
with Xmgrace. The occupancy analyzes of the hydrogen bonds formed by the
complexes with DNA as donor and acceptor were performed with the VMD 1.9.3
program. In addition, angular changes in the nucleobases with which the complexes
interact were compared using the cpptraj module of AMBER 20. In this
comparison, the results of molecular dynamics simulations of the B-DNA form of
the de-complexed 1DNE were used.
3.3.1 Determination of The Best DFT Method and Basis Set

Combination
As mentioned in the previous section 3.2.1, as a second calculation method,

DFT method and basis set comparisons were made. In this second comparison,
unlike section 3.2.1, effective core potential (ECP) basis set type was used instead
of ZORA relativistic full electron basis set. This means that the full electron basis
set is used in ligand-based drug design, especially in descriptor calculations, due to
the application of quantum theory. Because all electrons must be included in the
calculations in order that there are no errors in the geometrical structures of the
complexes and in order achieve success in the quantum theory atom in molecule
(QTAIM). On the other hand, the macromolecule is the key in molecular dynamics
simulations. The most important factor affecting the calculations is the interaction

between the ligand and the target. Therefore, it was aimed to shorten the calculation
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time with a new comparison and the extent of the response of metal-containing
complexes to the use of ECP in ORCA 4.2.

Table 3.5. Basis set list. 4 different metal atoms ECP system and 41 basis set
combinations divided into different groups.

ECP Code1l ECP Code2 ECP Code 3 ECP Code 4 Metal Atom Other Atom
DEF2-ECP-01| SDD-01 [HayWadt-01|SK-MCDHF-RSC-01 cc-pVDZ
DEF2-ECP-02| sSDD-02 [HayWadt-02|SK-MCDHF-RSC-02 cc-pVDZ-PP 6-31G
DEF2-ECP-03| SDD-03 |HayWadt-03|SK-MCDHF-RSC-03 6-31G(d)
DEF2-ECP-04| SDD-04 [HayWadt-04|SK-MCDHF-RSC-04 def2-SVP
DEF2-ECP-05| SDD-05 ([HayWadt-05|SK-MCDHF-RSC-05 cc-pvVTZ
DEF2-ECP-06] SDD-06 [HayWadt-06|SK-MCDHF-RSC-06 6-311G
DEF2-ECP-07| SDD-07 |HayWadt-07|SK-MCDHF-RSC-07 |cc-pVTZ-PP| 6-311G(d)
DEF2-ECP-08)| SDD-08 [HayWadt-08|SK-MCDHF-RSC-08 def2-TZVP
DEF2-ECP-09| SDD-09 [HayWadt-09|SK-MCDHF-RSC-09 def2-TZVPP
DEF2-ECP-10| SDD-10 |HayWadt-10|SK-MCDHF-RSC-10 def2-QZVP
DEF2-ECP-11| SDD-11 |HayWadt-11|SK-MCDHF-RSC-11 |cc-pVQZ-PP |def2-QZVPP
DEF2-ECP-12| SDD-12 [HayWadt-12|SK-MCDHF-RSC-12 cc-pvVQZ
DEF2-ECP-13| SDD-13 [HayWadt-13|SK-MCDHF-RSC-13 def2-SVP
DEF2-ECP-14| SDD-14 |HayWadt-14|SK-MCDHF-RSC-14 def2-SVP cc-pvDZ
DEF2-ECP-15| SDD-15 ([HayWadt-15|SK-MCDHF-RSC-15 6-31G
DEF2-ECP-16] SDD-16 [HayWadt-16|SK-MCDHF-RSC-16 6-31G(d)
DEF2-ECP-17| SDD-17 [HayWadt-17|SK-MCDHF-RSC-17 def2-TZVP
DEF2-ECP-18| SDD-18 [HayWadt-18|SK-MCDHF-RSC-18 def2-TZVPP
DEF2-ECP-19| SDD-19 |HayWadt-19|SK-MCDHF-RSC-19| def2-TZVP cc-pvVTZ
DEF2-ECP-20| SDD-20 [HayWadt-20|SK-MCDHF-RSC-20 6-311G
DEF2-ECP-21| SDD-21 |HayWadt-21|SK-MCDHF-RSC-21 6-311G(d)
DEF2-ECP-22| SDD-22 [HayWadt-22|SK-MCDHF-RSC-22 def2-TZVPP
DEF2-ECP-23| SDD-23 [HayWadt-23|SK-MCDHF-RSC-23 def2-TZVP
DEF2-ECP-24| SDD-24 |HayWadt-24|SK-MCDHF-RSC-24|def2-TZVPP| cc-pVTZ
DEF2-ECP-25| SDD-25 |HayWadt-25|SK-MCDHF-RSC-25 6-311G
DEF2-ECP-26] SDD-26 [HayWadt-26|SK-MCDHF-RSC-26 6-311G(d)
DEF2-ECP-27| SDD-27 [HayWadt-27|SK-MCDHF-RSC-27 def2-QzVP
DEF2-ECP-28| SDD-28 |HayWadt-28| SK-MCDHF-RSC-28| def2-QZVP |def2-QZVPP
DEF2-ECP-29| SDD-29 |HayWadt-29|SK-MCDHF-RSC-29 cc-pvVQZ
DEF2-ECP-30| SDD-30 [HayWadt-30|SK-MCDHF-RSC-30 def2-QZVPP
DEF2-ECP-31| SDD-31 |HayWadt-31|SK-MCDHF-RSC-31 |def2-QZVPP| def2-QZVP
DEF2-ECP-32| SDD-32 |HayWadt-32|SK-MCDHF-RSC-32 cc-pvVQZ
DEF2-ECP-33| SDD-33 [HayWadt-33|SK-MCDHF-RSC-33 def2-SVP
DEF2-ECP-34| SDD-34 [HayWadt-34|SK-MCDHF-RSC-34 LANL2DZ cc-pVDZ
DEF2-ECP-35| SDD-35 [HayWadt-35|SK-MCDHF-RSC-35 6-31G
DEF2-ECP-36| SDD-36 |HayWadt-36|SK-MCDHF-RSC-36 6-31G(d)
DEF2-ECP-37| SDD-37 [HayWadt-37|SK-MCDHF-RSC-37 def2-TZVP
DEF2-ECP-38)| SDD-38 [HayWadt-38|SK-MCDHF-RSC-38 def2-TZVPP
DEF2-ECP-39| SDD-39 [HayWadt-39|SK-MCDHF-RSC-39| LANL2TZ cc-pvVTZ
DEF2-ECP-40| SDD-40 |HayWadt-40|SK-MCDHF-RSC-40 6-311G
DEF2-ECP-41| SDD-41 [HayWadt-41|SK-MCDHF-RSC-41 6-311G(d)

The complex in figure 3.4 was used for both DFT and basis set comparisons.
First, the best DFT method was selected from among the methods specified in table
3.2 and 3.3 as described in section 3.2.1. Differently, when choosing the method,
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instead of ZORA relativistic full electron basis set, the def2-ECP (110-111) system
was used for only the valance electrons of the platinum atom, and the def2-TZVP
basis set was used for all atoms. Four ECP systems were used for the basis set for
comparisons. These were Ahlrichs def2 basis set (def2-ECP) (110-111), Stuttgart-
Dresden (SDD) (110,112), Hay and Wadt's family (LANL2) (113) and the
Stuttgart-Koeln small-core multiconfiguration-Dirac-Hartree-Fock adjusted (SK-
MCDHF-RSC) (114).

The established ECP system is detailed in table 3.5. In this system, all four
ECP systems were used with basis sets in the same group. A total of 164 basis set
combinations were designed for 41 basis sets in each group. One of the most
important issues to be considered here is minimizing the errors originating from the
basis set. In order achieve this, the basis set used especially for metal is double-zeta,
and the basis set used for other atoms is determined as double-zeta. For example,
when the triple-zeta basis set of LANL2TZ was chosen for the platinum atom, the
basis sets used for other atoms were also chosen as 6-311G, which has triple-zeta
character and was produced by a different research group.

3.3.2 Design and Conformational Analysis of Novel 2-

Pyrimidinethiol and Platinum Containing Complexes

o

Figure 3.7 (continued)
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Figure 3.7. All novel platinum-2-pyrimidinethiol complexes. Four groups
of complex systems are listed. The contents of the white boxes on the left are the
designed structures, and the gray boxes on the right are the original structures
from the CCDC. X is the functional group insertion position. Arrangement of
atoms by color: Red, Oxygen; Navy Blue, Nitrogen; White, Hydrogen; Grey,
Carbon; Yellow, Sulfur; Orange, Phosphorus; Blue, Platinum; Green, Chlorine;
Ice blue, Fluorine; Claret red, Bromine.
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A literature search was carried out on which of the platinum-containing
complexes had groove binder interactions with DNA (115). On top of that,
platinum-containing complexes with square planar geometry whose leaving group
(Cl, O, etc.) could bind non-covalently with DNA were detected. Due to the
necessity of forming the four bonds of the platinum atom in these complexes with
the carrier ligand, the four sides of the platinum atom were coordinated with
nitrogen atoms. Upon this, four different complex systems were designed. In
choosing this complex layout, one side of the construct was selected from ligands
previously studied and known in the literature. Many platinum-containing
complexes with single crystals were screened in CCDC for this situation. The other
side of the complexes was attached to the nitrogen atom(s) of the 2-pyrimidinethiol
ligand. While creating the complex layout, the initial geometries taken from CCDC
can be found in the access structure section with the codes 1472980, 1553814,
1541248 and 729232. This complex layout is as in figure 3.7, respectively.

In this system, some functional groups are bonded to the "X" port for the
complexes in the white boxes on the left side of the images in figure 3.7. While
determining these functional groups, the percentage of functional groups used in
studies and their contribution to biological activity were considered. The functional
groups were selected from the work by Peter Ertl (116). There is a list of functional
groups showing biological activity in this study, and the organic functional groups
shown in figure 3.8 are taken from this study. R> represents the -CHz group; Rz is
Hydrogen; Rar represents the point at which the functional group binds to the
complex for the functional groups in the image. According to this information, 21
functional groups were selected and a total of 84 molecules were designed in four
complex groups.

After the designs and drawings were completed, conformations at all
possible dihedral angles according to the position of the 2-pyrimidinethiol
(especially for the -SH group) as well as the functional groups bonded to each of
the complexes at the “X” point were manually generated before geometric
optimizations. These conformers were created for 84 complexes by changing their
dihedral angles using the Gaussview 3. Gaussian 03 program was used to find the
best geometric structures of conformers drawn at different positions. In the
geometric optimization calculations of conformers, B3LYP, which is one of the
most used DFT functions, and LANL2DZ and LANL2 ECP for the metal atom, 6-
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311G for the sulfur atom, and 6-31G for the other atoms in the basis set combination
were selected.
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Figure 3.8. Functional groups that have disappeared from the literature. The
functional groups were numbered 1a-1u. O: Oxygen, N: Nitrogen, F: Fluorine, ClI:
Chlorine, Br: Bromine, R1: H, R2: CH3 Rar: The point at which it attaches to the
complex.

After optimizations in the conformation analysis, the best conformer was
selected. In order select this, the conformers in all complex groups were ordered in

energy, and the final geometry of the most energetic conformer was taken.
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3.3.3 Geometric Optimizations of All Complexes
As a result of the conformational analysis, using the best DFT method and

ECP basis set combination determined as described in the section 3.3.1, geometric
optimizations were made for 84 complexes in different complex groups and the
most stable structures were determined. All geometric optimizations were carried
out using the ORCA 4.2 program, which we installed on Tiibitak's TRUBA high
performance computing systems. Geometric optimizations were made using the
same parameters for all complexes to ensure computational integrity. All
calculations were performed using the "compound” scheme, exemplified in
Appendix 1, using multiple inputs allowed by the ORCA 4.2 program. As useful
keywords, optimization and SCF energy parameters with tight tolerance are applied
to achieve better geometry and stable energy. In addition, a high grid frame was
added to the complexes and a large-scale population analysis was requested for
bonds, orbitals, and some charge methods. The best detected metal ECP, basis set
combination and DFT method were added to the system. The coordinate system in
"xyz" format, which was taken Chemcraft, was added to the inputs.

3.3.4 Molecular Docking of All Complexes into The Target DNA
Docking calculations were made using AutoDock 4.2.6 program (117). It

was done using some scripts that provide virtual screening in the molecular
docking. Scripts downloaded from the website (www.autodock.scripps.edu) consist
of a set of python packages that enable AutoDock 4.2.6 to be run. AutoDock 4.2.6
is a suite of automated docking tools. It is designed to predict how small molecules,
such as substrates or drug candidates, bind to a receptor of known 3D structure.
Before using the program, ligand, and receptor (target molecule) must be
prepared. AutoDockTools 1.5.6 (ADT) program was used to prepare the necessary
files. Simulation and docking processes in biomolecular systems using complexes
containing metal atoms are challenging. Because calculations in macromolecular
systems are usually made in the form of a quick scan on small organic compounds
that do not contain metal. Since complexes containing platinum metal are used here,
it is necessary to define the van der Waals parameters of the platinum atom. All
Docking calculation flow is expressed in the image in figure 3.9, respectively. After
these definitions were made, firstly 84 complexes taken from previous geometric
optimizations and 1DNE coded 12-mer B-DNA structure shown in figure 3.10,

which was downloaded from the protein data bank, were initially prepared. DNA

42



structure was opened as "pdb" format in ADT program and water molecules and
existing ligands were deleted. All hydrogens and Gasteiger charge states in DNA
were controlled and added in ADT. The charges of the complexes were calculated
with the Chimera 1.15 program using the Gasteiger method. The point to be noted
here is that the charge of the complexes is +2 since the platinum atom bonds with
four nitrogen atoms in the complexes. The "pdbqt" files of the complexes were
converted from "mol2" with the OpenBabel 3 program. Autogrid in AutoDock 4.2.6
was run according to the atom types in all complexes with ADT. The grid size was
determined to include the entire complex as 90 90 120. Autogrid input file ("dpf"
format) was prepared manually. All atoms in the complexes are added to the input
one by one to create "map" files. After the “map” files of DNA and other atoms
were created, scripts and packaged python programs were run in the Linux
operating system so that the AutoDock 4.2.6 program could be used. These scripts
were adapted by making some changes suitable for our own system.

Final Geometries of Complexes [—{> .mol2

1DNE Coded B-DNA — > .pdb
AutoDockTools 156/ AutoDockTools 1.5.6 Chim§ 1.14
Preparation of > Adding Hydrogens and > Charge Calculation
DNA Structure Determination of Charges of Complexes

.pdbqt .mol2

script for prepare_dpf4.py autogrid4 in AutoDock Tools 1.5.6 /
Forming of input| ~ Manually creating| / Preparation of
) i —_— iy 4 R — C—>> OpenBabel 3
File for docking |™ autogrid input file | ™ Complexes s

dpf .gpf == .maps .pdbqt

\ script forﬁtodocm script forﬁrgy sorting
| Runnin i
g Docking R :
. esult Analysis
Calculations > y

dpf == .dlg

Figure 3.9. Molecular Docking flow diagram.

Input files running docking calculations were automatically created for all

complexes one by one. This was provided by running the script with the
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“prepare_dpfd.py” package program. Docking calculations were made according to
the Lamarckian genetic algorithm. Settings and parameters in calculations were
selected as population size 150, number of steps 200, root mean square tolerance
(rms) 2.0, maximum number of energy evaluations 175000, genetic algorithm
mutation rate 0.02, and genetic algorithm crossover rate 0.8. Other settings are left
as default. After the input files were created with the above script, these inputs were
automatically run with a script that directly called autodock and the best poses of
all complexes on the target DNA were determined. The energy values of the poses
with the best binding energy were extracted with a script that analyzes the results
and ranks them.

Figure 3.10. 1DNE coded B-DNA Structure

3.3.5 Molecular Dynamic Simulations
Molecular dynamics simulations were done with the AMBER 20 (118-121)

program. AMBER 20 is a suite of biomolecular simulation programs. Molecular
dynamics simulations involving metal-containing compounds pose a major
problem. Because the bonds made by metal atoms undergo many changes according
to the properties of the atoms to which they are attached, there are no ready-made
force fields. These bonds and their types must be introduced through some program

and stored in a parameter file that the simulation dynamics can define. Therefore,
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force fields should be determined for the bond parameters (Bond length, bond
angles and dihedral angles) found in metal-containing compounds. Based on this,
the best poses of each of the four complex groups obtained from the previous
docking calculations were taken from the ADT program in "pdbqt” format. The
structure of these poses was saved in "pdb" format by converting them with
OpenBabel 3. The complex in the build was saved in a separate "pdb" file. This
compound was opened with the Gaussview 3, and the missing non-polar hydrogens
were added manually and saved. Then, the ligand molecule was separated from the
complex without the metal atom and the charge calculation was performed with the
antechamber add-on, which is included as a package in AMBER 20. For the binding
parameters in the ligand saved as "mol2", force filed calculations were made with
the parmchk2 add-on. A separate "pdb™ file was also created for the metal atom.
Since the metal ion is known to have +2 charge, the "mol2" format for the metal
atom was created with the metalpdb2mol2.py plugin that comes with AMBER 20.
Hydrogens were added to the DNA-ligand structure without non-polar hydrogens
using default settings on the H++ server (http://biophysics.cs.vt.edu). Then, the
DNA structure, platinum ion and ligand molecule were combined into a single
"pdb" file with the "cat” command. The atoms in the “pdb” file of the whole
structure were renumbered with the pdb4amber plugin. In the next step, MCPB.py
was used to generate force fields of metal-bonded compounds. MCPB.py (122), a
python-based metal center parameter generator, was developed to generate force
fields for simulation of metal complexes using the bonded model approach. An
input ("in") was created for MCPB.py, where the ligand, metal ion, DNA structure
and force fields were defined. All stages consisting of four formats (1-4) were run
using the prepared input. When the format "1" was run, the necessary input files of
Gaussian 03 were created. Energy, frequency (for force fields) and Merz-Singh-
Kollman charge calculations of the complex were made using the inputs of
Gaussian 03 program. By executing formats of 2,3, and 4 respectively using
MCPB.py, the "tleap.in" file was created. The names and coordinates of atoms in
all structures were ensured to be the same, and the metal atom was capitalized in all
files using MCPB.py.

A classical AMBER parm99 (123-124) together with the parmbscO (125)
refinement for DNA and gaff (126) force fields were defined for use. Na+ ions were

added to neutralize the DNA structure. The structure was surrounded by a 20 A
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water box. The tleap plugin was run with the mentioned input file and the parameter
("prmtop") and coordinate (“rst”) files used during the simulation were created.
After determining the necessary files for the next minimization and simulation
processes, the protocol for all MD simulations was as follows: (1) The DNA and
platinum containing complex contained in the main structure were constrained. only
water molecules and Na+ ions were minimized with a cut-off value of 9 A.
Minimization was performed with 2500 steps with harmonic restraints of 500 kcal
mol™ A2 on the DNA and platinum compound positions. (2) After initial
minimization, 5000 steps of unrestricted and full system minimization were applied
out before the heating process. A cut-off of 9 A was used for unbound interactions.
The SHAKE algorithm (127) was used to restrain hydrogen-containing bonds. (3)
Each minimized structure was heated at a constant volume from 0 to 300 K. Heating
was completed for 300 ps. The positions of DNA and platinum compound were
restricted to a small value of 25 kcal mol A2, Constant volume was maintained
during the heating. The structure was heated from 0 K to 300 K for a duration of
200 ps. It was held steady at 300 K for 200 ps to 300 ps. (4) An equilibration with
0.5 kcal mol A2 restrains on DNA and platinum complex was performed for 1 ns
time under conditions at constant pressure and constant temperature, before a
trajectory was done for a production simulation. An integration step of 1 fs was
used for all equilibration simulation. The pressure and temperature were allowed to
ripple at around 1 bar and 300 K, respectively, with a regardful coupling of 0.2 ps.
(5) Production runs of 100 ns were carried out using the 9 A cut-off and unrestrained
on any structures. In each simulation, the time point at 1 ns after thermal
equilibration was taken as the starting point for data collection. 25,000 structures
from each simulation were recorded for post-processing, with uniform sampling
from trajectory during production simulations. As a result of the production
simulation, a trajectory file in "nc" format was created. This file was used together
with the parameter file of the structure ("prmtop™) with the Chimera 1.15 program,
and the simulation was displayed. Input parameters of all simulations and
minimizations are given in Appendix 4.

Hydrogen bond analysis was performed using the "Hydrogen Bonds™ plugin
in the analysis section of the VMD1.9.4 program. The "mc" trajectory and "prmtop"
parameter files taken from the simulations were transferred to the program. DNA

nucleobases were added to selection 1 and a platinum-containing compound was
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added to selection 2. The donor and acceptor were selected on both sides to be
investigated in all 100ns (25000 frames). Finally, hydrogen bond analyzes were
performed by choosing the donor-acceptor distance of 3.5 A and the angle cutoff of
120 degrees.

The conformational free energies for all production simulations were
calculated, using MM-GBSA (128-131) energy analyzes, explanatory graphs were
generated from many snapshots at different nanosecond durations. All free energy
studies were done using the AMBER 20 program.

DNA parameters determined by AMBER's cpptraj module were created
with Xmgrace program in graphic form by using trajectory (nc) and parameter file
(prmtop) as input. Global base-pair parameters (tilt, stretch, stagger, buckle,
propeller and opening) and global base-step parameters (shift, slide, rise, tilt, roll
and twist) data were revealed with the cpptraj module. Also, comparative RMSD
plots between complex-DNA and single B-DNA constructs were generated.
Finally, snapshots of the structures at different nanoseconds during the simulations
were created visually with the Chimera 1.15 program.

A script with the extension "sh™ was prepared, where all the calculations
were run in AMBER 20. By running this script on the terminal screen, simulations,
minimizations, and the creation of graphics were performed automatically.

Molecular dynamic simulation calculations were made using “sander.cuda”
program of AMBER 20 and GPU architecture of GeForce 1080ti graphics card in
Linux operating system. GPU calculations significantly reduced simulation time.
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4. RESULTS AND DISCUSSION

4.1 Determination of Initial Settings and Testing Critical Keywords

Before Choosing Suitable DFT Method and Basis Set
Before the geometric optimization calculations related to metal-containing

complexes in ORCA 4.2, the effect of the initial settings and critical keywords
specified in table 3.1 calculations has been determined on the subsequent DFT. 72
tests were made using MO6L and 161 trials were made with BP86 among the DFT
functions. In these tests, errors caused by keywords were calculated by combining
the different parameters given in table 3.1 with each other. Calculation times
increased approximately 4 times in trials where Rl or RIJCOSX approaches were
not used. This significantly affected the computation time in systems with larger
atoms. After the tests in which the GRID number was increased, the calculation
times increased slightly. In the MO6L method, the difference between the total
energies was only 0.002%. In the BP86 function, this difference was calculated as

0.0001%. These differences show that keywords have little effect on total energy.
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Figure 4.1. Comparison of all bond parameters with experimental data and mean
absolute deviation (MAD) values using line-box plots over various settings and
keywords a) FinalGrid b) Grid ¢) Weight d) Rl Approximations.
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The Nedaplatin complex was used to compare the structural parameters in
the calculations. How the different settings and keywords used affect this deviation
was evaluated with the graphs in figures 4.1, 4.2 and 4.3. In these graphs, mean
absolute deviation (MAD) values were used in the comparison.

In figure 4.1, the results for the comparisons of all parameters in the complex
(bond angle and bond length) using the BP86 functional were listed with a box plot.
MAD values for this graph, which was the result of using different settings and
parameters, were put as y-axis. As can be clearly seen in the graph, no visible
change was detected when looking at all keywords. For example, the maximum
variation between GRID3 and GRID?7 in figure 4.1a is about 0.025. No significant
change was observed for other parameters in figure 4.1.
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Figure 4.2. Comparison of bond angle for metal in center with experimental data
and mean absolute deviation (MAD) values using line-box plots over various
settings and keywords a) FinalGrid b) Grid ¢) Weight d) Rl Approximations.

In Figure 4.2, only MAD statistical data to compare metal bond angles were
listed in the box plot for the parameters specified in figure 4.1. Although the
deviation value of GRID3 stands out in these graphs, it does not give confidence as
the distribution and shows is in a very common range. Although the deviations in

49



GRID3 and FINALGRID3 (Figure 4.2 a,b) are negligibly smaller than the others,
the range of distribution is unreliably large. There were negligible deviation
differences in other parameters.

In Figure 4.3, the deviations in the bond lengths of the metal were added.
Similar situations apply here as well. The differences in deviations seen in all tests

are low.
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Figure 4.3. Comparison of metal containing bond length with experimental data
and mean absolute deviation (MAD) values using line-box plots over various
settings and keywords a) FinalGrid b) Grid c) Weight d) RI Approximations.

As a result, no significant difference was detected in the deviations between
parameters and settings in all comparisons. All the settings and parameters for the
next DFT calculations have been built and selected. First, the results for the
reduction of the computation time were discussed. The RIJCOSX approximation
method was chosen, which significantly reduces the computation time and does not
create a significant deviation difference compared to the NORI keyword. As can be
clearly seen in the graphs c in figures 4.1, 4.2 and 4.3, the deviation difference
between the no approximation case (NORI) and the RIJCOSX approximation is
negligible.
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The next important issue is grid size. Since GRID is the number of integral
points applied per atom and increasing GRID number slightly increases the
computation time. The Nedaplatin complex was used in the comparison when
selecting the initial settings. Nedaplatin is a simpler complex in terms of atomic
number and complexity of structure to compare many platinum-containing
complexes. Therefore, the GRID3 values pass with relatively negligible differences
according to graphs. When the number of atoms in the complexes increases and the
structure becomes more complex, the GRID3 integral number is insufficient for
these structures. Therefore, it is inevitable that instabilities occur in geometric
optimizations. This can cause SCF convergence (fluctuations in energy calculation)
and optimization problems. Also, DFT functionals like the MO6L have grid
sensitivity. This may negatively affect the solution of the geometric structure. For
all these reasons, GRID7 and FINALGRID7, which have grid integral values as
high as possible, were chosen. Also, the RIJCOSX approximation method has its
own grid keyword provided by the ORCA 4.2 program. GRIDX9 with high integral
has been chosen for this keyword. The platinum atom is a large atom. Therefore,
the radial grid (IntAcc) value around the atom has also been increased to make the
permanent integral success in the grids knitted around this atom.

The deviation difference between the weight profiles used in DFT
calculations is negligible as can be seen from the graphics. However,
Weight_AtomXC has a more common range of bias distribution. Therefore, it was
not preferred in the calculations. The basis for subsequent calculations is
Weight_Becke, which is used by default in DFT calculations in ORCA 4.2. In
addition, it was decided to perform optimization and SCF energy tolerances at a
tight level to achieve better and stable geometric structures.

As a result of detailed initial comparison calculations, the success, and
limitations of the ORCA 4.2 program in metal-containing complexes were tested.
The best settings and keywords were determined for use in future calculations.

4.2 Ligand-Based Drug Design
An issue encountered in the literature was that the classical DFT method and

basis sets formed the beginning of these calculations. To prevent this, the best DFT
method from the ORCA 4.2 program was found with calculations. In addition,
ZORA relativistic full electron basis set group was used instead of ECP, which

freezes the valence orbitals and includes only the orbitals contributing to the bond,
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as a basis set. By using this, it was tried to reduce the errors originating from the
basis set. The first phase of ligand drug design was deciding which would be the
best DFT method. It was carried out with the methods expressed in table 3.2 and
3.3 and the calculation methods mentioned in section 3.2.1 for this.

Geometric optimizations were performed with DFT calculations.
Comparisons were made using 139 DFT methods using the complex with single
crystal structure in figure 3.4. These DFT methods were compared with various
statistical analyzes and graphs. During the geometric optimizations, the initial
settings and keywords identified in section 4.1 were added to the inputs. In addition,
ZORA relativistic full electron system was chosen as the basis set.

As a result of the calculations, the geometric parameters (bond length and
bond angles) were transferred to the tables for all DFT methods and compared with
the experimental bond parameters in figure 3.4 according to the mentioned
statistical formulas.

The deviation formulas used in comparison were applied separately to bond
lengths containing only metal, all platinum related bond lengths in the complex,
bond angles containing only metal, all bond angles and all in the complex.

The methods were sorted according to the various statistical results in table
4.1-4.5. Among the 139 methods, the DFT functions that are in the first 50 ranks
are listed.

In table 4.1, only the bonds made by the metal atom are compared with the
experimental data. It has been determined that DFT1-31-32-33 functions have a
remarkable success in all deviation groups compared to other functions. This DFT
group is based on the "HCTH" function. Also, while the mean absolute deviation
(MAD) value is very close for these three functions, the difference between the
deviation value of DFT1-33 and DFT1-39 in the 50th order has approximately 54%
deviation from the mean. This is a great value and indicates that the spread is over
a wide area. Therefore, the HCTH group has come to the fore in metal-containing
bonds.

In table 4.2, all metal-containing and metal-affected but metal-free bonds
are considered statistically. As can be seen in the table, the success of the HCTH
group decreased slightly when the lengths of the bonds in the organic parts were
activated. However, when we analyzed the MAD analysis, the difference between
the DFT1-01, which is the first DFT function in the ranking, and the 50th DFT
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group, deviation from the mean is approximately 21%. This spread over a relatively
lower range and shows that the MAD deviation values are close to each other. In
addition, this value deviated from DFT1-33 by only 11%. This value is acceptable.

In table 4.3, only the bond angles with the metal atom in the center are
compared with the experimental values. It is seen that the DFT1-37 function and
the functions of the "HCTH" group have a remarkable success in all deviation
groups compared to the other functions. While mean absolute deviation (MAD)
value is very close between these functions, the difference between the deviation
value of DFT1-37 in the first stage and DFT3-21 in the 50th order has a deviation
from the mean by about 79%. This is a very high value and indicates that the spread
is over a wide area. Therefore, HCTH group and MOHLYP2 (DFT1-37) DFT
functions came to the fore in the angles of metal-containing bonds.

In table 4.4, metal-in-center and metal-containing bond angles were
statistically compared. As seen in the table, DFT1-37, which had the least deviation
in table 4.3, reached higher deviation when the non-metal atoms were in the center
of the angles among the bond angles in the organic parts. The HCTH group is again
successful. When we examine the MAD analysis, the difference between the DFT
function DFT1-32, which is the first in the ranking, and the DFT1-23 group, which
is in the 50th place, from the mean is approximately 28%. This spread over a
relatively lower range and shows that the MAD deviation values are close to each
other.

In table 4.5, all bond angles and bond lengths mentioned in the other tables
are compared together statistically. As can be seen in the table, it is obvious that the
HCTH group has significantly lower deviations. Again, the deviation from the mean
for difference between the 50 DFT functions is approximately 28%. Although this
difference seems relatively small, in the statistical analyzes (Metal bond length and
meta bond angles) examining the bond properties of the platinum atom, which has
the most important place in the calculations, the HCTH group took the lead with
low deviations.

As a result of all these statistical analyzes, DFT1-32 included in the HCTH
group transferred from LibXC to the ORCA program was selected to be used in the
next DFT optimization calculations. The equivalent of the DFT1-32 expression is
the HCTH407P function. This function is used with the ZORA relativistic full

electron basis set.
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Table 4.1. The statistical deviations of the bond lengths containing the metal atom
from the experimental data by MAPE, MAD, MSE and RMSE analysis. The
colors purple, blue, green, pink, and red represent DFT1, DFT2, DFT3, DFT4 and
DFT5, respectively.

DFT MAPE DFT MAD DFT MSE DFT RMSE
DFT1-33 [0.29413362 || DFT1-33 | 0.00663634 || DFT1-33 | 0.00007278 || DFT1-33 | 0.00853084
DFT1-32 [0.29960100 || DFT1-32 [ 0.00671365 || DFT1-32 | 0.00007363 || DFT1-32 | 0.00858100
DFT1-31 [0.30213126 [ DFT1-31 | 0.00677767 || DFT1-06 | 0.00008450 || DFT1-06 | 0.00919264
DFT1-06 [0.33058849 [ DFT1-06 | 0.00741687 || DFT1-31 | 0.00008996 || DFT1-31 | 0.00948473
DFT1-30 [ 0.34404556 || DFT1-30 | 0.00773476 || DFT1-30 | 0.00009302 || DFT1-30 | 0.00964452
DFT1-29 [0.34587364 || DFT1-29 | 0.00774226 || DFT1-29 | 0.00009582 || DFT1-29 | 0.00978887
DFT1-28 [0.40743929 [ DFT2-30 [ 0.00903834 || DFT2-46 |1 0.00012593 || DFT2-46 | 0.01122168
DFT2-30 [0.41457453 [[ DFT1-28 [ 0.00904850 || DFT2-27 |1 0.00013292 || DFT2-27 | 0.01152919
DFT2-29 [0.42470867 || DFT2-46 | 0.00944738 || DFT1-28 | 0.00013498 || DFT1-28 | 0.01161822
DFT2-46 [0.43386239 [ DFT2-29 [ 0.00945824 || DFT2-29 |1 0.00013651 || DFT2-29 | 0.01168373
DFT3-15 [0.44297498 [ DFT3-15 [ 0.00982063 || DFT3-15 ] 0.00013708 || DFT3-15 | 0.01170818
DFT2-27 [0.44553312 [ DFT2-27 [ 0.00985633 || DFT2-45 ] 0.00013985 || DFT2-45 | 0.01182572
DFT1-01 [0.46977814 || DFT1-01 [ 0.01028208 || DFT3-23 | 0.00014250 || DFT3-23 | 0.01193734
DFT3-23 [0.47119791 [ DFT3-23 [ 0.01041136 || DFT3-19 ] 0.00014711 || DFT3-19 | 0.01212898
DFT2-45 [0.47716138 [ DFT2-45 [ 0.01045018 || DFT2-30 | 0.00015188 || DFT2-30 | 0.01232415
DFT2-47 [0.48277415 [[ DFT2-47 {0.01053583 || DFT2-26 | 0.00015606 || DFT2-26 | 0.01249222
DFT3-22 [0.48926711 || DFT3-02 | 0.01064150 || DFT5-03 | 0.00015751 || DFT5-03 | 0.01255048
DFT3-12 [0.49040296 || DFT2-26 [ 0.01070059 || DFT3-24 ]10.00015791 || DFT3-24 | 0.01256603
DFT2-18 [0.49062868 [[ DFT3-12 [ 0.01082871 || DFT3-12 |1 0.00016040 || DFT3-12 | 0.01266501
DFT3-19 [0.49276562 [ DFT2-18 [ 0.01083290 || DFT2-18 | 0.00016045 || DFT2-18 | 0.01266689
DFT2-26 [ 0.49520930 || DFT3-22 | 0.01083828 || DFT3-22 | 0.00016056 || DFT3-22 | 0.01267117
DFT2-28 [0.50428993 [ DFT3-19 [ 0.01089020 || DFT3-27 ] 0.00016251 || DFT3-27 | 0.01274808
DFT5-03 [0.50511764 [ DFT5-03 | 0.01096556 || DFT2-34 ] 0.00016544 || DFT2-34 | 0.01286230
DFT2-50 [0.50860357 [ DFT2-28 [ 0.01102500 || DFT2-21 ] 0.00016978 || DFT2-21 | 0.01302978
DFT2-48 [0.51199135 || DFT2-50 [ 0.01113352 || DFT2-05 | 0.00017716 || DFT2-05 | 0.01331014
DFT1-22 [0.52021858 [[ DFT2-48 [ 0.01114513 || DFT2-49 ]10.00017912 || DFT2-49 | 0.01338348
DFT2-49 [0.52090165 || DFT3-24 10.01123550 || DFT1-16 | 0.00018063 || DFT1-16 | 0.01343995
DFT3-02 [0.52109090 || DFT2-49 [ 0.01136993 || DFT3-04 | 0.00018522 || DFT3-04 | 0.01360950
DFT3-24 [0.52139374 || DFT1-22 | 0.01137083 || DFT1-01 | 0.00019011 || DFT1-01 | 0.01378791
DFT2-05 [0.52305792 || DFT2-36 | 0.01138607 || DFT2-50 | 0.00019109 || DFT2-50 | 0.01382359
DFT2-36 [0.52516182 [ DFT2-05 [ 0.01157183 || DFT2-04 ]10.00019222 || DFT2-04 | 0.01386442
DFT3-16 [0.52626176 || DFT3-16 | 0.01159958 || DFT1-08 | 0.00019258 || DFT1-08 | 0.01387745
DFT3-21 [0.52867462 || DFT3-27 [0.01165051 || DFT2-47 | 0.00019439 || DFT2-47 | 0.01394243
DFT3-27 [0.52970896 [ DFT3-21 {0.01166221 || DFT4-01 ]10.00019753 || DFET4-01 | 0.01405452
DFT2-01 [0.53174153 [ DFT2-34 {0.01169204 || DFT1-05 | 0.00019806 || DFT1-05 | 0.01407334
DFT2-34 [0.53235410 || DFT2-01 | 0.01177112 || DFT2-36 | 0.00020074 || DFT2-36 | 0.01416812
DFT2-40 [ 0.54009615 || DFT2-40 | 0.01196549 || DFT2-28 | 0.00020126 || DFT2-28 | 0.01418649
DFT3-25 [0.54458300 [ DFT1-12 [ 0.01196690 || DFT2-40 | 0.00020204 || DFT2-40 | 0.01421396
DFT3-03 [0.54795409 [ DFT2-21 {0.01201548 || DFT5-02 | 0.00020370 || DFT5-02 | 0.01427231
DFT2-21 [0.54921499 || DFT3-25 | 0.01202310 || DFT3-02 | 0.00020400 || DFT3-02 | 0.01428276
DFT2-04 [0.54954927 [ DFT1-23 [0.01209373 || DFT1-22 | 0.00020561 || DFT1-22 | 0.01433903
DFT1-23 [0.55104623 [ DFT2-04 {0.01213773 || DFT2-01 ] 0.00020580 || DFT2-01 | 0.01434563
DFT1-05 [0.55198050 [ DFT3-03 [ 0.01213818 || DFT4-03 ] 0.00020602 || DFT4-03 | 0.01435327
DFT1-12 [0.55382901 || DFT1-05 [ 0.01214098 || DFT2-48 | 0.00020626 || DFT2-48 | 0.01436165
DFT1-08 [0.55642717 [[ DFT1-16 | 0.01225565 || DFT1-10 | 0.00020629 || DFT1-10 | 0.01436293
DFT3-04 [0.55776442 [ DFT1-08 | 0.01227408 || DFT1-20 | 0.00020717 || DFT1-20 | 0.01439346
DFT1-16 [0.56036390 [ DFT3-04 {0.01230381 || DFT4-02 |1 0.00020774 || DFET4-02 | 0.01441316
DFT2-08 [0.56153456 || DFT1-03 | 0.01233372 || DFT1-23 | 0.00020880 || DFT1-23 | 0.01444991
DFT1-03 [0.56246374 || DFT2-08 | 0.01240140 || DFT1-03 | 0.00021011 || DFT1-03 | 0.01449501
DFT4-03 [0.56713706 [ DFT1-39 | 0.01242167 || DFT4-05 ] 0.00021150 || DFT4-05 | 0.01454300
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Table 4.2. The statistical deviations of the bond lengths and non-metal bonds
from experimental data by MAPE, MAD, MSE and RMSE analysis. The colors
purple, blue, green, pink, and red represent DFT1, DFT2, DFT3, DFT4 and DFT5,
respectively.

DFT MAPE DFT MAD DFT MSE DFT RMSE
DFT1-01 [0.83667654 || DFT1-01 | 0.01349435 || DFT2-21 | 0.00025608 || DFT2-21 | 0.01600241
DFT2-47 [0.84609442 [ DFT2-47 {0.01366369 || DFT2-50 | 0.00025631 || DFT2-50 | 0.01600975
DFT2-28 [0.85349197 [ DFT2-28 [ 0.01382744 || DFT2-28 | 0.00025875 || DFT2-28 | 0.01608569
DFT2-27 [0.87053269 || DFT2-27 | 0.01402988 || DFT1-01 | 0.00025950 || DFT1-01 | 0.01610905
DFT2-50 [0.87670937 [ DFT2-50 [ 0.01416060 || DFT2-47 |1 0.00026424 || DFT2-47 | 0.01625548
DFT2-21 [0.90033641 [ DFT2-21 [ 0.01466768 || DFT1-16 | 0.00026845 || DFT1-16 | 0.01638434
DFT3-04 [0.90653572 [ DFT2-46 [ 0.01468516 || DFT2-27 | 0.00027216 || DFT2-27 | 0.01649741
DFT4-03 [0.91110324 || DFT1-06 | 0.01469074 || DFT2-49 | 0.00027267 || DFT2-49 | 0.01651282
DFT1-16 [0.91220349 [ DFT2-48 [ 0.01478523 || DFT2-48 |1 0.00027987 || DFT2-48 | 0.01672917
DFT4-02 {0.91450373 [ DFT4-03 [ 0.01485081 || DFT3-04 ]10.00029839 || DFT3-04 | 0.01727394
DFT3-26 [0.91944468 || DFT1-16 | 0.01489138 || DFT2-30 | 0.00030383 || DFT2-30 | 0.01743062
DFT2-48 [0.91969506 || DFT2-49 [ 0.01490443 || DFT2-46 |1 0.00031033 || DFT2-46 | 0.01761606
DFT2-46 [0.92168367 [[ DFT1-22 | 0.01494106 || DFT4-03 ] 0.00031146 || DFT4-03 | 0.01764832
DFT2-49 [0.92571182 || DFT3-04 [ 0.01496627 || DFT4-02 | 0.00031262 || DFT4-02 | 0.01768106
DFT4-05 [0.93236159 [ DFT1-28 [ 0.01497220 || DFT4-05 ] 0.00031589 || DFET4-05 | 0.01777327
DFT3-06 [0.93656202 [ DFT4-02 {0.01501243 || DFT3-06 | 0.00031663 || DFT3-06 | 0.01779412
DFT1-22 [0.94024875 || DFT1-12 | 0.01502940 || DFT3-27 | 0.00031815 || DFT3-27 | 0.01783662
DFT1-06 [0.94418462 || DFT1-33 | 0.01505513 || DFT3-26 | 0.00031957 || DFT3-26 | 0.01787651
DFT1-12 [0.94512847 [[ DFT2-30 [ 0.01509811 || DFT1-06 | 0.00032677 || DFT1-06 | 0.01807671
DFT2-25 [0.94533349 || DFT1-49 | 0.01511948 || DFT1-28 | 0.00032711 || DFT1-28 | 0.01808629
DFT1-49 [0.94597712 || DFT1-29 | 0.01521974 || DFT3-02 | 0.00033019 || DFT3-02 | 0.01817122
DFT4-04 [0.94810265 [ DFT3-26 [0.01527664 || DFT5-03 ] 0.00033310 || DFT5-03 | 0.01825112
DFT1-28 [0.95082954 [ DFT4-05 0.01528500 || DFT2-20 ] 0.00033518 || DFT2-20 | 0.01830790
DFT2-30 [0.95872678 || DFT1-30 | 0.01542470 || DFT4-04 | 0.00033696 || DFT4-04 | 0.01835661
DFT1-03 [0.96142062 [ DFT1-39 | 0.01542885 || DFT2-44 1 0.00033894 || DFT2-44 1 0.01841024
DFT1-39 [0.96505810 [ DFT1-03 | 0.01543171 || DFT1-05 | 0.00034035 || DFT1-05 | 0.01844862
DFT1-33 [0.97272204 || DFT2-25 | 0.01548440 || DFT1-03 | 0.00034129 || DFT1-03 | 0.01847409
DFT1-13 [0.97408923 [ DFT3-06 [ 0.01551272 || DFT1-10 | 0.00034744 || DFT1-10 | 0.01863975
DFT3-13 [0.97521874 [ DFT4-04 10.01568931 || DFT2-13 ] 0.00034815 || DFT2-13 | 0.01865867
DFT1-29 [0.97571925 || DFT1-13 | 0.01569913 || DFT1-08 | 0.00034858 || DFT1-08 | 0.01867029
DFT3-27 [0.97793026 || DFT1-05 | 0.01572067 || DFT5-02 | 0.00034884 || DFT5-02 | 0.01867729
DFT1-05 [0.97977627 || DFT3-27 [ 0.01587528 || DFT1-11 | 0.00034946 || DFT1-11 | 0.01869378
DFT1-30 [0.98781587 || DFT1-32 | 0.01588910 || DFT1-29 | 0.00034996 || DFT1-29 | 0.01870732
DFT2-44 {0.99113999 [ DFT2-44 {0.01601783 || DFT1-21 ] 0.00035095 || DFT1-21 | 0.01873376
DFT1-08 [0.99949396 [ DFT1-08 | 0.01604299 || DFT2-25 | 0.00035248 || DFT2-25 | 0.01877456
DFT1-11 [1.00079499 || DFT3-02 | 0.01606598 || DFT2-14 | 0.00035367 || DFT2-14 | 0.01880610
DFT2-13 [1.00120903 || DFT1-10 [ 0.01619344 || DFT1-33 | 0.00035478 || DFT1-33 | 0.01883554
DFT1-10 [1.00391812 [ DFT2-20 [ 0.01619426 || DFT3-19 | 0.00035534 || DFT3-19 | 0.01885049
DFT2-20 {1.00533084 [ DFT1-23 [ 0.01620336 || DFT2-36 | 0.00035612 || DFT2-36 | 0.01887122
DFT1-23 [1.00675804 || DFT1-11 | 0.01621327 || DFT1-22 | 0.00035633 || DFT1-22 | 0.01887682
DFT3-19 [1.00928905 || DFT3-19 [0.01623853 || DFT1-20 | 0.00035657 || DFT1-20 | 0.01888318
DFT1-21 [1.01147209 [ DFT2-13 [ 0.01627762 || DFT2-04 ] 0.00035788 || DFT2-04 | 0.01891765
DFT1-20 [1.01667642 || DFT1-31 [0.01631295 || DFT1-30 | 0.00035991 || DFT1-30 | 0.01897134
DFT4-01 [1.01893651 [ DFT3-13 [ 0.01632012 || DFT2-39 | 0.00036281 || DFT2-39 | 0.01904767
DFT1-32 [1.02516865 || DFT1-21 {0.01635110 || DFT3-13 ] 0.00036340 || DFT3-13 | 0.01906315
DFT2-39 [1.02588209 || DFT1-20 | 0.01639772 || DFT2-05 | 0.00036445 || DFT2-05 | 0.01909069
DFT2-12 [1.02713175 [ DFT2-39 [ 0.01667249 || DFT2-12 |1 0.00036474 || DFT2-12 | 0.01909807
DFT3-02 [1.03012172 [ DFT2-29 [ 0.01673713 || DFT5-01 | 0.00036720 || DFT5-01 | 0.01916251
DFT2-24 [1.03112236 || DFT2-36 | 0.01675646 || DFT1-23 | 0.00036952 || DFT1-23 | 0.01922286
DFT2-02 {1.03117197 || DFT5-03 | 0.01676229 || DFT2-34 | 0.00037233 || DFT2-34 | 0.01929582
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Table 4.3. The statistical deviations of the bond angles where the metal atom is in

the center from the experimental data by MAPE, MAD, MSE and RMSE analysis.

The colors purple, blue, green, pink, and red represent DFT1, DFT2, DFT3, DFT4
and DFT5, respectively.

DFT MAPE DFT MAD DFT MSE DFT RMSE
DFT1-37 | 0.24037330 || DFT1-37 [ 0.28233333 || DFT1-37 [0.11692777 || DFT1-37 | 0.34194703
DFT1-32 |0.32180604 || DFT1-32 | 0.33180000 || DFT1-36 | 0.17974770 || DFT1-36 | 0.42396663
DFT1-31 |0.34748659 || DFT1-31 | 0.35880000 || DFT1-32 | 0.18656283 || DFT1-32 | 0.43192919
DFT1-36 | 0.34797545 || DFT1-36 [ 0.38180000 || DFT1-31 [0.20927674 || DFT1-31 | 0.45746775
DFT1-33 | 0.37477850 || DFT1-33 [ 0.38643333 || DFT1-06 [ 0.21567240 || DFT1-06 | 0.46440542
DFT1-06 |0.38098646 || DFT1-06 | 0.40880000 || DFT1-33 | 0.23532149 || DFT1-33 | 0.48509946
DFT1-30 | 0.46347418 || DFT1-30 | 0.47551667 || DFT1-27 | 0.33311138 || DFT1-27 | 0.57715802
DFT1-27 | 0.46991539 || DFT1-29 [ 0.49653333 || DFT1-30 [ 0.39502272 || DFT1-30 | 0.62850833
DFT1-29 [ 0.48114154 || DFT1-28 | 0.49891667 || DFT1-29 | 0.44503032 || DFT1-29 | 0.66710593
DFT1-28 | 0.48188966 || DFT1-27 | 0.50340000 || DFT1-28 | 0.46332169 || DFT1-28 | 0.68067738
DFT1-13 | 0.50899762 || DFT1-13 [ 0.52950000 || DFT1-13 [0.47520599 || DFT1-13 | 0.68935186
DFT1-12 |0.55210933 || DFT1-12 | 0.57728333 || DFT1-12 | 0.54723106 || DFT1-12 | 0.73975068
DFT1-49 [ 0.59148032 || DFT1-49 ] 0.62330000 || DFT1-49 | 0.66862788 || DFT1-49 | 0.81769669
DFT2-27 10.59996474 | [ DFT2-11 | 0.62550000 || DFT2-11 [0.68170311 || DFT2-11 | 0.82565314
DFT2-11 | 0.60463686 || DFT2-27 | 0.63241667 || DFT2-27 | 0.69018403 || DFT2-27 | 0.83077315
DFT2-46 |0.60746527 || DFT2-29 | 0.64075000 || DFT1-07 | 0.69903140 || DFT1-07 | 0.83608098
DFT2-29 | 0.60808071 || DFT2-46 | 0.64085000 || DFT2-29 [ 0.77851053 || DFT2-29 | 0.88233244
DFT2-30 | 0.62547212 || DFT2-30 | 0.66201667 || DFT2-46 | 0.78246193 || DFT2-46 | 0.88456878
DFT1-01 |0.63209342 || DFT1-01 | 0.67160000 || DFT2-09 | 0.83874924 || DFT2-09 [ 0.91583254
DFT2-47 | 0.63251309 || DFT2-47 [ 0.67231667 || DFT1-01 | 0.85824800 || DFT1-01 | 0.92641675
DFT1-39 | 0.63625787 || DFT1-39 [ 0.67428333 || DFT1-34 [ 0.86735713 || DFT1-34 | 0.93132010
DFT1-07 | 0.66445989 || DFT3-19 | 0.70911667 || DFT1-39 | 0.86953674 || DFT1-39 [ 0.93248954
DFT3-19 [0.66835620 [ DFT1-25 | 0.71623333 || DFT2-47 |1 0.87885180 || DFT2-47 | 0.93747096
DFT1-25 | 0.67932323 || DFT2-50 [ 0.72556667 || DFT2-30 [ 0.88330233 || DFT2-30 | 0.93984165
DFT2-50 {0.68013172 || DFT2-48 |1 0.73165000 || DFT1-25 | 0.92406712 || DFT1-25 [ 0.96128410
DFT2-48 | 0.68675895 || DFT2-49 |1 0.73803333 || DFT1-19 | 0.93211579 || DFT1-19 [ 0.96546144
DFT2-49 |0.69210084 || DFT1-07 [ 0.73868333 || DFT2-17 [ 0.93374937 || DFT2-17 | 0.96630708
DFT2-28 {0.70133287 || DFT2-28 | 0.74991667 || DFT1-05 | 0.95307020 || DFT1-05 | 0.97625315
DFT2-05 0.70767383 || DFT1-34 |1 0.75188333 || DFT1-02 | 0.97823146 || DFT1-02 [ 0.98905584
DFT1-34 |0.71282175 || DFT2-05 [ 0.75298333 || DFT3-19 [0.97894490 || DFT3-19 | 0.98941645
DFT3-22 [0.71583856 [ DFT2-09 [ 0.75781667 || DFT2-22 |1 0.98327023 || DFT2-22 | 0.99159984
DFT2-09 {0.71853031 || DFT3-22 | 0.75878333 || DFT3-08 | 0.98555316 || DFT3-08 [ 0.99275030
DFT1-05 | 0.72036173 || DFT1-05 [ 0.76626667 || DFT2-50 [ 0.98684549 || DFT2-50 | 0.99340097
DFT1-02 |0.72122305 || DFT2-01 | 0.76981667 || DFT1-38 | 1.02937143 || DFT1-38 [ 1.01457944
DFT2-01 {0.72363707 || DFT1-02 | 0.77160000 || DFT1-08 | 1.03184608 || DFT1-08 [ 1.01579825
DFT1-50 | 0.73146394 || DFT1-22 [ 0.78223333 || DFT2-49 [1.03593631 || DFT2-49 | 1.01780956
DFT1-22 |0.73172682 || DFT1-50 [ 0.78355000 || DFT2-33 [1.03678201 || DFT2-33 | 1.01822493
DFT1-51 |0.73198218 || DFT1-51 | 0.78426667 || DFT1-22 | 1.04202687 || DFT1-22 | 1.02079717
DFT2-40 [ 0.73887792 || DFT2-40 |1 0.78793333 || DFT3-11 | 1.04300400 || DFT3-11 |1.02127567
DFT1-38 | 0.74668234 || DFT3-15 [ 0.79523333 || DFT1-15 [1.04633290 || DFT1-15 | 1.02290415
DFT2-21 {0.75116433 || DFT1-38 | 0.80031667 || DFT1-23 | 1.05327004 || DFT1-23 | 1.02628945
DFT3-27 [0.75165999 [ DFT1-19 [ 0.80083333 || DFT2-21 | 1.05560926 || DFT2-21 | 1.02742847
DFT3-15 [0.75214651 || DFT2-08 | 0.80203333 || DFT2-05 | 1.05773433 || DFT2-05 | 1.02846212
DFT1-04 |0.75249879 || DFT3-27 |1 0.80606667 || DFT1-03 | 1.06592192 || DFT1-03 | 1.03243495
DFT2-08 |0.75258047 || DFT2-34 10.80661667 || DFT2-28 | 1.06823303 || DFT2-28 | 1.03355359
DFT2-34 | 0.75345308 | [ DFT2-21 [ 0.80693333 || DFT1-40 [ 1.08045588 || DFT1-40 | 1.03944980
DFT1-19 | 0.75367247 || DFT1-04 |1 0.80711667 || DFT1-04 | 1.08680044 || DFT1-04 |1.04249721
DFT3-11 [0.75873724 [ DFT2-33 [ 0.80808333 || DFT1-10 | 1.09267499 || DFT1-10 | 1.04531095
DFT2-33 | 0.76029015 || DFT3-11 [0.81111667 || DFT2-01 [1.09894185 || DFT2-01 | 1.04830427
DFT1-03 |0.76631071 || DFT3-21 10.81285000 || DFT1-50 | 1.10652075 || DFT1-50 [ 1.05191290
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Table 4.4. The statistical deviations of the bond angles where the metal atom is in
the center and other bond angles from the experimental data by MAPE, MAD,
MSE and RMSE analysis. The colors purple, blue, green, pink, and red represent
DFT1, DFT2, DFT3, DFT4 and DFT5, respectively.

DFT MAPE DFT MAD DFT MSE DFT RMSE

DFT1-32 [0.48497978 || DFT1-32 | 0.55484286 || DFT1-25 | 0.78910480 || DFT1-25 | 0.88831571

DFT1-31 [0.49806772 || DFT1-31 | 0.56848571 || DFT1-33 | 0.78945489 || DFT1-33 | 0.88851274

DFT1-33 [0.50302517 [ DFT1-33 | 0.57097143 || DFT1-31 | 0.79276440 || DFT1-31 | 0.89037318

DFT1-06 [0.52293252 [ DFT1-06 | 0.60265714 || DFT1-06 | 0.80586186 || DFT1-06 | 0.89769809

DFT1-27 [0.53495767 [[ DFT1-28 | 0.60953571 || DFT1-27 | 0.80895473 || DFT1-27 | 0.89941911

DFT1-36 [0.53806537 [ DFT1-27 [ 0.61276429 || DFT1-30 | 0.80985825 || DFT1-30 | 0.89992124

DFT1-28 [0.54127069 [ DFT1-30 | 0.61536429 || DFT1-32 | 0.82028096 || DFT1-32 | 0.90569363

DFT1-30 [0.54685474 || DFT1-36 | 0.62518571 || DFT1-28 | 0.82158146 || DFT1-28 | 0.90641131

DFT1-29 [0.55762067 || DFT1-29 | 0.62762857 || DFT1-36 | 0.82520131 || DFT1-36 | 0.90840591

DFT1-37 [0.57233267 [ DFT1-13 | 0.65720714 || DFT1-29 | 0.82768879 || DFT1-29 | 0.90977403

DFT1-13 [0.58230337 || DFT1-25 | 0.66037143 || DFT2-17 | 0.83483328 || DFT2-17 | 0.91369211

DFT1-12 [0.59410059 || DFT2-27 | 0.66793571 || DFT1-23 | 0.84058903 || DFT1-23 | 0.91683643

DFT2-27 [0.59515526 [ DFT1-12 | 0.66957857 || DFT1-13 | 0.85148346 || DFT1-13 | 0.92275861

DFT1-25 [0.59620395 || DFT2-46 | 0.67101429 || DFT1-19 | 0.85182243 || DFT1-19 | 0.92294227

DFT2-46 [0.59622283 || DFT2-29 [ 0.67873571 || DFT3-08 | 0.85335703 || DFT3-08 | 0.92377326

DFT1-49 [0.60303119 [ DFT1-37 | 0.67878571 || DFT1-12 | 0.85898096 || DFT1-12 | 0.92681226

DFT2-29 [0.60346994 || DFT1-49 | 0.67885000 || DFT2-22 | 0.87218511 || DFT2-22 | 0.93390851

DFT2-47 [0.60850571 || DFT2-47 | 0.68312143 || DFT2-27 | 0.87242836 || DFT2-27 | 0.93403873

DFT1-01 [0.60950196 [ DFT1-01 | 0.68412143 || DFT1-49 |1 0.88711126 || DFT1-49 | 0.94186584

DFT1-39 [0.61583989 || DFT2-30 | 0.69258571 || DFT2-09 | 0.90017324 || DFT2-09 | 0.94877460

DFT2-30 [0.61741686 || DFT1-39 | 0.69259286 || DFT2-46 | 0.90695336 || DFT2-46 | 0.95234099

DFT2-50 [0.62732415 [ DFT2-50 [ 0.70299286 || DFT2-21 | 0.90750554 || DFT2-21 | 0.95263085

DFT3-19 [0.62939650 [ DFT2-48 | 0.70643571 || DFT2-29 |1 0.91604449 || DFT2-29 | 0.95710213

DFT2-48 [0.63002475 || DFT3-19 | 0.70758571 || DFT3-11 | 0.91632663 || DFT3-11 | 0.95724951

DFT2-11 [0.63135057 [ DFT2-11 [ 0.70859286 || DFT2-11 ] 0.91986200 || DFT2-11 | 0.95909436

DFT2-49 [0.63259298 [ DFT2-49 [ 0.70912143 || DFT3-14 10.92185013 || DFT3-14 | 0.96013026

DFT2-05 [0.63995116 || DFT2-05 [ 0.71832143 || DFT1-01 | 0.92723154 || DFT1-01 | 0.96292863

DFT2-28 [0.64100302 || DFT2-09 [ 0.71925714 || DFT2-47 | 0.93680826 || DFT2-47 | 0.96788856

DFT1-19 [0.64191071 [ DFT2-28 [ 0.71932143 || DFT1-34 |1 0.93771648 || DFT1-34 | 0.96835762

DFT2-09 [0.64216033 || DFT1-19 | 0.72045000 || DFT1-39 | 0.94851095 || DFT1-39 | 0.97391527

DFT1-02 [0.64694091 || DFT2-21 [ 0.72509286 || DFT2-50 | 0.95499462 || DFT2-50 | 0.97723826

DFT2-01 [0.64709103 [ DFT1-02 | 0.72557857 || DFT1-22 |1 0.96069602 || DFT1-22 | 0.98015102

DFT2-21 [0.64805445 || DFT2-01 | 0.72605000 || DFT1-05 | 0.96215565 || DFT1-05 | 0.98089533

DFT1-34 [0.65037134 || DFT2-33 | 0.73058571 || DFT2-49 | 0.96328043 || DFT2-49 | 0.98146851

DFT1-05 [0.65117002 [ DFT1-34 | 0.73102857 || DFT2-33 | 0.96560157 || DFT2-33 | 0.98265028

DFT2-33 [0.65220425 || DFT1-05 | 0.73149286 || DFT2-30 | 0.96981261 || DFT2-30 | 0.98479064

DFT1-51 [0.65225426 || DFT1-51 [ 0.73202857 || DFT3-19 | 0.97505107 || DFT3-19 | 0.98744675

DFT1-50 [0.65282527 [ DFT1-50 | 0.73272143 || DFT2-05 | 0.98570322 || DFT2-05 | 0.99282588

DFT1-22 [0.65285335 [ DFT3-22 [ 0.73517857 || DFT3-10 ] 0.99026969 || DFT3-10 | 0.99512295

DFT3-22 [0.65517088 || DFT1-22 | 0.73597857 || DFT1-08 | 0.99708456 || DFT1-08 | 0.99854121

DFT2-40 [ 0.65587655 || DFT2-40 | 0.73617143 || DFT1-02 | 0.99879320 || DFT1-02 | 0.99939642

DFT3-27 [0.65997025 [ DFT2-17 [ 0.73995000 || DFT2-28 ] 0.99911993 || DFT2-28 | 0.99955987

DFT1-38 [0.66146312 || DFT3-27 [ 0.74172857 || DFT1-03 | 0.99987437 || DFT1-03 | 0.99993718

DFT2-08 [0.66201390 || DFT1-38 | 0.74184286 || DFT2-01 | 1.00446000 || DFT2-01 | 1.00222752

DFT5-04 [0.66276052 [ DFT2-08 | 0.74260000 || DFT2-48 | 1.00769062 || DFT2-48 | 1.00383795

DFT2-17 [0.66358741 || DFT1-04 | 0.74438571 || DFT1-10 | 1.00779916 || DFT1-10 | 1.00389200

DFT1-04 [0.66364038 || DFT5-04 [ 0.74625714 || DFT2-40 | 1.01744488 || DFT2-40 | 1.00868473

DFT2-38 [0.66595252 [ DFT2-38 | 0.74672857 || DFT1-38 | 1.01769019 || DFT1-38 | 1.00880632

DFT2-04 [0.66615371 || DFT2-04 | 0.74759286 || DFT2-38 | 1.01836460 || DFT2-38 | 1.00914052

DFT3-11 [0.66883129 || DFT1-23 | 0.74915000 || DFT3-22 | 1.03236560 || DFT3-22 | 1.01605394
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Table 4.5. The statistical deviations of the all-bond properties from the
experimental data by MAPE, MAD, MSE and RMSE analysis. The colors purple,
blue, green, pink, and red represent DFT1, DFT2, DFT3, DFT4 and DFTS5,
respectively.

DFT MAPE DFT MAD DFT MSE DFT RMSE

DFT1-33 [0.63187403 || DFT1-32 [ 0.34394791 || DFT1-25 | 0.48052547 || DFT1-25 | 0.66489355

DFT1-06 [0.63274868 || DFT1-31 | 0.35241811 || DFT1-33 | 0.48067659 || DFT1-33 | 0.66499809

DFT1-32 [0.64064939 [ DFT1-33 | 0.35343897 || DFT1-31 | 0.48272593 || DFT1-31 | 0.66641418

DFT1-01 [0.64252465 || DFT1-06 | 0.37258333 || DFT1-06 | 0.49065247 || DFT1-06 | 0.67186329

DFT2-47 [0.64535719 [ DFT1-28 | 0.37688043 || DFT1-27 | 0.49259958 || DFT1-27 | 0.67319508

DFT1-28 [0.64541022 [ DFT1-27 {0.38039233 || DFT1-30 | 0.49309803 || DFT1-30 | 0.67353559

DFT2-27 [0.64667871 [[ DFT1-30 | 0.38060532 || DFT1-32 ] 0.49945954 || DFT1-32 | 0.67786634

DFT1-31 [0.65732451 || DFT1-29 | 0.38799033 || DFT1-28 | 0.50022106 || DFT1-28 | 0.67838291

DFT1-30 [0.66185237 || DFT1-36 | 0.38822436 || DFT1-36 | 0.50252922 || DFT1-36 | 0.67994623

DFT1-29 [0.66352650 [ DFT1-13 | 0.40618227 || DFT1-29 | 0.50394751 || DFT1-29 | 0.68090507

DFT2-46 [0.66569091 || DFT1-25 | 0.40906502 || DFT2-17 | 0.50851870 || DFT2-17 | 0.68398626

DFT2-28 [0.66621880 || DFT2-27 | 0.41205952 || DFT1-23 | 0.51180748 || DFT1-23 | 0.68619449

DFT2-50 [0.66691690 [ DFT1-12 | 0.41345063 || DFT1-13 ] 0.51845919 || DFT1-13 | 0.69063916

DFT1-12 [0.67294258 || DFT2-46 | 0.41418985 || DFT1-19 | 0.51867184 || DFT1-19 | 0.69078078

DFT1-13 [0.67676201 || DFT1-49 | 0.41912936 || DFT3-08 | 0.51962709 || DFT3-08 | 0.69141661

DFT1-49 [0.67824923 [ DFT2-29 [ 0.41969279 || DFT1-12 ] 0.52300796 || DFT1-12 | 0.69366225

DFT2-48 [0.68390408 || DFT2-47 | 0.42115971 || DFT2-27 | 0.53114985 || DFT2-27 | 0.69904067

DFT2-21 [0.68703160 || DFT1-01 | 0.42170214 || DFT2-22 | 0.53120326 || DFT2-22 | 0.69907582

DFT2-49 [0.68750833 [ DFT1-37 | 0.42564437 || DFT1-49 |1 0.54013411 || DFT1-49 | 0.70492793

DFT2-30 [0.69089508 || DFT2-30 | 0.42748187 || DFT2-09 | 0.54821944 || DFT2-09 | 0.71018440

DFT1-39 [0.69229125 || DFT1-39 | 0.42761564 || DFT2-46 | 0.55218000 || DFT2-46 | 0.71274512

DFT1-22 [0.70408742 [ DFT2-50 | 0.43344980 || DFT2-21 | 0.55249488 || DFT2-21 | 0.71294831

DFT3-04 [0.71108797 [ DFT2-48 | 0.43578987 || DFT2-29 | 0.55774359 || DFT2-29 | 0.71632681

DFT1-16 [0.71236995 || DFT3-19 [ 0.43705855 || DFT3-11 | 0.55795453 || DFT3-11 | 0.71646226

DFT3-19 [0.71580610 [ DFT2-49 [ 0.43747130 || DFT2-11 ] 0.56019533 || DFT2-11 | 0.71789951

DFT2-25 [0.71601451 [ DFT2-11 | 0.44035263 || DFT3-14 1 0.56128488 || DFT3-14 | 0.71859731

DFT1-05 [0.71737467 || DFT2-28 | 0.44325856 || DFT1-01 | 0.56450335 || DFT1-01 | 0.72065462

DFT4-03 [0.71778330 || DFT2-05 | 0.44385107 || DFT2-47 | 0.57033452 || DFT2-47 | 0.72436714

DFT2-29 [0.71791111 [ DFT1-19 | 0.44568412 || DFT1-34 |1 0.57105960 || DFT1-34 | 0.72482745

DFT1-25 [0.71990347 || DFT2-21 | 0.44710040 || DFT1-39 | 0.57750347 || DFT1-39 | 0.72890547

DFT1-27 [0.72062600 || DFT2-09 [ 0.44716478 || DFT2-50 | 0.58140137 || DFT2-50 | 0.73136124

DFT1-03 [0.72160827 [ DFT2-01 | 0.44889952 || DFT1-22 |1 0.58491092 || DFT1-22 | 0.73356530

DFT3-27 [0.72163823 || DFT1-02 | 0.45014511 || DFT1-05 | 0.58579314 || DFT1-05 | 0.73411831

DFT1-36 [0.73081683 || DFT1-05 | 0.45140809 || DFT2-49 | 0.58645131 || DFT2-49 | 0.73453060

DFT2-05 [0.73570663 [ DFT2-33 | 0.45224552 || DFT2-33 | 0.58794340 || DFT2-33 | 0.73546443

DFT3-26 [0.73680317 || DFT1-51 | 0.45321119 || DFT2-30 | 0.59043961 || DFT2-30 | 0.73702404

DFT3-06 [0.73714075 || DFT1-50 [ 0.45365197 || DFT3-19 | 0.59364840 || DFT3-19 | 0.73902404

DFT1-23 [0.73792651 [ DFT1-34 [ 0.45381741 || DFT2-05 | 0.60013588 || DFT2-05 | 0.74305115

DFT1-08 [0.73892458 [ DFT1-22 | 0.45383346 || DFT3-10 | 0.60307612 || DFT3-10 | 0.74486914

DFT1-10 [0.73914013 || DFT3-22 | 0.45436246 || DFT1-08 | 0.60705743 || DFT1-08 | 0.74732379

DFT2-44 [0.74091971 || DFT2-40 | 0.45490505 || DFT1-02 | 0.60825588 || DFT1-02 | 0.74806110

DFT4-05 [0.74125138 [ DFT3-27 [ 0.45769902 || DFT2-28 | 0.60826120 || DFT2-28 | 0.74806437

DFT4-02 [0.74740957 || DFT2-08 | 0.45915010 || DFT1-03 | 0.60875273 || DFT1-03 | 0.74836656

DFT2-20 [0.74853199 || DFT1-38 | 0.46011860 || DFT2-01 | 0.61157032 || DFT2-01 | 0.75009646

DFT2-04 [0.74868503 [[ DFT2-17 | 0.46103517 || DFT2-48 |1 0.61348641 || DFT2-48 | 0.75127059

DFT1-21 [0.74894116 || DFT5-04 | 0.46128565 || DFT1-10 | 0.61357892 || DFT1-10 | 0.75132723

DFT2-40 [0.75483426 || DFT1-04 | 0.46140916 || DFT2-40 | 0.61946684 || DFT2-40 | 0.75492350

DFT1-20 [0.75737147 [[ DFT2-04 | 0.46166674 || DFT1-38 | 0.61976075 || DFT1-38 | 0.75510257

DFT1-11 [0.75740882 || DFT2-38 | 0.46189798 || DFT2-38 | 0.62005117 || DFT2-38 | 0.75527947

DFT2-24 [0.75852040 || DFT1-23 | 0.46234479 || DFT3-22 | 0.62855717 || DFT3-22 | 0.76044237
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DFT functions were also evaluated according to the success of the groups
in the figure 4.4 for these comparison calculations. 139 DFT functions were used
throughout the calculations. The functions listed in table 3.2 and 3.3 contain the
numbering of the DFT1-5 as GGA, hybrid-GGA, hybrid-meta-GGA, meta-GGA
and range-separated, respectively.

The functions belonging to the TH group in DFT1 41-47 failed to calculate.
These functions, which could not complete the geometric optimization, could not
convergence the SCF energy. Therefore, GGA (DFT1), 44; hybrid-GGA (DFT2),
50; hybrid-meta-GGA (DFT3), 29; meta-GGA (DFT4), 5 and range-separated
(DFT5), 4; from DFT groups were completed successfully.

In figure 4.4, there are four column percentage comparison graphs between
“a-d”. These include MAPE, MAD, MSE, and RMSE, respectively. Numbers of 1-
5 at the bottom of each graph represents metal-containing bond lengths, metal-
containing and other bond lengths, metal-centered angles, metal-centered and
metal-included angles, and all bond properties, and colors indicate DFT1-5,
respectively. In addition, the values in the graphs are the total deviation value of
each group as a percentage.

Similar results are observed in all statistical deviation parts of the graphs
approximately. Considering graph 4.4b, according to the deviations in the lengths
of the metal-containing bonds in the 1st group, the total deviation of the meta-GGA
(DFT4) seems to be lower in general, although the HCTH group, which is one of
the GGA functions, is successful. Interestingly, the most unsuccessful DFT
subgroup was identified as GGA (DFT1). Some functions in DFT1 show high bias.
In these cases, it is possible to cause instability in the geometry of the structure.

The increase in total deviations from DFT1 to DFT5 is obvious when we
examine all the graphs in figure 4.4 and groups 2, 3, 4 and 5. There is a similar
upward trend in all divergence parts. The success in GGA (DFT1) is in line with
the previous results. Range-separated functionals (DFT5) are out of the trends with
their high percentage of deviation. As a result, GGA group DFT functionals
generally have lower deviation values in metal-containing complexes than other

DFT groups.
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a% Mean Absolute Percentage Error (MAPE)
50.00

45.00
40.00
35.00
30.00
25.00
20.00

15.00
10.00
5.00 I I
0.00 1 2 3 4 5

HDFT1 24.60 11.12 11.61 15.87 13.64
B DFT2 18.86 12.93 17.55 17.90 15.34
uDFT3 23.64 15.34 19.98 19.30 17.26
m DFT4 16.03 18.60 23.75 21.78 19.06
B DFTS 16.87 42.01 27.10 25.15 34.69

b % Mean Absolute Deviation (MAD)
50.00

45.00
40.00
35.00
20.00
25.00

20.00
15.00
10.00
5.00 I I
0.00 1 2 3 a 5

HDFT1 24.52 10.63 11.42 15.88 15.83
m DFT2 18.82 12.50 17.40 17.84 17.77
m DFT3 23.66 15.21 19.97 19.24 19.17
B DFT4 16.23 18.94 23.85 21.76 21.71
m DFTS 16.76 42.72 27.36 25.28 25.53

c% Mean Squared Error (MSE)
75.00
70.00
65.00
60.00
55.00
50.00
45.00
40.00
35.00
30.00
25.00
20.00

15.00
10.00 I
o QENRD i B
0.00 ..
: | 2 3 4 5

mDFT1 24.33 3.74 7.65 13.76 13.75
u DFT2 14.15 4.98 14.54 16.31 16.30
u DFT3 43.40 8.01 18.21 18.31 18.30
® DFT4 8.57 11.09 26.06 23.32 23.30
W DFTS 9.55 72.17 33.55 28.31 28.35

Figure 4.4 (Continued)
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d% Root Mean Squared Error (RMSE)

50.00
45.00
40.00
35.00
30.00
25.00
20.00
15.00
10.00

5.00 I I

s 1 2 3 4 5
HDFT1 24.13 11.12 11.64 16.72 16.72
mDFT2 19.56 12.83 17.75 18.22 18.21
®DFT3 23.71 16.28 19.87 19.29 19.29
= DFT4 15.93 19.10 23.77 21.78 21.77
= DFTS 16.67 40.67 26.97 23.99 24.01

Figure 4.4. Comparative column chart. 1-5 at the bottom of each graph represents
metal-containing bond lengths, metal-containing and other bond lengths, metal-
centered angles, metal-centered and metal-included angles, and all bond
properties, and colors indicate DFT1-5, respectively. a-MAPE, b-MAD, c-MSE,
d-RMSE.

The best DFT method to be used in the next calculations was determined by
statistical analyzes in the previous section. In the literature review, 154 compounds
determined according to table 3.4 were divided into groups for ease of calculation.
Single crystal states were investigated from the CCDC database for the complex in
each group. It was saved without any conformational screening for those present
with a single crystal structure. Structures that could not be found in CCDC, but only
chemically synthesized structures were drawn in 3D format by looking at their
equivalents and their own 2D structures in the article. The drawn structures were
subjected to conformational analysis. For this analysis, Wavefunction Spartan 2018
program with a 6-month license period was used. The conformers of each complex
were determined by molecular mechanical conformer scanning. These complexes
were then ranked according to their energies. Those with less than 1000 kcal energy
were kept. Geometric optimizations were made using the most known DFT method,
B3LYP and LACVP basis set group, and ranked according to their energies for the
remaining structures. The conformers with the lowest energy were selected and

stored in the "xyz" format.
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Figure 4.5 (continued)
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Figure 4.5. All 154 platinum complexes selected from literature. Arrangement of
atoms by color: Red, Oxygen; Navy Blue, Nitrogen; White, Hydrogen; Grey,
Carbon; Yellow, Sulfur; Orange, Phosphorus; Blue, Platinum; Green, Chlorine;
Ice blue, Fluorine; Claret red; Bromine.

The most stable structures were revealed by geometric optimizations as
described in section 3.2.4 after the best conformers were determined the complex.
The stable geometries of the molecules in figure 4.5 were taken from the final step
of the optimizations using the Chemcraft program and saved in "mol" format at the
end of the calculations made with ORCA 4.2.

After revealing the most stable geometries of the platinum-containing

complexes from the literature, new drug candidate complexes containing platinum
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and 2-pyrimidinethiol were formed, like the skeletons of the complexes in each
group.

After drawings for all new drug candidate compounds were made using
Chemcraft, possible conformers of functional groups in space were designed one
by one considering all the angles it could rotate. Five possible conformers for the
EX-01 design is drawn as an example. The most stable optimizations with
geometric minimum energy were found in ORCA 4.2 for these drawings. Then, the
structures with the highest energy were eliminated from those that were
geometrically similar structures. All conformers were compared in the own
complex. The lowest energy (hartrees in the unit) conformer was selected. As seen
in figure 4.6. EX-01_1 which is the lowest energy conformer for EX-01 was
selected for further calculations. As seen here, rotatable such as 2-pyrimidinethiol
and the -SH group in the ligand were manually prepared in Gaussview 3 and
conformers were formed. The lowest energy conformer structures were designed

by applying the same methods for the calculations in all other groups.

EX-01_1 EX 01

3 3
o w
'*H "Q
J
J ' 4 J '
AFTER I OPTIMIZATION AFTER jl OPTIMIZATION AFTER |l OPTIMIZATION

4, i | :
e/ e Md‘# Y s
,..f:Q}‘: e, 93 ff

2y
-

E=-20795.21150816 E=-20795.20771896 E=-20795. 20487949 E=-20795.20539804 E=-20795.20772113

Figure 4.6. Initial drawings of all possible conformers and representation of the
lowest energy conformers formed after optimization for EX-01 design.
Arrangement of atoms by color: Red, Oxygen; Navy Blue, Nitrogen; White,
Hydrogen; Grey, Carbon; Yellow, Sulfur.
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Figure 4.7. All novel platinum-2-pyrimidinethiol complexes. Arrangement of
atoms by color: Red, Oxygen; Navy Blue, Nitrogen; White, Hydrogen; Grey,
Carbon; Yellow, Sulfur; Orange, Phosphorus; Blue, Platinum; Green, Chlorine;
Ice blue, Fluorine; Claret red, Bromine.

Geometric optimizations and the selection of the best complexes were

performed for a totally 30 newly designed compounds. Final geometries taken from
ORCA 4.2 output files are listed in figure 4.7.
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The chemical, biological and physical descriptors of the structures were
calculated for all complexes in the next step. Descriptors were calculated with NMR
and geometric optimization in the ORCA 4.2 calculations for the first stage, then
with quantum mechanics and finally with PaDEL-Descriptor.

As explained in section 3.2.6.1, 127 different descriptors were taken from
the "out" file of geometric optimizations of complexes. It is very difficult to obtain
these descriptorsone by one from the 154 complexes. To facilitate this, the "MID()"
formula in excel was used. All data are transferred automatically with the "MID()"
commands created for the values in figure 4.8 placed in a column in excel. The
example image is the parameters of the A1-01 coded complex in the optimization
result. Hirshfeld's chemical hardness (1), chemical potential (p), electrophilicity
index () data from HOMO-LUMO values in figure 4.7 were calculated according
to formulas 6,7 and 8, respectively. Also, the differences (e.g.: (LUMO+2)-
(HOMO-1)) between all HOMO(-n) values and other LUMO(+n) values were

calculated and added as descriptors.

( Erumo — Enomo)

T ) (6)

(Egomo + Erumo)

po 5 (7)

u?

= 2n (8)

After the descriptors taken from the output files of the geometric
optimizations, it was interesting that the theoretical Pt-NMR data in the study by
Tsipis and Karapetsas (132) were successful in QSAR analysis. Therefore, in this
section, the best DFT method was first determined in the NMR calculations made
with the ORCA 4.2 program according to section 3.2.6.2. Using the mentioned
general calculation process, 57 DFT methods have been tested. The top 30 ranks
with the lowest statistical deviation were listed as seen in table 4.6. Especially,
according to MAD and other statistical analysis results, DFT1-23 coded DFT
method was successful in the calculation method. The DFT1-23 method is the

RPBE function with D3BJ dispersion correction as seen in table 3.2.
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The origin for moment calculation is the CENTER OF MASS = ( 1.413938, 2.387978 3.816622)

X Y z
Electronic contribution: -0.94291 1.37771 1.48931
Nuclear contribution . 2.61600 -3.81998 -4.12707
Total Dipole Moment : 1.67308 -2.44228 -2.63777
Magnitude (a.u.) : 3.96506
Magnitude (Debye) s 10.07839
Rotational spectrum
Rotational constants in cm-1: 0.073591 0.056872 0.032418

Rotational constants in MHz : 2206.188406 1704.969040  971.858551
Dipole components along the rotational axes:

x,y,z [a.u.] : -0.000198 -3.965064 -0.000361

X,y,z [Debye]: -0.000504  -10.078391 -0.000918

MAYER POPULATION ANALYSIS (Pt)

ATOM NA ZA QA VA BVA FA
0 Pt 77.7010 78.0000 9.2990 2.8901 2.8901 0.0000

LOEWDIN REDUCED ORBITAL CHARGES (Pt) MULLIKEN REDUCED ORBITAL CHARGES (Pt)
0 Pts 10.573694 s :  10.573694 @ Pts :  10.630306 s :  10.630306
pz 8.285923 p :  24.885917 pz 8.130595 p :  24.391627
px 8.226152 px 8.112759
py 8.373842 py 8.148273
dz2 5.847153 d :  29.342752 dz2 5.708901 d :  28.608264
dxz 5.786893 dxz 5.611566
dyz 5.999155 dyz 5.888624
dx2y2 5.672459 dx2y2 5.451301
dxy 6.037091 dxy 5.947873
0 2.021513 f :  14.245046 fo 2.007641 f :  14.070765
f+1 2.046122 41 2.012066
£-1 2.037573 f-1 2.010027
42 2.843792 42 2.012684
£-2 2.019603 £-2 2.006288
43 2.024889 43 2.008835
£-3 2.851555 £-3 2.013224

LOEWDIN ATOMIC CHARGE MULLIKEN ATOMIC CHARGE

Pt: -1.047410 Pt: 0.299039

ORBITAL ENERGIES TOTAL SCF ENERGY

LOWEST: -3149.784228 Total Energy : -20087.47691643 Eh
HOMO-5: -0.262463 Nuclear Repulsion : 1169.09301989 Eh
HOMO-4: -0.223270 Electronic Energy : -21256.56993632 Eh
HOMO-3: -0.201081 One Electron Energy: -29639.12596385 Eh
HOMO-2: -0.196838 Two Electron Energy: 8382.55602753 Eh
HOMO-1: -0.192448 Potential Energy g -42386.20752061 Eh
HOMO : -©.185257 Kinetic Energy : 22298.73060418 Eh
LUMO : -0.081711 E(XC Energy) : -443.075184859560 Eh
LUMO+1: -0.064282

LUMO+2: -0.017153 N(Total Electron) : 132.000001186365 electron’
LUMO+3: -0.004197 Virial Ratio : 1.90083500

LUMO+4:  ©.031858
LUMO+5:  ©.043593 i

Figure 4.8. An example of values from geometric optimization calculations in
ORCA 4.2. The values refer to the A1-01 complex.

Experimental chemical shift values of cisplatin in figure 3.5 were used for
comparison in NMR calculations. Chemical shift calculations of all atoms were
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made with formula 5. The standard deviations from the experimental data for the

atoms (Pt, N, and H), and the MAD statistical analysis for the platinum atom were

performed with these calculations.

Table 4.6. The statistical deviations of the NMR valued from the experimental
data by MAD analysis. The colors purple, blue, green, pink, and red represent

DFT1, DFT2, DFT3, DFT4 and DFT5, respectively.
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To minimize program-related errors during NMR calculations, the inputs
were prepared together with the geometric optimization of the studied DFT method.
When table 4.6 is examined, the success of the GGA methods for the chemical shift
value of the platinum atom is striking. The DFT method with the lowest standard
deviation is DFT4-04 for the chemical shift value of hydrogen atom. It is seen that
the method with the lowest deviation value among the chemical shift values of the
nitrogen atom is DFT2-19. For the chemical shift values of hydrogen and nitrogen,
GGA methods did not show sufficient success.

After choosing the DFT method with the lowest deviation for the chemical
shift value of the platinum atom, NMR calculations were performed with the ORCA
4.2 program for the complexes taken from the literature and the newly designed
platinum-containing complexes. In the calculations, ZORA relativistic
approximation system basis set was used together with the DFT1-23 coded RPBE-
D3BJ functional. SARC-ZORA-TZVP was used for metal basis set and ZORA-
def2-TZVP was used for non-metal atoms as basis set combination. After the
optimization and NMR calculations were made with the “"compound™ system in
Appendix 1, the chemical shift values in all complexes were calculated using the
formula 5 according to the chemical shift value of the platinum atom in the selected
hexaplatin compound as a reference.

The descriptors shown in figure 4.9 are automatically retrieved with the
"MID()" command, which is used to take descriptors from previous optimization
calculations. Among the descriptors selected from the NMR output file are the
following data as example of G1-02 complex code. As these data, descriptors such
as NMR shielding, chemical shift, contributions to shielding parameters and
diagonalized matrix of Pt atom in complex were distinguished among values.

After obtaining the NMR descriptors, various quantum mechanical
calculations were performed for all complexes using the Multiwfn 3.7 program as
described in section 3.2.6.3. We used scripts, an example of which is shown in
Appendix 3 in these calculations. After the program was run with scripts, the
duration of the calculations varies according to the difficulty of its complex
structures. As the size of the complexes and the number of atoms increase, the

computation time increases.
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CHEMICAL SHIELDING SUMMARY (ppm)-Pt Atom

Isotropic . 3078.004
Anisotropy : 1594.540
Chemical Shift: -4042.586 (Predicted)

Diamagnetic contribution to the shielding tensor (ppm)-Pt Atom

9659.044 18.249 -33.044
-25.870 9610.931 6.707
-24.017 -20.474 9614.870

Paramagnetic contribution to the shielding tensor (ppm)-Pt Atom

-7159.480 427.683 -1057.622
288.361 -5564.681 87.445
-903.192 109.426 -6926.672

Total shielding tensor (ppm)-Pt Atom

2499.563 445.933 -1090.666
262.491 4046.250 94.152
-927.209 88.952 2688.198

Diagonalized sT*s matrix-Pt Atom

sDSO 3 9613.699 9654.112 9617.033
sDSO iso : 9628.282
sPSO s -8074.140 -6100.690 -5476.003
sPSO iso : -6550.278
Total 2 1539.559 3553.422 4141.030
Total iso : 3078.004

Figure 4.9. An example of values from geometric optimization calculations in
ORCA 4.2. The values refer to the A1-01 complex.

As a result of multiple quantum mechanical calculations, output files
consisting of hundreds of pages are created. To get the descriptors to be used from
the output files in "txt" format, unnecessary lines need to be deleted. A macro
created with visual basic is used in the tables for this aim. We added the statements
that define the lines to be deleted to this macro and when we run the macro, these
lines are deleted. It is ensured that only the lines containing the data we want to be
retrieved remain. After the data is separated, only the necessary values are obtained
with the "MID()" formula in the excel. This process has been applied for all output
files from Multiwfn 3.7.

After quantum mechanical calculations with QTAIM theory, approximately
800 descriptors were calculated using the final geometries taken from geometric
optimizations for each complex with the PaDEL-Descriptor program. Columns
having blank cells were manually deleted and stored in "csv" format. To obtain the

descriptors, the stable final structures of the complexes were saved in the "mol2"
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format. This format was loaded into the program and 2D-3D Descriptors were
calculated.

Finally, one of the most common problems in the literature was the
standardization of the descriptors used for structures. We carried out a different
study and calculated various quantum mechanical parameters that better explain the
physical and chemical structures of the complexes with the Multiwfn 3.7 program
and stored them as descriptors to do this more effectively. In addition, we
transferred NMR data from ORCA 4.2, which were successful in some QSAR
studies, as descriptors.

Human ovarian tumors are one of the most dangerous and deadly types of
cancer. Many studies in the literature with the A2780 gene belonging to the ovarian
cancer type are interesting. A rational drug that has a full effect on this species has
not yet been developed. Based on this, many platinum-derived compounds tested
in-vitro for the studies with the A2780 gene were taken from the literature to be
used in QSAR studies. Platinum-derived compounds are not widely included in
QSAR studies as they are metal-based and have less database information. In
studies involving these compounds, theoretical cytotoxic activity values were tried
to be estimated over a specific set of descriptors. In this study, we brought a
different perspective to this issue. The compounds from the literature were
categorized to minimize the error caused by the experimental method applied by
different study groups.

After obtaining all descriptors, QSAR analysis was performed for all groups
as described in section 3.2.7. QSAR analyzes were performed with the QSARINS
2.2.4 program. The descriptors that best describe the cytotoxic activities of the
complexes have been theoretically determined. In the QSAR studies, the workflow
in figure 4.10 was taken as the basis step by step. In the first step of the calculations,
after the log(1/1Cso) values of descriptors and cytotoxic activity (ICso) values were
transferred to the QSARINS program as "csv", correlated and fixed identifiers were
eliminated. As a result of running the specified filtering algorithm, as seen in figure
4.11, the number of descriptors that each group would participate in the QSAR

analysis was determined.
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Data import Data analysis and setup Descriptor selection

Pre-filtering by: Dataset profiles Data splitting: random, All subset
Constant values Data selection ordered by response Genetic Algorithm (GA)
Pair-wise correlation Filtering rules (QUIK)

Graphical inspection s AR Model analysis and validation
Scatter plots, Williams plot Q Performances analysis
and Insubria graph for AD, (R2,Q? 00, RMSE,Q? 0 Y-scr)
validation plots mOdeI Ranking of the models

External validation and model choice
Validation by different criteria (Q2¢,, CCC, etc.)
on external prediction set

Figure 4.10. QSARINS Workflow taken from reference 32.

Many models were created for each group with random selection. These
models were examined one by one. When performing the analyses, those with a
maximum of six descriptors were allowed to build the model. Because increasing
the number of descriptors can create overfitting. This creates an imaginary model.
Therefore, as few descriptors as possible were selected for a good model. More than
20 random selection analyzes were performed for each group. Models with several
different descriptor numbers from 1 to 6, were generated in each analysis. For the
models in the analysis, firstly, by opening the view and select models’ section of
the program, internal validation was completed by using the 5000 iteration LMO
and Y-scramble together with 30% prediction. Later, external validation was
performed for all models.

The best models were selected for each group. The selected models and their
statistical parameters are listed in table 4.7. This is important to check these model
performances, that is, fitting, stability by internal and success to predict new
chemicals with external validation (133). These steps must be done exactly right so
that the model is not left to chance. For example, just a high value of validation R?
or Q?loo is not enough to validate the model. Because it may be an overfitting
model. The model should be checked with the internal validation parameter Q2
LMO and the external validation parameter R%ext. The models should be examined
according to Organization for Economic Co-operation and Development (OECD)
principles in the final decision-making. These performances are measured by
appropriate formulas/methods of various validation criteria (134-135).
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1400

Descriptors
i e

Exluded if - Exluded if
*Correlation > % 90 *Constant > % 95

398 Descriptors
341 Descriptors
339 Descriptors

323 Descriptors
370 Descriptors
375 Descriptors
410 Descriptors

Figure 4.11. Diagram of descriptors filtering process.

OECD principles are a guide for the validation and regulatory purposes of
QSAR models. These principles were agreed by OECD member countries at the
37"Joint Meeting of the Chemicals Committee and Working Party on Chemicals,
Pesticides and Biotechnology in November 2004. The principles are intended to be
read in conjunction with the associated explanatory notes which were also agreed
at the 37"Joint meeting. To facilitate the consideration of a QSAR model for
regulatory purposes, it should be associated with the following information: 1) a
defined endpoint, 2) an unambiguous algorithm, 3) a defined domain of
applicability, 4) appropriate measures of goodness of fit, robustness and
predictivity, and 5) a mechanistic interpretation, if possible. It is necessary to
validate the models according to OECD principles.

Principle 1 relates to the definition of an endpoint, where it refers to a
pharmacological, biological, or physicochemical property that can be measured and
thus modeled. The purpose of this principle is to provide transparency at the
measurement point predicted by a particular model. To provide this, extensive
literature studies were carried out. Complexes formed by similar groups and with
similar experimental methods were included in the same groups.

According to Principle 2, QSAR models can be expressed as open

algorithms and developed by one or more experts, given that the algorithm model
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is the way to relate descriptors of chemical structure and activity (the endpoint of
the model) through mathematical models or knowledge-based rules. The algorithm
used was a mathematical model of Multiple Linear Regression detailed in the
previous sections.

According to Principle 3, William graph was used to define the model
application domain. Thus, successful predictions of the model have leverage data
below the critical leverage with + 3 standard deviations. The approach of leverage
(h) and standardized residuals was used in the technical literature (138). Figure 4.12
shows the William graphs of the all model. The complexes that exceed the critical
leverage (h) are excluded from the model. The "h*" values seen above the graphics
in the figure are the limit values. Training compounds that fall outside the critical
leverage are considered potential outlier compounds. According to the graphs, it is
seen that only the B5-01 complex is left out in group B. There is cytotoxic data for
compounds from many different studies. If one complex is left out of the model,
when considered together with other parameters, the model does not fail. Although
similar ones of all experimental methods are grouped at the selection stage, there is
a margin of error. The aim is to minimize this with the chosen QSAR model.

In addition, Insubria graph was used for application domain. This was very
useful to assess the reliability of the predictions of experimental compounds, to
compare with the predictions of the database, and lacking response. Application

domain graphics are added for all groups in Figure 4.13.
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Figure 4.12. Williams graphs for all models.
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Figure 4.13. Application domain for all models.
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Following the OECD Principle 4, the goodness of the fit was evaluated using
the coefficient of determination of fitting, internal validation, and external
validation in table 4.7. In addition, while evaluating the quality of the fit with the

graphics in figure 4.14, statistical evaluations were made in detail for all models.

Table 4.7. Models selected for all groups and statistical parameters considered in
model selection.
Statistical Parameter A B C D E F G
State
R 0.8895| 0.8789| 0.8015| 0.9751| 0.9880| 0.9883| 0.8986
R%adj 0.8404| 0.8561| 0.7486| 0.9704| 0.9835| 0.9799| 0.8681
R%-R%dj 0.0491| 0.0227| 0.0529| 0.0047| 0.0045| 0.0084| 0.0304
LOF 0.2687| 0.1771| 0.0558| 0.0079| 0.0307| 0.0222| 0.0468
Kxx 0.2958| 0.1676| 0.3910| 0.5745| 0.2086| 0.3112| 0.2780
Fitting |AK 0.0913| 0.1466| 0.0228| 0.1227| 0.2581| 0.0607| 0.1974
Criteria [RMSEtr | 0.2222| 0.2946] 0.1418| 0.0620| 0.0876| 0.0344| 0.1236
MAE tr 0.1783| 0.2426| 0.1084| 0.0510/ 0.0780| 0.0263| 0.0882
RSS tr 0.6910| 1.7353| 0.4020| 0.0769| 0.0920| 0.0154| 0.2140
CCC tr 0.9415| 0.9355| 0.8898| 0.9874| 0.9940| 0.9941| 0.9466
S 0.2771| 0.3293| 0.1637| 0.0693| 0.1072| 0.0469| 0.1463
F 18.1103| 38.6901|15.1434(208.6210| 219.7842(118.2120| 29.5246
Q%loo 0.7807| 0.8190| 0.7118| 0.9598| 0.9680| 0.9552| 0.8151
R%Q% 00 | 0.1088| 0.0598| 0.0898| 0.0152| 0.0200| 0.0331| 0.0835
RMSE cv | 0.3129| 0.3600 0.1709| 0.0787| 0.1430| 0.0673| 0.1669
MAE cv 0.2588| 0.3028| 0.1378| 0.0638| 0.1229| 0.0512| 0.1248
Internal |PRESScv | 1.3710| 2.5924| 0.5839| 0.1240| 0.2453| 0.0589| 0.3900
Validation |CCC cv 0.8854| 0.9058| 0.8414| 0.9797| 0.9840| 0.9776| 0.8997
Criteria [Q’LMO 0.6914| 0.7098| 0.6298| 0.9550| 0.9640| 0.9444| 0.7803
R2Yscr 0.3058| 0.1571| 0.2120| 0.1546| 0.2692| 0.4230| 0.2336
serEAv 0.5519| 0.7748| 0.2815| 0.3604| 0.6778| 0.2379| 0.3379
Q%Yscr -0.8110| -0.4336| -0.5107| -0.3360| -0.6870| -1.1394| -0.5665
RMSE ext | 0.4582| 0.2108| 0.1636| 0.0979] 0.1732| 0.1833| 0.1150
MAE ext | 0.3769| 0.1629| 0.1498| 0.0864| 0.1207| 0.1404| 0.1017
PRESS ext | 1.2596| 0.3556| 0.1873| 0.0575| 0.1200| 0.1681| 0.0661
R%xt 0.8460| 0.7744| 0.6790| 0.9179| 0.9350| 0.7878| 0.8555
Q%F1 0.5224| 0.8662| 0.5449| 0.9174| 0.9705| 0.3657| 0.8082
External Q%F2 0.5204| 0.5817| 0.5396| 0.9120| 0.8908| 0.1622| 0.4527
Validation |QF3 0.5200| 0.9379| 0.7359] 0.0379 09531 0.6677| 0.9122
Criteria |CCC ext 0.7046| 0.7938| 0.6932| 0.9543| 0.9503| 0.7586| 0.8256
r’m aver. 0.2683| 0.6837| 0.4018| 0.8839| 0.9053| 0.3534| 0.5190
rmdelta | 0.1995| 0.0239| 0.3446| 0.0469| 0.0411| 0.3656| 0.2535
K 0.5852| 0.8960| 0.9318| 0.9113| 1.0542| 0.8706| 0.9544
k 0.9007| 1.1028| 1.0623| 1.0382| 0.9429| 1.0402| 1.0413
Clos' 0.7580| 0.0133| 0.6453| 0.0001| 0.0001| 0.1295| 0.0703
Clos 0.3773| 0.0227| 0.0352| 0.0043| 0.0031| 0.7791| 0.3427
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Figure 4.14. R? plots for the experimental endpoints of the complexes according
to the predicted values in all groups.
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After building a QSAR model, it is an important part to validate its
performance. The following rules were used to select and validate a model (136-
137): R? > 0.6, Q%loo > 0.5, Q’LMO > 0.6, R? > Q?%l00, R%x > 0.6, RMSEtr <
RMSEcv, AK > 0.05, CCC tr > 0.80, Q>-Fn>0.60, ’m >0.5,0.9<k<1.1,09 <
k’ < 1.1, with RMSE and MAE as low as possible. All QSAR models that did not
reach the recommended lower limit values for the above statistical parameters were
rejected outright.

The regression graphs of the experimental endpoints of the complexes
according to the values predicted by the models (R?) are found in figure 4.14. The
comparative table of the values in these graphs for the complexes in all groups is
available in table 4.8. In addition, the cytotoxic (ICso) values of all the complexes
found a result of academic studies were added into table 4.8. The complexes were
grouped according to the articles in which they were found and some values such
as LOG (-1/1Csp), LOG (RA) and pICso were calculated using cytotoxic ICso values.
These are parameters that will be useful when used in statistical analysis.

The best models in all groups have R? values greater than 0.8. This satisfies
the first condition. In addition, the R>>Q?loo requirement is provided for all models.
RMSE tr and MAE tr error values remained below 0.5 as desired. CCC tr is also
higher than 0.8. The condition AK > 0.5 was reached for all groups. It has been
determined that successful fitting values have been achieved in all models.

When the internal validation values in table 4.7 are examined, Q?loo being
greater than 0.5 was provided for all groups. Only Group C has a relatively low
value of 0.7118. The R2-Q?loo difference is also low enough. Only group A has a
slightly high value that does not adversely affect the model. VValues greater than 0.6
are acceptable for the Q> LMO. Only the value of Group C is close to the lower
limit. But it is statistically successful. CCC cv value is greater than 0.8 for all
groups. Yscr values should be far from the Q? and R? values to confirm that there
is no correlation in the models. This was accurately ensured in all groups. RMSE
cv and MAE cv error data is less than 0.5 for all groups and is at the desired level.
Internal validation parameters also validate the models as well as the fitting values.

External validation must be done to calculate the activity of compounds of
unknown activity as accurately as possible. The activities of the complexes
separated as predictions are validated. The most important parameter here is R%ext.

While searching the models, firstly the models were sorted according to this R%ext
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value and values less than 0.6 were ignored. When we look at all groups, very
successful results have been detected. Only Group C has a value of 0.6790 close to
the limit. When Q?-Fn values are examined, only Group F has a small number of
values less than 0.6. However, it did not adversely affect the quality of this model
considering other parameters. r’m aver. value also usually has values greater than
0.5 and alone does not affect the model. RMSEext and MAEext error data are less
than 0.5 for all groups and are at the desired level. 0.9 <k or k' < 1.1 was provided
adequately in all groups. We can figure out from the comparative statistical analysis
results that external validation can also successfully calculate compounds with

unknown activity.

Table 4.8. ICso cytotoxic values and other useful parameters of all complexes.
Estimated cytotoxic values resulting from QSAR models and difference from
experimental value.

A2780 SAR Estimated|" rediction

ip | Complexs Name| - yovic [LOG RA| pICs Sglitting L0g |y Model | _Mode!
in Articles (2N1Csp) - Equation

Values Status Equation | _.

Difference
A1-01 cis-DDP 0.2+0.07 1.8451 |6.6990| Training | -0.6990| -0.9857| -0.2867
Al1-02| trans-DDP 14+4 0.0000 |4.8539| Training | 1.1461 1.1460| -0.0001
A1-03 1-trans-Z 1.3+0.3 1.0322 |5.8861| Training | 0.1139 0.1701 0.0562
Al1-04 2-trans-E 2.8+0.7 0.6990 |5.5528 |Prediction| 0.4472 0.4668 0.0196
Al1-05| 3-trans-Pyr 62+2 0.3537 |5.2076| Training | 0.7924 0.9100 0.1177
A1-06| 4-trans-Ox 1.5+0.5 0.9700 |5.8239 |Prediction| 0.1761 0.7376 0.5615
A1-07 5-cis-Z 0.75+£0.02 | 1.2711 |6.1249]| Training | -0.1249| -0.0805 0.0444
A1-08 6-cis-E 0.4+0.07 1.5441 |6.3979| Training | -0.3979| -0.1821 0.2159
A1-09 7-cis-Pyr 1.9+0.3 0.8674 |5.7212| Training | 0.2788 0.4142 0.1355
Al1-10 8-cis-Ox 0.65=0.1 1.3332 |6.1871 |Prediction| -0.1871 0.1244 0.3115
A2-01 1 1.5+03 0.9700 |5.8239| Training | 0.1761 0.1591] -0.0170
A2-02 2 4.8+0.2 0.4649 |5.3188| Training | 0.6812 0.4898| -0.1914
A2-03 3 0.3+0.07 1.6690 |6.5229 |Prediction| -0.5229| -0.1389 0.3840
A2-04 4 13+£1.5 0.0322 | 4.8861 |Prediction| 1.1139 0.9490{ -0.1649
A3-01 7 1.9+0.9 0.8674 |5.7212| Training | 0.2788 0.1497| -0.1291
A3-02 8 0.3+0.1 1.6690 |6.5229| Training | -0.5229| -0.7341] -0.2112
A3-03 9 0.07+£0.002 | 2.3010 |7.1549| Training | -1.1549| -0.7002 0.4547
A3-04 10 1.7 +0.01 0.9157 |5.7696| Training | 0.2304| -0.1818] -0.4122
A3-05 11 0.12+0.05 | 2.0669 |6.9208 |Prediction| -0.9208| -0.1009 0.8199
A3-06 12 0.07+£0.005 | 2.3010 |7.1549| Training | -1.1549| -0.9314 0.2235
B1-01 Ptl 13.2+43 1.0613 |4.8794 |Prediction| 1.1206 1.0353| -0.0853
B1-02 Pt2 19.8+1.6 0.8852 | 4.7033 |Prediction| 1.2967 0.9452| -0.3515
B1-03 Pt3 18.7+3.1 0.9100 |4.7282| Training | 1.2718 1.4980 0.2261
B1-04 Pt4 33.9+4.2 0.6516 |4.4698| Training | 1.5302 1.4969| -0.0333
B1-05 Pt5 25.6+2.4 0.7736 |4.5918| Training | 1.4082 1.0877| -0.3205
B1-06 Pt6 23.1+6.7 0.8182 |4.6364| Training | 1.3636 1.4879 0.1243
B1-07 Pt7 17.7£1.5 0.9339 |4.7520| Training | 1.2480 1.4873 0.2393
B1-08 Pt8 29.1+8.6 0.7180 |4.5361| Training | 1.4639 0.9704| -0.4935
B1-09 Pt9 10.3+5.5 1.1690 [4.9872|Prediction| 1.0128 0.9642| -0.0487
B1-10 Pt10 2.7+0.6 1.7505 |5.5686| Training | 0.4314 0.9968 0.5655
B1-11 Pt11l 13.6+3.5 1.0483 |4.8665 |Prediction| 1.1335 1.0427| -0.0908
B1-12 Pt12 18.4+4.1 0.9170 |4.7352| Training | 1.2648 1.0023] -0.2625
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Table 4.8. (continued)

B2-01 6 10£0.9 1.1818 |5.0000| Training | 1.0000 1.5619 0.5619
B2-02 8 32+4.6 0.6767 |4.4949| Training | 1.5051 1.5765 0.0713
B2-03 10 152+ 15 0.0000 |3.8182| Training | 2.1818 1.6655| -0.5163
B2-04 12 35+8 0.6378 | 4.4559 |Prediction| 1.5441 1.5888 0.0448
B3-01 1 1.0£0.3 2.1818 |6.0000| Training | 0.0000] -0.0378| -0.0378
B3-02 2 34+0.7 1.6504 |5.4685| Training | 0.5315 0.6831 0.1516
B3-03 3 6.5+0.1 1.3689 |5.1871| Training | 0.8129 0.6785| -0.1344
B4-01 8 38.64+£5.33 | 0.5948 |4.4130 |Prediction| 1.5870 1.6232 0.0361
B4-02 10 85.56 £0.9 | 0.2496 |4.0677 |Prediction| 1.9323 1.5750] -0.3572
B4-03 12 81.94+1.29 | 0.2683 |4.0865| Training | 1.9135 1.6762| -0.2373
B4-04 13 54.33+4.8 | 0.4468 |4.2650| Training | 1.7350 1.5342|  -0.2009
B4-05 14 72.45+5.8 | 0.3218 |4.1400 |Prediction| 1.8600 15715 -0.2885
B4-06 15 18.7+4.22 | 0.9100 [4.7282| Training | 1.2718 1.5684 0.2965
B5-01 3 2.16+ 1.4 1.8474 |5.6655| Training | 0.3345 0.1446| -0.1898
B5-02 5 0.11+0.08 | 3.1405 |6.9586 | Training | -0.9586| -0.9223 0.0363
B5-03 6 0.08 £0.1 3.2788 |7.0969 | Training | -1.0969| -0.9434 0.1535
C1-01 2A0 17 0.6726 |4.7696 | Training | 1.2304 1.3125 0.0820
C1-02 2A1 5.8 1.1397 |5.2366 | Training | 0.7634 0.7137|  -0.0497
C1-03 2A2 5.9 1.1322 |5.2291 | Training | 0.7709 0.8333 0.0624
C1-04 2A3 16 0.6990 |4.7959 |Prediction| 1.2041 1.0778] -0.1263
C1-05 2A4 2485 0.5707 |4.6676| Training | 1.3324 1.4556 0.1231
C1-06 2A5 195 0.6131 |4.7100| Training | 1.2900 1.1038| -0.1862
C1-07 2A6 18.6 0.6336 |4.7305| Training | 1.2695 1.2855 0.0160
C1-08 2A7 17 0.6726 |4.7696 | Training | 1.2304 1.3270 0.0965
C1-09 2A8 50 0.2041 |4.3010| Training | 1.6990 1.7390 0.0400
C1-10 2A9 40 0.3010 |4.3979| Training | 1.6021 1.3025| -0.2996
Ci-11 2A10 40 0.3010 |4.3979 |Prediction| 1.6021 1.5039| -0.0982
C1-12 2A11 8.8 0.9586 | 5.0555 |Prediction| 0.9445 1.0959 0.1515
C1-13 2A12 11.5 0.8424 |4.9393| Training | 1.0607 1.0281| -0.0326
C1-14 2A13 49 0.2129 |4.3098 | Training | 1.6902 1.7516 0.0614
C1-15 4E 315 0.4048 |4.5017 | Training | 1.4983 1.3599] -0.1384
C1-16 41 14.5 0.7417 |4.8386| Training | 1.1614 1.3712 0.2098
C1-17 4M 44 0.2596 | 4.3565 |Prediction| 1.6435 1.4570| -0.1865
C1-18 4N 22.5 0.5509 |4.6478| Training | 1.3522 1.3820 0.0299
C1-19 40 40 0.3010 |4.3979 |Prediction| 1.6021 1.3105] -0.2916
C1-20 4P 27 0.4717 |4.5686 |Prediction| 1.4314 1.3400{ -0.0913
Ci1-21 4Q 39 0.3120 |4.4089 | Training | 1.5911 1.5327| -0.0584
C1-22 4R 18 0.6478 | 4.7447 |Prediction| 1.2553 1.3582 0.1030
C1-23 4S 7.7 1.0166 |5.1135] Training | 0.8865 1.2497 0.3632
C1-24 4T 39 0.3120 |4.4089 | Training | 1.5911 1.4829| -0.1082
C1-25 4X 25 0.5051 |4.6021| Training | 1.3979 1.3299| -0.0680
C1-26 D 67 0.0770 |4.1739| Training | 1.8261 1.8152| -0.0109
C1-27 Y2 80 0.0000 |4.0969 | Training | 1.9031 1.7707] -0.1324
D1-01 la 0.98 +£0.07 1.0070 |6.0088| Training | -0.0088| -0.1097| -0.1009
D1-02 2a 1.36+0.05 | 0.8647 |5.8665 |Prediction| 0.1335| -0.0259| -0.1595
D1-03 3a 1.08 £0.01 0.9648 |5.9666 | Training | 0.0334 0.0464 0.0129
D1-04 4a 0.63+0.18 1.1989 |6.2007| Training | -0.2007| -0.1912 0.0095
D1-05 5a 0.69 +0.01 1.1594 |6.1612| Training | -0.1612]  -0.0839 0.0773
D1-06 6a 0.81 +0.08 1.0898 |6.0915 |Prediction| -0.0915|  -0.0056 0.0859
D1-07 7a 0.96+£0.04 | 1.0160 |6.0177 |Prediction| -0.0177 0.0791 0.0968
D1-08 8a 0.75+0.19 1.1232 |6.1249| Training | -0.1249| -0.1991] -0.0741
D1-09 9a 0.73+0.10 1.1349 |6.1367]| Training | -0.1367| -0.0592 0.0775
D1-10 10a 0.87+0.14 | 1.0587 |6.0605| Training | -0.0605| -0.0548 0.0056
D1-11 1la 1.17+£0.20 | 0.9301 |[5.9318| Training | 0.0682 0.0471] -0.0211
D1-12 12a 0.78 = 0.05 1.1062 |6.1079]| Training | -0.1079] -0.0915 0.0165
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Table 4.8. (continued)

D1-13 13a 1.25+0.34 | 0.9013 |5.9031 |Prediction| 0.0969] -0.0125] -0.1095
D1-14 1b 3.36£0.07 | 0.4719 |5.4737| Training | 0.5263 0.5679 0.0416
D1-15 2b 3.51£0.08 | 0.4530 |5.4547| Training | 0.5453 0.6054 0.0601
D1-16 3b 4.01+0.04 | 0.3951 |5.3969| Training | 0.6031 0.6489 0.0457
D1-17 4b 4.67+0.07 | 0.3289 |5.3307 ]| Training | 0.6693 0.6012| -0.0681
D1-18 5b 4.894+0.10 | 0.3090 |5.3107| Training | 0.6893 0.6288| -0.0605
D1-19 6b 4.72+0.06 | 0.3243 |5.3261| Training | 0.6739 0.7188 0.0449
D1-20 7b 5.99 +£0.43 0.2208 |5.2226 | Training | 0.7774 0.7824 0.0050
D1-21 8b 4.524+0.14 | 0.3431 |5.3449| Training | 0.6551 0.6111] -0.0441
D1-22 9b 4.17+0.08 | 0.3781 |5.3799 |Prediction| 0.6201 0.6102| -0.0099
D1-23 10b 4.06+0.09 | 0.3897 |5.3915| Training | 0.6085 0.6304 0.0219
D1-24 11b 9.96 +0.25 0.0000 |5.0017| Training | 0.9983 0.8575| -0.1408
D1-25 12b 6.16£0.12 | 0.2087 |5.2104 |Prediction| 0.7896 0.7327| -0.0569
D1-26 13b 5.58+0.08 | 0.2516 |5.2534| Training | 0.7466 0.8377 0.0910
E1-01 1 1.37+0.48 2.1089 |5.8633| Training | 0.1367 0.2417 0.1050
E1-02 2 7.32+£0.39 1.3811 |5.1355| Training | 0.8645 0.9354 0.0709
E1-03 3 7.66 +0.72 1.3614 |5.1158| Training | 0.8842 0.8103| -0.0739
E1-04 4 5.55+1.17 1.5013 |5.2557 | Training | 0.7443 0.7943 0.0500
E1-05 5 8.84+£2.16 1.2991 |5.0535 |Prediction| 0.9465 1.0457 0.0993
E1-06 6 9.21+1.03 1.2813 |5.0357| Training | 0.9643 0.8216] -0.1426
E1-07 7 27.24+1.74 | 0.8104 |4.5648 |Prediction| 1.4352 1.4296| -0.0056
E1-08 8 176.03 +8.23 | 0.0000 |3.7544 | Training | 2.2456 2.3969 0.1513
E1-09 9 135,90 +8.07 | 0.1124 | 3.8668 |Prediction| 2.1332 2.4614 0.3281
E1-10 10 38.86+8.40 | 0.6561 |4.4105| Training | 1.5895 1.5386] -0.0509
E1-11 11 167.36 £27.13| 0.0219 |3.7763 |Prediction| 2.2237 2.1740|  -0.0497
E1-12 12 167.52 +31.57| 0.0215 |3.7759| Training | 2.2241 2.1143| -0.1098
E1-13 13 1.03 +£0.22 2.2327 |5.9872| Training | 0.0128] -0.0029| -0.0157
E1-14 14 048 +£0.16 2.5643 |6.3188| Training | -0.3188| -0.2672 0.0516
E1-15 15 222+0.42 1.8992 |5.6536| Training | 0.3464 0.3857 0.0393
E1-16 16 1.52+0.11 2.0637 |5.8182| Training | 0.1818 0.1066| -0.0752
F1-01 7a 8.21 £0.31 0.4908 |5.0857 | Training | 0.9143 0.9077| -0.0067
F1-02 7b 3.52+041 0.8586 |5.4535| Training | 0.5465 0.5355| -0.0110
F1-03 7c 25.42+2.05 | 0.0000 |4.5948]| Training | 1.4052 1.3307] -0.0745
F1-04 7d 8.90£0.18 | 0.4558 |5.0506 |Prediction| 0.9494 1.0235 0.0741
F1-05 7e 7.61 £0.23 0.5238 |5.1186 | Training | 0.8814 0.9268 0.0455
F1-06 7f 5.20+0.38 | 0.6892 |5.2840| Training | 0.7160 0.7079| -0.0081
F1-07 7g 1.92 +0.05 1.1219 |5.7167| Training | 0.2833 0.2590{ -0.0243
F1-08 7h 3.41+0.75 0.8724 |5.4672 |Prediction| 0.5328 0.2168| -0.3160
F1-09 7i 2.74£0.33 0.9674 |5.5622 |Prediction| 0.4378 0.3870|  -0.0508
F1-10 7j 2.21£0.09 1.0608 |5.6556| Training | 0.3444 0.3136] -0.0308
F1-11 7K 2.88+0.12 | 0.9458 |5.5406 | Training | 0.4594 0.4505| -0.0089
F1-12 71 1.91 +£0.43 1.1241 |5.7190| Training | 0.2810 0.2742|  -0.0068
F1-13 m 3.01£0.38 | 0.9266 |5.5214| Training | 0.4786 0.5034 0.0249
F1-14 n 8.72 £0.33 0.4647 |5.0595 | Training | 0.9405 1.0014 0.0609
F1-15 70 3.42+0.25 0.8711 |5.4660 | Training | 0.5340 0.5735 0.0395
F1-16 p 2.91+048 | 0.9413 |5.5361 |Prediction| 0.4639 0.2192|  -0.2447
F1-17 7q 8.72+0.91 0.4647 |5.0595 | Training | 0.9405 0.9409 0.0004
F1-18 r 2.54+0.31 1.0003 |5.5952 |Prediction| 0.4048 0.4211 0.0162
G1-01 1 173+1.3 0.5749 |4.7620 | Prediction| 1.2380 1.1813] -0.0568
G1-02 2 17.3+0.3 0.5749 |4.7620| Training | 1.2380 1.5198 0.2817
G1-03 3 31.1+1.4 0.3202 |4.5072| Training | 1.4928 1.4385| -0.0542
G1-04 4 12.9+0.5 0.7023 | 4.8894 |Prediction| 1.1106 1.0110] -0.0996
G1-05 5 23.4+2.1 0.4437 |4.6308 |Prediction| 1.3692 1.1658| -0.2034
G1-06 6 23.8+2.2 0.4363 |4.6234 | Training | 1.3766 1.3879 0.0113
G1-07 7 34+0.6 1.2814 |5.4685| Training | 0.5315 0.6227 0.0912
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Table 4.8. (continued)

G1-08 9 10.0£0.1 | 0.8129 [5.0000] Training | 1.0000]  1.0410]  0.0410
G1-09 10 282+1.5 | 03627 |4.5498| Training | 1.4502] 1.4247] -0.0255
G1-10 11 154403 | 0.6254 |4.8125| Training | 1.1875] 1.1466] -0.0409
G1-11 12 157404 | 0.6170 |4.8041|Prediction| 1.1959| 1.1379] -0.0580
G2-01 7a 28403 | 1.3658 |5.5528| Training | 0.4472] 0.4898]  0.0427
G2-02 7b 37404 | 1.2447 |5.4318] Training | 0.5682] 0.6837|  0.1155
G3-01|[Pt(HL,)(PPhy)]| 121 0.7337 |4.9208| Training | 1.0792|  1.0643| -0.0149
G4-01 [PtL,] 20+2 05119 |4.6990 | Training | 1.3010|  1.0156| -0.2854
G5-01 5 65+3 0.0000 |4.1871] Training | 1.8129] 1.7454] -0.0675
G5-02 6 36+2 0.2566 | 4.4437 |Prediction| 15563| 1.6472]  0.0909
G6-01 [PtL] 7.12+£0.21 | 0.9604 |5.1475| Training | 0.8525| 0.8865  0.0340
G7-01| [PHL)(PPhy)] | 6.54+1.16 | 0.9973 |5.1844 | Training | 0.8156]  0.6866| -0.1290

For the models detailed in Table 3.7 and Table 4.8 and verified according to
OECD rules, the following prediction formulas between 9 and 15 have emerged. In
these formulas, there are descriptors and coefficients that best explain the
experimental activity. As can be understood from the descriptors in these formulas,
the data obtained with the ORCA and Multiwfn programs are very successful in

creating QSAR models.

Group A = 20.8605 + (-0.0343 * MULTI347) + (52.9199 * ORCA074) +

(-77.8793 * ORCA084) + (-0.0010 * ORCA129) 9)
Group B = 1.9105 + (0.000015 * MULTI271) + (-0.0891 * PADEL392) +
(-1.9682 * PADEL461) (10)

Group C = -433.2757 + (-0.0043 * ORCAQ06) + (30.5537 * ORCA044) +
(-0.0161 * PADEL162) + (-46.0181 * PADEL537) (11)
Group D = 1.2952 + (0.0030*MULTI407) + (-0.2002*ORCA001) +

(-0.0008*ORCA155) (12)
Group E = 2.4956 + (-4.6343 * MULTI063) + (0.3591 * PADEL403) +
(-0.7036 * PADEL468) (13)

Group F = 23.1996 + (62.2195 * MULTI010) + (-0.0003 * MULTI221) +
(-11.6578 * MULTI294) + (-2.6086 * ORCA084) +

(-0.0840 * PADELS02) (14)
Group G = 0.9450 + (-0.0113 * MULTI408) + (-0.0177 * ORCA136) +
(-3.0465 * PADEL203) (15)

In Table 4.9, there are descriptors and definitions specified in formulas 9-
15 selected as models for all groups. According to this table, log(1/ICs) and ICso
estimated cytotoxic activity values obtained from the formulas are found. In
addition, promising ones from these values are indicated with green color.

Specifically, in all groups, at least one of the descriptors from ORCA or Multiwfn
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participated in the activity estimation. The success of descriptors related to dipole
moment, NMR shielding, and orbital analysis is remarkable. In addition, the use of
ZORA full electron basis set in calculations makes the Multiwfn program that
calculates QTAIM descriptors valuable. It has been determined that the diversity of
3D parameters directly affects the success of the models. The creation of overfitted
models is prevented. Since the complexes in Group C have high cytotoxicity, it is
not recommended to be investigated in future studies. Complexes designed in
Group F have very low cytotoxicity. These complexes can be used as drug
candidates in in-vitro studies. Group E and Group D contain promising compounds
with low cytotoxicity.

Table 4.9. Estimated cytotoxic activity values from descriptors detected in QSAR
models for 30 complexes that may be new drug candidates in all groups.

GROUP A AX-01 AX-02 AX-03
Fuzzy Magnitude of
MULTI347 the Traceless| 5, 1o c73| 14.455383| 22.498538

Quadrupole
Moment Tensor
ORCAO074 LUMO+1| -0.113032] -0.099571| -0.088975
ORCA084 | LUMO - (HOMO-5)]  0.128245| 0.133569]  0.149402

Pt Anisotropy

ORCA129 . . -4367.420 -4703.419 3397.296
Shielding
Prediction Log(1/1Csp) 7.9842 9.3966 0.3476
1Cso 00 00
GROUP B BX-01 BX-02 BX-03 BX-04 BX-05 BX-06
MuLTI271 | GeneratingBasins| oo\, o188l 18543.3799| 10103.7073| 13659.9332| 17694.3419| 9735.4547
for Attractor Pt
PADEL392 nAtomP 6 11 11 11 12 12
PADEL461 nF8Ring 0 1 0 0 0 0
- Log(1/ICs,) 17730  -0.759 1.0820 1.1353 1.1067]  0.9873
Prediction
ICSO 0 0 U 08
GROUP C Cx-01 Cx-02 Cx-03 CX-04
Dipole Moment
ORCAO006 Electonic| -40.905350 1.495290 -1.372170 2.397140

Contribution (2)
Loewdin Reduced

ORCAO044 Total "f "Orbital| 14.242227| 14.238687| 14.240730| 14.239574
Charge of Pt Atom
PADEL162 AATSC8v| 12.731119 9.317838 1.625832 2.144338
PADEL537 JGI8 0.008426 0.000000 0.007442 0.007760
o Log(1/1Csp) 1.4602 1.6124 1.4685 1.3941
Prediction
1Cso 9.8 40.9 9.4 4
GROUP D DX-01 DX-02 DX-03 DX-04
- o
MuLTIa07 | Hirshfeld ODI%in 49.33 20.63 32.55 26.16
HOMO-2
X of The Origin for
ORCAO001 Moment 1.069563 2.190986 4.949096 4.686205
Calculation
Total Shielding
ORCA155 1794.591 1818.742 -909.062 -554.688
Tensor (Z1)
o Log(1/1Csp) -0.2066 -0.5365 1.1293 0.8793
Prediction
1Cso 0.6 0.29 4
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Table 4.9. (continued)

GROUP E EX-01 EX-02 EX-03 EX-04 EX-05 EX-06
Hirshfeld Atomic
MULTIO063 | Dipole Moment for 0.301546 1.149436 0.482018 0.023421 0.424558| 1.168015
Total
PADEL403 MDEC-12 0.000000 0.000000 0.000000 6.419940 4.625084| 0.000000
PADEL468 nF9Ring|  0.000000{ 0.000000{ 0.000000| 0.000000| 0.000000{ 1.000000
. Log(1/1Csp) 1.0981 -2.8312 0.2618 4.6925 2.1889 -3.6209
Prediction
|C50 4 0.0014 8 00 00 0.000
GROUP F FX-01 FX-02 FX-03
MULTIO10 VDD Total Charge 0.012713 0.012456 0.003213
Integrate RDG with
Promolecular
MULTI221 | Approximation for| 76473.5464| 78404.5366| 80386.3610
Pt Atom in Whole
Space
Atomic quadrupole
MULTI294 | moments Q_2,1 for 0.175412 0.142581 0.148059
Pt
ORCA084 LUMO - (HOMO-5) 0.123764 0.123898 0.124507
PADEL802 RDF80p| 15.285886| 13.859722| 16.058118
- Log(1/1Cs) -2.6033 -2.6963 -4.1161
Prediction
ICsp 0.00249 0.0020 0.0000
GROUP G GX-01 GX-02 GX-03 GX-04
MuULTIagg | Mirshfeld ODI% in 17.09 18.95 27.00 34.91
HOMO-1
Diamagnetic
ORca136 | Contribution to the 0.246 6.437 1.330 -1.520
Shielding Tensor
(Y3)
PADEL203 MATS7v| -0.140803| -0.020113| -0.123315| -0.163208
. Log(1/ICsp) 1.1765 0.6782 0.9920 1.0746
Prediction ICay x s e

Many descriptors, including quantum mechanics, stable geometric structure,
NMR and some 2D (PaDEL), were calculated one by one for platinum-containing
complexes, which were determined from the literature and categorized according
to their experimental procedures in QSAR analyses. These descriptors were also
used to construct models that could theoretically predict activity for complexes.
These models were evaluated by adhering to many statistical analyzes and OECD
guidelines. Successful models were selected. These models were used to predict
activity for 30 new drug candidate complexes. Interesting results were obtained that
can be used in in-vitro and subsequent in-vivo studies. As a result of the activity
estimation, the compounds marked with green in table 4.9 were predicted to be at a
level that could be evaluated experimentally in future studies. In addition, novel
complexes using 2-pyrimidinethiol as a functional group have been evaluated to
reduce cytotoxicity.

87



As a result of QSAR analysis, we used MLR, which is one of the most
common methods for QSAR studies, with the QSARINS program and separated
the transferred descriptors at a rate of 70 (training):30 (test) with random splitting,
which is one of the screening methods mentioned in the literature. Constant and
highly correlated descriptors were eliminated, and many models were created. In
choosing the best model, we adhered to many criteria. We have followed all OECD
guidelines and tested models with graphs and analysis. In addition, the quality of
all models was checked on 37 statistical parameters. Unlike other studies, we
created successful models with high contributions from quantum mechanics, orbital
properties, and NMR parameters. For example, the differences between low and
high orbitals (such as HOMO-(LUMO+5)) from HOMO and LUMO, which are not
encountered in other studies, were successful in creating a model. The basis of our
study was to discover potential drug candidate compounds that may occur between
2-pyrimidinethiol and platinum. While forming these compounds, it was tried to
make similar complexes that were divided into groups. Adhering to similar studies
in the literature while creating the QSAR models, the main structure of the
complexes was preserved, and 30 new platinum derivative complexes were formed
by replacing some groups with 2-pyrimidinethiol. Estimated cytotoxic activity
values were found for this complex by using the model formulas in their groups and
successful results were obtained for 11 complexes.

These complexes can be synthesized in further studies and experimentally
cytotoxic activities can be found because of in-vitro tests with the A2780 gene.

4.3 Structure-Based Drug Design
The best combination of basis set and DFT method was determined using

the methods mentioned in section 3.3.1 initially. The most important parameter in
structure-based drug design is the most accurate interaction between the ligand and
the macromolecule. When using virtual screening methods for these interactions, it
IS necessary to calculate the geometric structures as quickly as possible, since many
compounds are tested simultaneously. Therefore, instead of the ZORA full electron
basis set group selected for metal and other atoms in ligand-based drug design,
metal atom ECP basis set combinations that could perform faster SCF energy and
geometric iteration calculations were used. In addition, an important comparison
study was carried out by statistically evaluating the effects of these selected basis

sets on geometry.
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Geometric optimizations were performed with DFT calculations.
Comparisons were made using 139 DFT methods using the complex with single
crystal structure in figure 3.4. These DFT methods were compared with various
statistical analyzes and graphs. During the geometric optimizations, the initial
settings and keywords identified in section 4.1 were added to the inputs. The def2-
ECP system was used for only the valance electrons of the platinum atom, and the
def2-TZVP basis set was used for all atoms. As a result of the calculations, the
geometric parameters (bond length and bond angles) were transferred to the tables
for all DFT methods and compared with the experimental bond parameters in figure
3.4 according to the mentioned statistical formulas.

The MADn (n=1,2,3,4,5) statistical analysis in comparison was applied
separately to bond lengths containing only metal, all platinum related bond lengths
in the complex, bond angles containing metal in bond center, all bond angles
including platinum atom, and all bond properties in the complex, respectively.

The methods were sorted according to the MAD statistical results in table
4.10. Among the 139 methods, the DFT functions that are in the first 50 ranks are
listed.

In table 4.10-MAD1, only the bonds made by the metal atom are compared
with the experimental data. It has been determined that DFT1-27 functions have a
remarkable success in all deviation groups compared to other functions. This DFT
group is the "B97-GGAL1" function. The difference between the deviation value of
DFT1-27 and DFT3-29 in the 50th order has approximately 31% deviation from
the mean. The DFT2-21 functional has little success. Because DFT2-21 has a
difference of about 10% from the average with the 50th method in MAD2. The
deviation of the bond angles where the metal is in the center from the mean is
around 55% in MAD3. This is a high difference. It has a widespread. In MAD4, on
the other hand, the deviation of the bond angles where the metal is not in the center
between the DFT functionals in the first row and the 50th row from the mean is
around 19%. This is a slightly higher value. MADDS represents the deviations for all
mentioned bond properties. Here, the deviation difference is also around 19 percent.

It is a relatively high value.
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Table 4.10. The statistical deviations of the all-bond properties from the
experimental value by MAD analysis. The colors purple, blue, green, pink, and
red represent DFT1, DFT2, DFT3, DFT4 and DFTS5, respectively.

DFT

MAD1

DFT

MAD?2

DFT

MAD3

DFT

MAD4

DFT

MAD5

DFT1-27

0.00776000

DFT2-21

0.01459587

DFT1-32

0.30295000

DFT1-06

0.57938571

DFT1-06

0.35873041

DFT1-31

0.00871558

DFT4-02

0.01474427

DFT1-31

0.31978333

DFT1-33

0.58412857

DFT1-33

0.36193911

DFT1-06

0.00906557

DFT3-26

0.01476254

DFT1-37

0.32701667

DFT1-32

0.58507143

DFT1-32

0.36310867

DFT2-29

0.00924030

DFT2-27

0.01481821

DFT1-33

0.34775000

DFT1-36

0.59008571

DFT1-31

0.36767389

DFT1-33

0.00939057

DFT1-16

0.01497377

DFT1-36

0.34858333

DFT1-31

0.59300000

DFT1-36

0.36784875

DFT3-15

0.00959030

DFT4-03

0.01506649

DFT1-06

0.37191667

DFT1-27

0.60805714

DFT1-27

0.37654683

DFT1-19

0.01033500

DFT3-04

0.01511809

DFT1-27

0.43358333

DFT1-28

0.63214286

DFT1-28

0.39116954

DFT3-16

0.01044030

DFT4-04

0.01513315

DFT1-30

0.47978333

DFT1-30

0.64857143

DFT1-30

0.40136085

DFT3-23

0.01049031

DFT2-50

0.01516266

DFT1-28

0.50978333

DFT1-13

0.65974286

DFT1-13

0.40874811

DFT3-17

0.01054030

DFT1-01

0.01517377

DFT1-29

0.51825000

DFT1-29

0.66862857

DFT1-29

0.41369128

DFT3-22

0.01061531

DFT2-28

0.01517377

DFT1-13

0.53941667

DFT1-12

0.67474286

DFT1-12

0.41743072

DFT3-25

0.01066530

DFT2-47

0.01535155

DFT1-12

0.58441667

DFT1-37

0.67478571

DFT1-43

0.42163507

DFT3-21

0.01069030

DFT3-13

0.01539587

DFT1-46

0.60128333

DFT1-43

0.67850000

DFT1-37

0.42409982

DFT1-30

0.01076558

DFT4-05

0.01546649

DFT1-45

0.60295000

DFT1-41

0.68505714

DFT1-41

0.42480464

DFT3-12

0.01086530

DFT1-06

0.01548883

DFT1-43

0.60461667

DFT1-49

0.69061429

DFT2-27

0.42666800

DFT3-19

0.01086531

DFT1-03

0.01561105

DFT1-41

0.61491667

DFT2-27

0.69142857

DFT1-49

0.42736116

DFT2-18

0.01089030

DFT3-06

0.01565143

DFT1-44

0.63461667

DFT1-44

0.71135714

DFT1-44

0.43997420

DFT3-18

0.01091531

DFT2-49

0.01574044

DFT1-49

0.63645000

DFT1-47

0.71507143

DFT1-01

0.44292887

DFT3-20

0.01106000

DFT1-05

0.01583327

DFT2-27

0.63811667

DFT2-46

0.71720000

DFT2-46

0.44296800

DFT1-32

0.01109057

DFT1-23

0.01584427

DFT1-47

0.64128333

DFT1-01

0.71791429

DFT1-47

0.44649159

DFT1-23

0.01114030

DFT3-27

0.01601809

DFT2-11

0.65478333

DFT2-29

0.72291429

DFT2-29

0.44656795

DFT2-11

0.01131530

DFT1-08

0.01613315

DFT1-07

0.66025000

DFT2-47

0.72492857

DFT2-47

0.44726800

DFT2-01

0.01136530

DFT1-22

0.01628883

DFT2-29

0.68491667

DFT1-46

0.72601429

DFT1-39

0.45217420

DFT3-07

0.01139031

DFT1-33

0.01631105

DFT2-46

0.68991667

DFT1-45

0.72672857

DFT1-19

0.45381640

DFT2-05

0.01141531

DFT1-28

0.01632216

DFT1-01

0.70825000

DFT1-39

0.73148571

DFT1-46

0.45507918

DFT2-27

0.01141558

DFT1-10

0.01633315

DFT1-39

0.70991667

DFT1-19

0.73484286

DFT1-45

0.45551397

DFT3-26

0.01146530

DFT2-48

0.01634044

DFT2-47

0.72295000

DFT1-25

0.73777143

DFT2-50

0.45683756

DFT4-02

0.01161530

DFT3-19

0.01636254

DFT1-34

0.75978333

DFT1-07

0.73794286

DFT1-25

0.45723072

DFT2-21

0.01169031

DFT2-46

0.01638488

DFT1-42

0.76128333

DFT2-50

0.74077143

DFT2-21

0.45822447

DFT3-27

0.01171531

DFT1-11

0.01638871

DFT2-09

0.76275000

DFT2-21

0.74341429

DFT1-07

0.45879860

DFT2-08

0.01179030

DFT1-27

0.01641969

DFT2-50

0.76491667

DFT2-09

0.74841429

DFT2-09

0.46383225

DFT3-11

0.01179031

DFT1-20

0.01645538

DFT1-05

0.77478333

DFT2-11

0.74942857

DFT1-05

0.46402172

DFT2-37

0.01179031

DFT1-21

0.01646649

DFT3-19

0.77825000

DFT1-42

0.75125714

DFT2-28

0.46423321

DFT2-33

0.01183500

DFT2-30

0.01657457

DFT2-30

0.77961667

DFT1-05

0.75214286

DFT2-11

0.46424621

DFT2-40

0.01184030

DFT1-19

0.01666413

DFT1-25

0.78758333

DFT1-22

0.75275714

DFT1-22

0.46457389

DFT1-28

0.01184058

DFT2-29

0.01669587

DFT2-28

0.78991667

DFT2-33

0.75285714

DFT2-33

0.46528007

DFT2-10

0.01191531

DFT1-30

0.01681105

DFT2-05

0.79491667

DFT2-28

0.75291429

DFT2-49

0.46662887

DFT2-42

0.01191531

DFT2-05

0.01691809

DFT2-49

0.79658333

DFT2-49

0.75648571

DFT1-42

0.46737918

DFT2-38

0.01194031

DFT2-04

0.01696254

DFT1-22

0.80311667

DFT2-05

0.76077143

DFT2-05

0.46969838

DFT2-34

0.01194058

DFT1-29

0.01712216

DFT2-01

0.80658333

DFT3-19

0.76291429

DFT3-19

0.47078534

DFT1-29

0.01196558

DFT1-31

0.01716661

DFT2-33

0.80811667

DFT1-03

0.76341429

DFT1-03

0.47079563

DFT2-04

0.01206530

DFT1-12

0.01716740

DFT2-21

0.80941667

DFT2-30

0.76350000

DFT2-30

0.47122483

DFT1-05

0.01211558

DFT3-15

0.01729587

DFT1-19

0.81608333

DFT2-01

0.76434286

DFT2-01

0.47217230

DFT3-03

0.01214031

DFT3-14

0.01736254

DFT3-11

0.81608333

DFT1-34

0.76500000

DFT1-34

0.47353814

DFT2-30

0.01219237

DFT2-40

0.01744032

DFT1-03

0.81775000

DFT1-23

0.77055714

DFT1-23

0.47523471

DFT1-08

0.01221530

DFT2-15

0.01750698

DFT1-08

0.83275000

DFT3-11

0.77484286

DFT3-11

0.47887230

DFT3-10

0.01221530

DFT3-22

0.01752921

DFT2-40

0.83325000

DFT2-17

0.77555714

DFT1-08

0.47969558

DFT1-16

0.01226558

DFT2-34

0.01757377

DFT3-22

0.83658333

DFT1-08

0.77770000

DFT2-40

0.48120708

DFT4-04

0.01231530

DFT2-01

0.01768476

DFT1-10

0.84311667

DFT2-40

0.77934286

DFT2-17

0.48154053

DFT3-09

0.01233263

DFT1-39

0.01768963

DFT1-26

0.84345000

DFT3-08

0.77984286

DFT3-08

0.48176360
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In the MADS analysis, in which all bond properties were compared with
experimental data according to table 4.10, the DFT1-06 functional stood out. On
the other hand, DFT1-27-31-06 methods are successful in the analysis of MAD1
containing platinum-containing bonds. The bonds between non-metal atoms are
also included in the MAD2 analysis. It is interesting that the DFT2-21 of hybrid-
GGA has the least errors. However, in this group, there was no big difference
between the deviation of the other methods. DFT2-21 has low deviation differences
only 0.0009 from DFT1-06, 0.002 from DFT1-27 and 0.003 from DFT1-21. Such
low differences are not exactly a measure of success. In the MAD3 and MAD4
analyzes where the deviation of the angles from the experimental data is examined,
the superior success of the GGA methods (DFT1) is striking. The difference of
DFT1-32 from DFT2-27 in MAD3 is 0.34. The deviation difference is around
111%. This value is a high value. It is notable as a measure of success. There is a
negligible difference of 0.07 between DFT1-32 and DFT1-06, which is one of the
interesting methods. In the MAD4 analysis, DFT1-06, which has a ranking that can
be considered successful in the deflection of the angles where the metal is in the
center, got the lowest deviation value in the deflection analysis of the angles where
the atoms without metal are in the center.

As a result, the success of DFT1-06-27-31-32-33-36 methods, which is one
of the GGA methods, is remarkable. There are not very high differences between
the deviation values of these DFT functionals. According to all the analyzes
mentioned above, DFT1-06 was chosen for use in the next calculations. DFT1-06
corresponds to the OLYP functional.

In figure 4.15, there are four column percentage comparison graphs between
“a-d”. These include MAPE, MAD, MSE, and RMSE, respectively. Numbers of 1-
5 at the bottom of each graph represents metal-containing bond lengths, metal-
containing and other bond lengths, metal-centered angles, metal-centered and
metal-included angles, and all bond properties, and colors indicate DFT1-5,
respectively. In addition, the values in the graphs are the total deviation value of
each group as a percentage.

Similar results are observed in all statistical deviation parts of the graphs
approximately. Considering graph 4.15a, according to the deviations in the lengths
of the metal-containing bonds in the 1st group, the total deviation of the meta-GGA

(DFT4) seems to be lower in general, although the GGA functions are successful.
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Interestingly, the most unsuccessful DFT subgroup was identified as GGA (DFT1)
in bond length comparisons. Some functions in DFT1 show high bias. In these
cases, it is possible to cause instability in the geometry of the structure.

The increase in total deviations from DFT1 to DFT5 is obvious when we
examine all the graphs and groups of 2, 3, 4 and 5 in figure 4.15. There is a similar
upward trend in all divergence parts. The success in GGA (DFT1) is in line with
the previous results. On the other hand, range-separated functionals (DFT5) are out
of the trends with their high percentage of deviation. As a result, GGA group DFT
functionals generally have lower deviation values in metal-containing complexes

than other DFT groups.

(v)
a% Mean Absolute Percentage Error (MAPE)

30.00
25.00
20.00
15.00
10.00

5.00

0.00

1 2 3 4 5
EDFT1 27.68 20.64 1543 17.83 19.24
m DFT2 18.24 19.52 18.87 19.53 19.52
m DFT3 20.37 24.09 19.42 20.34 22.23
m DFT4 15.54 16.37 21.36 21.07 18.71
m DFTS 18.17 19.38 24.92 21.23 20.30
b % fati
( Mean Absolute Deviation (MAD)

30.00
25.00
20.00
15.00
10.00

5.00

0.00

1 2 3 4 5

EDFT1 27.61 21.37 15.26 17.85 17.90
B DFT2 18.24 19.38 18.73 19.46 19.46
B DFT3 20.51 23.75 19.32 20.30 20.35
u DFT4 15.71 16.33 21.45 21.11 21.04
W DFTS 17.93 19.17 25.23 21.28 21.25

Figure 4.15. (continued)
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[»)
c% Mean Squared Error (MSE)

40.00
35.00
30.00
25.00
20.00
15.00
10.00

SIOO II

0.00

1 2 3 4 5
HWDFT1 30.93 21.97 12.16 16.48 16.49
EDFT2 13.52 15.53 17.03 18.20 18.20
mDFT3 36.00 38.13 18.81 19.61 19.62
B DFT4 9.22 11.47 22.46 21.74 21.74
mDFTS 10.33 12.91 29.55 23.97 23.96
d %
o Root Mean Squared Error (RMSE)

30.00
25.00
20.00
15.00
10.00

5.00

0.00

1 2 3 4 5

HWDFT1 26.92 22.54 15.31 18.19 18.19
EDFT2 19.04 19.36 18.76 19.15 19.15
mDFT3 20.55 23.49 19.78 19.87 19.87
B DFT4 16.20 16.77 21.29 20.79 20.79
mDFTS 17.30 17.84 24.86 22.00 22.00

Figure 4.15. Comparative column chart. 1-5 at the bottom of each graph
represents metal-containing bond lengths, metal-containing and other bond
lengths, metal-centered angles, metal-centered and metal-included angles, and all
bond properties, and colors indicate DFT1-5, respectively. a-MAPE, b-MAD, c-
MSE, d-RMSE.

After choosing OLYP as the best DFT method, a total of 164 basis set
combinations under four ECP groups were tested together with the OLYP function
for basis set selection. Basis sets were grouped as double, triple, and quadruple-zeta
as in table 3.5. Throughout the calculations, the initial settings from section 4.1
were integrated into the geometric optimization input files. Calculations made
according to section 3.3.1 and statistical analysis results are given in table 4.11. The
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MADnN (n=1,2,3,4,5) statistical analysis in comparison was applied separately to
bond lengths containing only metal, bond lengths related to platinum in the
complex, bond angles for metal in the bond center, all bond angles including
platinum, and all bond properties in the complex, respectively.

In Table 4.11, there are 35 basis set results for each MADn error analysis.
According to these results, when the metal-containing and non-metallic bond
lengths are compared, it is seen that the DEF2-ECP-12 basis set group has the
lowest error. However, especially in MAD2 analysis, there is no high difference
between the other groups. DEF2-ECP-12 has a negligible difference of only 0.0008
with the 35th combination. The DEF2-ECP-12 group, which showed the least
success of deviation in metal-containing bonds, could not enter the ranking in table
4.11 in terms of MAD3 and MADA4 analysis. Although it has good values for bond
lengths, it could not show the desired success in angle values. Deviation was
examined for all the bond properties mentioned in MADS. Interestingly, HayWadt-
37 and 38 basis set combinations took the first place. These two groups are also
successful in MAD4 (comparison of non-central metal atom) error analysis.
However, there are no high differences in bias between groups in MAD4. This
information is not enough to choose the best group. Therefore, HayWadt-37 is more
successful than HayWadt-38 in the MAD1 (0.002) analysis, where the spread
between the 1st and 35th groups is relatively high.

As a result of all these evaluations, the HayWadt-37 basis set combination
was chosen to be used in the geometric optimization of the designed complexes.
This combination includes LANL2TZ for metal atom, HayWadt for metal ECP, and
def2-TZP basis set for non-metal atoms. Another advantage of this combination is

that it is fast in calculations.
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Table 4.11. The statistical deviations of the all-bond properties from the

5) analysis.
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In Figure 4.16, the ECP types used on the platinum atom were compared. In
this graph, it is seen that DEF2-ECP and SK-MCDHF-RSC groups generally have
a high rate and similar success. In Figure 4.17, the parameters in the basis set
combinations were evaluated by MAD analysis in terms of metal-containing bond
lengths and metal-centered bond angles. When Figure 4.16 and 4.17 are examined
together, the high error of LANL2DZ caused some failure for HayWadt metal ECP.
In Figure 4.17a, it was determined that def2-QZVP had the lowest error, especially
in bond lengths containing metal. Also, in the same graph, it is seen that LANL2TZ
IS more successful at angles where metal is in the center. It is understood that
increasing the basis set size has chance the success in bond lengths but decreases it
slightly in angles. Interestingly, def2-SVP, which showed a relatively high
deviation in bond lengths, was the basis set with the lowest deviation in metal-

centered bond angles.

% Mean Absolute Deviation (MAD)
50.00
45.00
40.00
35.00
30.00
25.00
20.00
15.00
10.00
5.00
0.00 1 2 3 4 5
m DEF2-ECP 2281 2386 19.42 16.90 22.40
B HayWadt 3415 29.75 41.42 24.94 32.96
u SDD 2278 2385 19.46 4137 2.4
B SK-MCDHF-RSC 20.26 22.54 19.70 16.78 22.22

Figure 4.16. Comparative column chart. 1-5 at the bottom of each graph
represents metal-containing bond lengths, metal related bond lengths, metal-
centered angles, metal-included angles, and all bond properties, and colors denote
metal ECPs.

In the comparison in Figure 4.17b, basis set sizes were evaluated. A result
confirming the assessments identified in graph 4.17a emerged in graph 4.17b. The
Quadruple-zeta is the largest sized basis set and increasing the size of the basis set

reduces the deviation in metal-containing bond lengths. It is clear from the graph
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that the double-zeta basis sets show very high deviations. However, there is a
different situation for metal-centered bond angles. It has been observed that basis
set errors occur on the angles by increasing the size of the bass set. Especially in

bond angles, triple-zeta basis set showed lower deviations.

a % Mean Absolute Deviation (MAD)
3000

25.00
20.00

15.00

10.00
0.00 ll
1 2

W cc-pVDZ-PP 732 7.74
W cc-pVTZ-PP 9.19 14.62
™ cc-pVQZ-PP 1230 17.00
w def2.5VP 1148 6.24
w def2-TZVP 6.16 7.49
w def2-TZvPP 6.10 8.68

u def2-QZVP 4.54 7.74

» def2-QZVPP 4.56 8.18

® LANL2DZ 28.28 15.73

® LANL2TZ 10.08 6.58
b % Mean Absolute Deviation (MAD)

55.00
50.00
45.00
40.00
35.00

30.00
25.00
20.00
15.00
10,00
5.00
000 1 2

® Double-Zeta 5111 32.76
m Triple-Zeta 25.66 30.93
® Quadruple-Zeta 23.23 36.31

Figure 4.17. Comparative column chart. 1-2 at the bottom of each graph
represents metal-containing bond lengths and metal-centered angles of MAD
analysis. Comparison of the metal ECP (graph a) and the basis sets used for all
metal atoms (graph b).

As described in Section 3.3.2, the best conformers were determined using
the Gaussian 03 program for 84 platinum and 2-pyrimidinethiol-containing
complexes that are expected to be drug candidates and designed. Geometric
optimizations of the best conformers were performed using the selected DFT
method, OLYP, and a basis set combination (HayWadt-37) with ORCA 4.2 in
TUBITAK TRUBA high computing system. As a result of the optimizations, the

final geometries of the complexes were saved in "mol2" format.
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Molecular docking is a well-established computational technique to predict
the interaction between molecules and DNA and to find the best orientation and
binding of the molecule that will form a new complex with overall minimum
energy. Molecular docking calculations were carried out with the methods
described in section 3.3.4 for 84 DNA intercalator complexes, the best geometries
of which were revealed and divided into 4 groups. In these calculations, those with
an RMSD value above 2.0 A were never included as the first criterion. In the second
criterion, the binding energy to DNA, which is the target of the complexes, was
taken. Inhibition constant was added for the third criterion and the sum of
intermolecular interaction energies was chosen as the fourth criterion. All these

criteria are given in table 4.12.

Table 4.12. Molecular docking study including the binding energies of 84
complexes with DNA, the inhibition constant of binding, and intermolecular
interactions.
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The RMSD < 2.0 A criterion was used in the calculations for a good solution
of the structure as the root mean square deviation (RMSD). According to the table,
it was determined that the complexes containing the "1q" functional group generally
interact with DNA with high binding energies. In particular, the binding affinities
of the complexes in the SBDD1 group are higher than in the other groups.
Accordingly, the inhibition constants are also lower. Intermolecular interactions are
also more. The SBDD1 group complexes are longer in structure than the others.

Figure 4.18 lists the intermolecular interactions in the binding of the
SBDD1-1q complex with DNA. Here, it was observed that the "SH" group in the
2-pyrimidinethiol ligand, which is the subject of the study, forms a strong hydrogen
bond with the oxygen in the phosphate bound to Guanine (DG10 residue). In
addition, it was determined that hydrogen bonded with one of the slightly weaker
platinum-bound donor nitrogen atoms and the acceptor “OP1” in the phosphate
group bound to cytosine (DC10). As hydrophobic interactions occur with alkyl

groups in this binding, the complex remained in the DNA groove with good binding

affinity. These interactions arise from the pi orbitals of residues in DNA.

From Interaction Group 1 To Interaction Group 2 Distance|Category Interaction Types Color
LIG:SBDD1-1q:H41 |H-Donor |A:DC9:0P1 H-Acceptor| 2.3265 |Hydrogen Bond |Conventional Hydrogen Bond
LIG:SBDD1-1q:H9 |H-Donor [A:DG10:0P2 H-Acceptor| 1.9792 |Hydrogen Bond |Conventional Hydrogen Bond
B:DG22:C5' H-Donor |LIG:SBDD1-1q:053 |H-Acceptor| 3.4655 |Hydrogen Bond |Carbon Hydrogen Bond
LIG:SBDD1-1q:C58 |H-Donor |A:DA5:N3 H-Acceptor| 3.1515 |Hydrogen Bond |Carbon Hydrogen Bond
A:DC9:0P2 Negative |LIG:SBDD1-1q Pi-Orbitals | 4.7392 |Electrostatic Pi-Anion

A:DAS5 Pi-Orbitals |LIG:SBDD1-1q:C58 |Alkyl 5.3283 |Hydrophobic  [Pi-Alkyl

A:DAS Pi-Orbitals |LIG:SBDD1-1q:C58 |Alkyl 4.5022 |Hydrophobic  |Pi-Alkyl

A:DA7 Pi-Orbitals |LIG:SBDD1-1q Alkyl 5.1495 |Hydrophobic  |Pi-Alkyl

B:DA19 Pi-Orbitals |LIG:SBDD1-1q Alkyl 5.2937 |Hydrophobic  |Pi-Alkyl

B:DA19 Pi-Orbitals |LIG:SBDD1-1q Alkyl 5.1643 |Hydrophobic  |Pi-Alkyl

B:DC21 Pi-Orbitals |LIG:SBDD1-1q:C58 |Alkyl 5.4277 |Hydrophobic  |Pi-Alkyl

Figure 4.18. Docking interaction properties of SBDD1-1q with target DNA.
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Figure 4.19 lists the intermolecular interactions in the binding of the
SBDD2-1f complex with DNA. The binding energies of the complexes in this group
are lower than those of the SBDD1 group. The reason for this is clearly obvious.
Because the donor "SH" group in the complex made a shorter and weaker hydrogen
bond with the (DC9) acceptor "OP1" in cytosine than SBDD1-1q. Also,
hydrophobic "pi" interactions with alkyl groups are not found. Meanwhile, the
inclusion of the "1f" functional group, which is rich in polar hydrogens, in the

structure enabled the formation of more than one hydrogen bond with DNA.

From Interaction Group 1  |To Interaction Group 2 Distance |Category Interaction Types Color
LIG:SBDD2-1f:H29 |H-Donor |A:DC9:0P1 H-Acceptor | 1.9708 |Hydrogen Bond |Conventional Hydrogen Bond
LIG:SBDD2-1f:H33 |H-Donor |A:DT6:02 H-Acceptor | 2.8041 |Hydrogen Bond |Conventional Hydrogen Bond
LIG:SBDD2-1f:H33 |H-Donor |A:DA7:04' H-Acceptor | 1.8807 |Hydrogen Bond |Conventional Hydrogen Bond
LIG:SBDD2-1f:H37 [H-Donor |A:DT6:02 H-Acceptor | 1.9500 |Hydrogen Bond |Conventional Hydrogen Bond
LIG:SBDD2-1f:H37 |H-Donor |A:DA7:04' H-Acceptor | 3.0034 |Hydrogen Bond |Conventional Hydrogen Bond
LIG:SBDD2-1f:H38 |H-Donor |B:DC21:04' H-Acceptor | 2.5403 |Hydrogen Bond |Conventional Hydrogen Bond
LIG:SBDD2-1f:H8 |H-Donor |A:DC9:0P1 H-Acceptor | 2.0921 |Hydrogen Bond |Conventional Hydrogen Bond
B:DC21:C5' H-Donor |LIG:SBDD2-1f:035 |H-Acceptor | 2.7422 |Hydrogen Bond |Carbon Hydrogen Bond

A:DT8:0P1 Negative |LIG:SBDD2-1f Pi-Orbitals | 4.1280 |Electrostatic Pi-Anion

Figure 4.19. Docking interaction properties of SBDD2-1f with target DNA.

Figure 4.20 lists the intermolecular interactions in the binding of the
SBDD3-1g complex with DNA. Although the binding energies of the complexes in
this group are lower than those of the SBDD1 group, they are higher than the other
groups. In this context, there is a non-strong long distance hydrogen bond between
the donor "SH" group in 2-pyrimidinethiol and the acceptor "OP2" in guanine
(DG10). However, the "pi-anion” interaction that occurred between cytosine (DC9)
in DNA and the rings of the complex ensured the attachment of the complex in the

target DNA groove. In addition, one hydrophobic interaction occurred. As the
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number of aromatic rings with double bonded carbons in the complexes increased
in the SBDD3 group, the "pi* interactions with DNA increased.

From Interaction Group 1 To Interaction Group 2 Distance |Category Interaction Types Color

LIG:SBDD3-1q:H36 |H-Donor |B:DT18:04' H-Acceptor | 2.0361 |Hydrogen Bond |Conventional Hydrogen Bond
LIG:SBDD3-1q:H9 |H-Donor |B:DA17:03' H-Acceptor | 2.5906 |Hydrogen Bond |Conventional Hydrogen Bond

LIG:SBDD3-1q:C49 |H-Donor |A:DT8:0P1 H-Acceptor | 3.2406 |Hydrogen Bond |Carbon Hydrogen Bond
A:DC9:0P1 Negative |LIG:SBDD3-1q |Pi-Orbitals | 4.1614 |Electrostatic Pi-Anion
A:DC9:0P1 Negative |LIG:SBDD3-1q |Pi-Orbitals | 3.6606 |Electrostatic Pi-Anion
B:DA19:C1' C-H LIG:5BDD3-1q |Pi-Orbitals | 3.6567 |Hydrophobic |Pi-Sigma
LIG:SBDD3-1q:S6  |Sulfur  |B:DA17 Pi-Orbitals | 5.3644 |Other Pi-Sulfur

Figure 4.20. Docking interaction properties of SBDD3-1q with target DNA.

Figure 4.21 lists the intermolecular interactions in the binding of the
SBDD4-1g complex with DNA. The binding energies of the complexes here are
lower than those of the SBBD1 and SBDD3 groups. In other groups, the hydrogen
bond formed between the "SH" group in 2-pyrimidinethiol, and DNA was not
formed in SBDD4-1q. When the complex is examined, it is seen that the ligand on
the side entering the DNA groove is long and planar, and the interactions that
provide the bond with DNA are in this region. Electrostatic pi-anion interaction
appears to occur between the ring of the 2-pyrimidinethiol ligand outside the groove
and the "OP2" atom of the cytosine residue (DC9). In addition, carbon-hydrogen

bonds are more common, and their distances are too far to be called weak.
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From Interaction Group 1 |To Interaction Group 2 Distance |Category Interaction Types Color
LIG:SBDD4-1q:H |H-Donor |A:DC9:0P1 H-Acceptor | 2.3006 |Hydrogen Bond |Conventional Hydrogen Bond
B:DA17:C2 H-Donor [LIG:SBDD4-1q:0 |H-Acceptor | 2.7649 |Hydrogen Bond |Carbon Hydrogen Bond
B:DT20:C4' H-Donor [LIG:SBDD4-1q:0 |H-Acceptor | 3.1286 |Hydrogen Bond |Carbon Hydrogen Bond
LIG:SBDD4-1q:C |H-Donor |A:DA7.03' H-Acceptor | 3.3376 |Hydrogen Bond |Carbon Hydrogen Bond
LIG:5BDD4-1q:C |H-Donor |A:DT8:0P1 H-Acceptor | 3.2059 |Hydrogen Bond |Carbon Hydrogen Bond
A:DC9:0P2 Negative [LIG:SBDD4-1q  |Pi-Orbitals | 4.6475 |Electrostatic Pi-Anion

Figure 4.21. Docking interaction properties of SBDD4-1q with target DNA.

The best intercalator pose in each group whose Molecular Docking studies
were completed and analyzed was taken in "pdb™ format for use in molecular
dynamics simulations. 100-ns unconstrained molecular dynamics simulation was
performed for four platinum-DNA intercalator complexes (SBDD1-1q, SBDD2-1f,
SBDD3-1q and SBDD4-1q) and ligand-removed 12-mer B-DNA (1DNE). The
simulations were completed in five stages using the methods described in section
3.3.5. The RMSD values were examined for all backbone atoms referenced to their
starting structures corresponding to the binding patterns of platinum-containing
complexes with DNA from the groove. Graphs provide information about whether
the system has reached equilibrium. Small RMSD values indicate that the system
has reached equilibrium and is stable. Large and fluctuating RMSD values indicate
large conformational changes in the system. Figure 4.22 shows the RMSD graphs
of the simulations performed for five structures. In the graphs, it is seen that the
simulations performed in all groups reached equilibrium and were stable. Also,

small RMSD values are taken.
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Figure 4.22. (continued)
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Figure 4.22. The root mean square deviation (RMSD) for all simulations.

Hydrogen bonds with a duration of 100 ns and a total of 25,000 frames were
examined in table 4.13. The hydrogen bonds in the binding between DNA and
compounds containing only platinum and 2-pyrimidinethiol are listed in the table.
Hydrogen bonds in four groups of bonding were divided into two categories as polar
and total. Polar hydrogen bonds were classified as bonds formed by the most
electronegative atoms (S, O, N), and all hydrogen bonds were classified as all polar
and nonpolar hydrogen bonds between ligands and DNA. Also, bond types have
been added to the table to include donor and acceptor groups. LIG1 stands for 2-

pyrimidinethiol in the complex.
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Table 4.13. Occurrence of hydrogen bonds in molecular dynamics simulations
and properties of favorite hydrogen bonds.

Average | Average | Number
Number | Number | of Polar . . Occupancy
Complex ofPolar | of All | H-Bond Favorite Polar H-Bond Interaction (%)
H-Bonds | H-Bonds | Types
Donor_LIG1:N2H----- OP1:DC9_Acceptor 33.22%
BDD1-1 .8957 | 11.8712 4 = =
S qj 089% 8 0 Donor LIGI:SH-----O5’:DG10_Acceptor 20.13%
Donor_LIG1:N1H----- 02:DT20_Acceptor 94.06%
Donor_ LIGL:N1H----- 02:DT6_Acceptor 87.01%
Donor_LIG1:N2H----- 02:DT20_Acceptor 83.85%
BDD2-1f | 6.2232 | 19.7257 = =
S 6223 9725 38 Donor_LIG1:N2H----- 02:DT6_Acceptor 80.92%
Donor LIGI:SH----- 03’:DT8 Acceptor 20.98%
Donor LIG1:SH----- OP1:DC9_Acceptor 10.36%
Donor_ LIG1:N1H----- 02:DT18 Acceptor 98.97%
Donor_LIG1:SH----- N3:DA17_Acceptor 93.48%
Donor_LIG1:N1H----- 02:DT8_Acceptor 89.68%
Donor LIGI:N1H----- 04’:DCY Acceptor 74.47%
SBDD3-1q| 9.0931 | 23.4838 28 = —
d Donor_LIG1:SH----- 02:DC9_Acceptor 73.05%
Donor_ DG16:N2H----- S:LIG1_Acceptor 53.74%
Donor LIGI:SH-----O4’:DT18_Acceptor 53.27%
Donor_ LIG1:SH----- N2:DG16_Acceptor 26.62%
Donor_ LIG1:N1H----- OP1:DC9_Acceptor 47.63%
BDD4-1 .844 16.694 i = =
S q| 0.8445 6.6940 3 Donor_LIG1:N1H----- 03:DT8_Acceptor 12.06%

In Table 4.13, the polar hydrogen bond mean in SBDD4-1q is only 0.8445
during the entire simulation period. This mean, together with the SBDD1-1q group,
is a very low value. There are 13 types of polar hydrogen bonds in SBDD4-1q. This
value is very low as a percentage of incidence. The favorite hydrogen bond is with
the hydrogen of the platinum-bonded nitrogen atom in LIG1. The most important
conclusion here is that the polar SH group in SBDD4-1q is far from the DNA
phosphate group, reducing the percentage of hydrogen bonding between this group
and DNA. At the same time, the nonpolar hydrogen bond average is higher than
SBDD1-1q, but lower than other groups. Although the percentage of hydrogen
bonding between the platinum-bound donor nitrogen group in LIG1 and the oxygen
in the DNA phosphate backbone in SBDD1-1q was lower than SBDD4-1q, the
expected hydrogen bond between donor SH and acceptor oxygen was formed here
as 12%. Although 40 types of polar hydrogen bonds were observed in SBDD-1q,
the percentage of these bonds remained low throughout the simulation. The
hydrogen bond population ratios between the SBDD3-1q complex and DNA are
interesting. The average of both polar and non-polar hydrogen bonds is highest in
this group. The hydrogen bond formation of the nitrogen group on the guanine base
of DNA as the donor with the sulfur in the 2-pyrimidinethiol is as high as 53.74%.
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This is interesting in terms of binding quality. In addition, the SH group has a high
incidence of polar hydrogen bonding with DNA as a donor. The interaction of the
SH group with the nitrogen atoms in the DNA bases shows that SBDD3-1q is
sufficiently channeled into the DNA groove. The same situation can be said for the
SBDD2-1f group. In SBDD2-1f, hydrogen bonds in which polar atoms in LIG1 are
donors are high as in other groups. It can be said that SBDD2-1f and SBDD3-1q
groups, which have more close rings combined and more pi-anion interactions, hold
a better place in the DNA groove. It emerges from the analyzes that lignans directed
into DNA by hydrophobic and pi-pi interactions converge with phosphate groups
and nucleobases in DNA and are strongly held by polar hydrogen bonds.
Remarkably more efficient, endpoint free energy methods ignore the details
of the coupling pathway and estimate free energy only on a collection of snapshots
representing the unbound and bound states. These snapshots can be created with an
MD simulation. Molecular mechanics generalized Born surface area (MM-GBSA)
is among the most popular free energy calculation methods. It is possible to
decompose the total free energy into subcomponents with MM-GBSA and measure
their contributions separately. The binding energies of SBDD1-1q, SBDD2-1f,
SBDD3-1g and SBDD4-12 at various times were calculated with the MM-
GBSA.py module in AMBER 20 and the list of their energy components was
transferred to table 4.14. In this table, van der Waals (VDW), electrostatic energy
(EEL), the electrostatic contribution to the solvation free energy (Ecgs), surface
energy (Esurr), gas phase free energy (AGgas), solvation free energy (AGsol),
binding energy (AGgindeBsa)), quasi-harmonic entropy approximation binding
energy (AGgind(Entropy)), total vibrational entropy (ASvib), and total entropy (AStot).
The entropy contribution is simply added to the calculations. In Figure 4.23, there
is a thermodynamic cycle for calculating the binding energy classically. Total free
energies are calculated separately for the ligand and the receptor in the gas phase
and in the solvent. The final binding energy is obtained by summing the total

solvation and gas phase free energies with each other.
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Figure 4.23. The system of thermodynamic used to calculate the binding free
energy of a platinum complex-DNA in the solvent.

The first terms are vdW and EEL in table 4.14. These refer to the
intermolecular interactions between the ligand and the target DNA. Average
intermolecular interactions of SBDD3-1q at 100ns are stronger than other groups.
Stronger interactions were detected between this complex and DNA, especially in
the last 50 ns of the simulation. Looking at the docking results and hydrogen bonds
analysis, it is seen that there are many polar and nonpolar hydrogen bonds with pi-
anion interactions explaining these strong interactions. The group with the lowest
van der Waals interactions is SBDD2-1f. This is evident when looking at the
docking results. Because strong "pi** and hydrophobic interactions are less in this
group. The presence of frequent rings in SBDD3-1q, the electronegative oxygen
atom in the ring, and the "1g" functional group strengthen the intermolecular
interactions. In direct proportion to the hydrogen bond analysis, the electrostatic
interaction energies of SBDD4-1q and SBDD1-1q are lower than the other groups.
Average intermolecular interactions of SBDD3-1q at 100ns are stronger than other
groups. Stronger interactions were detected between this complex and DNA,
especially in the last 50 ns of the simulation. Looking at the docking results and
hydrogen bonds analysis, it is seen that there are many polar and nonpolar hydrogen
bonds with pi-anion interactions explaining these strong interactions. The group
with the lowest van der Waals interactions is SBDD2-1f. This is evident when
looking at the docking results. Because strong "pi" and hydrophobic interactions
are less in this group. The presence of frequent rings in SBDD3-1q, the
electronegative oxygen atom in the ring, and the "1q" functional group strengthen
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the intermolecular interactions. In addition, van der Waals bonds were formed by
the presence of hydrophobic interaction. In direct proportion to the hydrogen bond
analysis, the electrostatic interaction energies of SBDD4-1q and SBDD1-1q are

lower than the other groups.

Table 4.14. Division of binding energy parameters calculated using MMGBSA by
complex groups. F: First, L: Last.

NO|Parameters F 1ns| F_b5ns| F_10ns| F _25ns| F 50ns| L _50ns| L_25ns| L_10ns| 100ns
VDW -45.75| -43.08| -46.44| -48.40[ -49.08| -48.38| -48.38| -50.49| -48.67
EEL -1034.38| -1026.03|-1037.52| -1052.22[-1056.59| -1059.33| -1060.34| -1063.33| -1057.17
Ecs 1054.29| 1044.18| 1056.93| 1071.86| 1076.50| 1078.72| 1080.00| 1084.57| 1076.84

g Esurre -3.66 -3.40 -3.67 -3.80 -3.84 -3.83 -3.86 -3.92 -3.82

8‘ AGgas -1080.13|-1069.11(-1083.96(-1100.63|-1105.67|-1107.71|-1108.72|-1113.83| -1105.84

8 AGsoly 1050.63| 1040.79| 1053.26| 1068.07| 1072.66| 1074.88| 1076.14| 1080.65| 1073.02

D |AGgindcesa| -29.50] -28.32| -30.70| -32.56] -33.02] -32.83] -32.58] -33.18] -32.81
AGhind(Entrop 6.86| 19.18| 26.56| 2855| 24.95| 2552 2877 25.48 14.07
ASvib -11.40| -22.54| -32.32| -36.18| -33.04| -33.41| -36.42| -33.73| -21.95
ASot -36.36| -47.50| -57.26| -61.11| -57.97| -58.34| -61.35| -58.66| -46.88
VDW -40.24| -39.89| -40.92| -42.33| -42.46| -42.56| -42.20| -4151| -42.36
EEL -1138.85(-1133.96|-1136.45|-1147.09|-1142.66|-1142.16|-1135.60(-1134.07|-1142.42
Egs 1146.83| 1141.25| 1144.07| 1153.65| 1149.55| 1148.75| 1142.62| 1140.52| 1148.96

e Esurr -3.18 -3.16 -3.12 -3.13 -3.14 -3.17 -3.15 -3.19 -3.15

8‘ AGggs -1179.09|-1173.85|-1177.37|-1189.42|-1185.12|-1184.72|-1177.80| -1175.58| -1184.78

g AGsq)y 1143.65( 1138.08| 1140.95 1150.52( 1146.40( 1145.59( 1139.47( 1137.33| 1145.81

D 1AGgindeesa)| -35.43| -35.77| -36.42| -38.90| -38.71| -39.14| -38.32] -38.25| -38.97
AGgind(Entrop -2.29 4.10 8.32 7.71 5.66 5.13 8.14 6.91 -1.31
ASvip -9.37| -16.09| -20.96| -22.85| -20.61| -20.50| -22.69| -21.39| -13.89
AStot -33.14| -39.86| -44.74] -46.62| -44.37| -44.26| -46.46| -45.16| -37.66
VDW -53.23| -48.89] -48.91| -49.25| -50.93| -53.88] -51.53| -48.25| -52.21
EEL -1136.91|-1136.15|-1137.81|-1135.54|-1135.83|-1164.19|-1156.18|-1145.90|-1149.33
Ecs 1150.25| 1146.05| 1147.17| 1145.45| 1147.29| 1175.31| 1166.35| 1154.72| 1160.46

g Esure -3.83 -3.64 -3.63 -3.65 -3.73 -3.79 -3.74 -3.68 -3.77

8‘ AGgas -1190.14|-1185.04(-1186.71(-1184.80(-1186.76|-1218.07|-1207.71|-1194.15| -1201.54

% AGgg)y 1146.41( 1142.41| 1143.53| 1141.80( 1143.56| 1171.52| 1162.60 1151.04( 1156.69

D (AGgingcesa)| -43.73| -42.63| -43.18] -43.00] -43.20] -46.55| -45.11] -43.11| -44.85
AGgindEntrop)  -8.53 1.66 857| 1181 9.46 6.97| 10.17 9.15 0.09
ASvip -10.59| -19.69| -27.15| -30.20| -28.05| -28.90| -30.67| -27.65| -20.33
ASot -35.20| -44.29| -51.76| -54.81| -52.66| -53.52| -55.28| -52.26| -44.94
VDW -49.40| -47.79| -47.60| -47.82| -47.81| -43.15| -4251| -43.83] -45.56
EEL -1103.35|-1102.44|-1096.72(-1098.58(-1101.73| -1096.96| -1096.62| -1108.52| -1100.38
Egr 1122.99( 1121.04| 1114.94( 1117.02| 1120.55| 1112.80| 1112.62| 1125.40( 1117.83

g Esurre -3.63 -3.70 -3.70 -3.75 -3.78 -3.64 -3.63 -3.67 -3.72

E‘r AGgas -1152.75|-1150.24(-1144.32(-1146.40(-1149.53|-1140.11|-1139.13|-1152.34| -1145.95

8 AGsoly 1119.36| 1117.34| 1111.24| 1113.27| 1116.77 1109.16| 1108.99| 1121.73| 1114.11

D |AGgindcesa)| -33.38] -32.90] -33.08] -33.14| -32.76] -30.94| -30.14| -30.61] -31.83
AGgind(Entrop 3.17| 15775 26.00f 30.94| 28.43| 36.15| 37.56| 2847 22.05
ASvip -11.94 -24.04| -34.47| -39.46| -36.58| -42.49 -43.08| -34.46| -29.28
ASot -36.56| -48.65| -59.08| -64.08| -61.19| -67.09| -67.69| -59.08| -53.89
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Despite entropy contribution, it is seen that SBDD3-1q (-44.85 kcal/mol for
100ns) has the best binding. This binding increased slightly in the last 50 ns. The
lowest binding energy is at SBDD4-1q (-31.83 kcal/mol for 100ns). A parallel MM-
GBSA binding energy values emerged with the mentioned hydrogen bond and van
der Waals interactions. Also, the SBDD2-1f group has the best binding affinity (-
38.97 kcal/mol for 100ns) after SBDD3-1q, as expected. The high total entropy
value (-53.89 kcal/mol for 100ns) in SBDD4-1q decreased the entropy-doped
binding affinity compared to the others (more positive binding energy-22.05
kcal/mol for 100 ns). The entropy in here can be explained by the flexibility
movement of the "SH" group away from the DNA groove. SBDD3-1q and SBDD2-
1f, which have relatively low entropy contribution, have stronger entropy-doped
binding affinities. While the change in entropies in the first 1ns was less, the average
entropy values increased during the simulation. In particular, the high entropy
values in SBDD1-1g and SBDD4-1q indicate that conformational changes are
greater than in the other two groups. This prevents the masking of the ligand to
some extent. SBDD2-1f is the group with the least irregular movement with an
average entropy value of -37.66 kcal/mol in 100ns. It also has an entropy
contribution binding energy value of -1.31 kcal/mol.

In figure 4.24, the values of the MM-GBSA binding energies between the
platinum-containing complexes and DNA without the entropy contribution in all
frames and the frequency distribution graphs of these binding energies are shown.
As can be seen from these graphs, SBDD3-1q, the group with the best binding
affinity, shows stronger binding energy around -45 kcal/mol throughout the
simulation. In addition, SBDD1-1qg and SBDD-4q groups, which have lower
binding strength, peaks around -30 kcal/mol.

DNA helical parameters were generated with the AMBER 20 Cpptraj
module to analyze angular changes in nucleobases at binding sites. Figure 4.24
shows the visual forms of these helical parameters. The parameters examined for

angular changes are expressed in the figure 4.25.
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Figure 4.24. MM-GBSA binding energy (kcal/mol) and integrated distributions.
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Figure 4.25. DNA helical parameters.
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The frequency distributions of the DNA global base-pair parameters and
global base-step parameters have been analyzed for 1DNE, SBDD1-1q, SBDD2-
1f, SBDD3-1q, and SBDD4-1q and are shown in figure 4.26 and 4.27, respectively.
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Figure 4.26. Selected frequency distributions of DNA base-pair for the central
binding base pairs of all simulated complex.

For the buckle angle values in figure 4.26, the deviation of all groups from
1DNE is negligible in the DT6:DA19 base pair. However, in the DA7:DT18 base
pair, only the SBDD4-1qg group does not deviate from 1DNE. Other groups have a
deviation of ~10°. In the DT8:DA17 base pair, LDNE has two strong peaks, while
SBDD2-1f and SBDD3-1q have distributions only at ~10°. SBDD1-1q shows a
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different distribution by ~10° than other groups and 1DNE in DC9:DG16 base pair.
When the opening angle base par parameters are controlled, in base pair
DT6:DA19, all complexes and 1DNE have two strong peaks at ~0° and ~10°. Only
the peak of SBDD2-1f at ~10° has a greater percentage of dispersion. The
DA7:DT18 base pair has peaks at ~0° and ~10°. While these peaks have close
distribution in 1DNE, those of the other complexes except SBDD3-1q have a high
percentage of distribution at ~10°. In DC9:DG16, on the other hand, the SBDD3-
1q group has a strong peak at ~10°, unlike the others.

In figure 4.27, where the base step parameters are evaluated, it is understood
from the graph that the deviation of the rise value from 1DNE occurs only in the
adjacent bases of DA7-DT8. This deviation is approximately 1A in the SBDD1-1q
and SBDD2-1f groups. When the roll angle values are examined, 1DNE and other
groups distributed at ~10° in DT6-DA7 steps where SBDD1-1q is ~5°. In the DA7-
DT8 base step, SBDD1-1q peaks at ~10°, while other groups and 1DNE show a
distribution at 0°. In the DT8-DC9 base partnership, there are two peaks in the
SBDD3-1q complex, ~10° and ~5°. Other groups and 1DNE indicate only
distribution at ~10°. The deviations of the shift values are different from 1DNE in
DT6-DA7. While the peak distribution in the 1DNE structure is between ~-0.5A
and ~1A, this distribution is spread over a wide area between ~-1A and ~2A in
SBDD3-1q. The spread occurred in SBDD4-1q is between ~2A and ~3.5A.
SBDD2-1f is like 1DNE. In the DA7-DT8 base step, SBDD3-1q and SBDD2-1f
with 1DNE similarly peaks at ~0A, while other groups form a distribution at ~-
0.5A. Here, SBDD2-1f also has a peak at ~-0.5A. In DT8-DC9, 1DNE has two
large peaks at ~1 A and ~2A, while SBDD1-1q is located at ~2A from these peaks.
Others peak around ~1A. The deviations in the twist angle values; in DT6-DA7,
IDNE has two large peaks at ~40° and ~50°, while SBDD1-1q is located at ~50°
from these peaks. Other groups indicate distributions around ~40°. In DA7-DT8,
IDNE consists of peaks at ~30° and ~40°, while the peak of SBDD1-1q is placed
at ~30° from these peaks. Other groups have distributions around ~40°. In DT8-
DC9, all groups except SBDD3-1q peak at ~40° like 1IDNE. The SBDD3-1q group
has a strong peak at ~50°. The SBDD2-1f complex has a stronger peak of ~50°
apart from ~40°.
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Figure 4.27. Selected frequency distributions of DNA base step for the central
binding base steps of all simulated complex.
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As a result of detailed examination of DNA helical base parameters, it was
revealed how intermolecular interactions affect ligand-bound DNA differently from
pure DNA (1DNE). The deviations in the base parameters especially reveal the
effect of hydrogen bonds.

In this study, the possible interaction between target DNA and platinum-
containing compounds was examined in all its lines. It has been determined from
the literature that metal-containing compounds that are square planar and without
leaving groups can settle in the groove. Novel square planar platinum compounds
were designed with ligands and 2-pyrimidinethiol, which were determined as
carriers in the literature. Structures in which platinum is bound to four nitrogen
atoms were revealed. To add to these structures, 21 functional groups were
determined from literature. These groups are most used and have high biological
effect. The most stable states of the geometric structures of the complexes were
found with OLYP DFT method and the selecting basis set combination. 84
compounds prepared with some scripts were automatically docked into the DNA
groove using AutoDock 4.2.6. Virtual screening was performed for compounds
containing platinum metal. The best poses were found and prepared for simulation.
Molecular dynamics simulations were performed with AMBER20, one of the most
used programs in the literature. Molecular dynamic simulations cannot be made
automatically for metal-containing complexes. Because the bond structure of
transition metal atoms is complex. Many different bonding forms occur in metal
atoms with d-orbitals and f-orbitals. Existing programs cannot automatically predict
the properties of bonds in metal-containing compounds. For this, it is necessary to
establish the bond property parameters and force fields of these compounds one by
one. In this study, the best complexes of the four groups taken from the docking
were successfully transferred to the simulations with the MCPB.py plugin in
AMBER 20. After the simulations were run at 100 ns, the strength of the bonds was
evaluated by multiple assays. Images of simulations between ligand and DNA at 0,
50 and 100 nanoseconds are in Appendix 5. Although the MM-GBSA method used
for binding does not provide accurate information about the binding affinity, it is
sufficient to explain the binding differences and interactions between the
complexes. In addition, studies that could take days have been concluded in a short

time with the GPU-based computation used.
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5. CONCLUSION

Increasing diseases and human deaths in recent years have pushed scientists
to find quick and permanent solutions for treatment. The classical drug
development method is insufficient to solve the current disease-related problems.
Because this method is expensive, time-consuming and has the potential to fail as
a result. Therefore, rational drug design method has started to be discussed in the
last 30 years. This method has become popular with the development of technology
and the fact that increasing experimental information can be easily retrieved from
databases. Biological problems that are difficult to overcome have begun to be
solved gradually with the effective use of computers with many useful programs.
Bioinformatics has become a frequently applied field especially for the
development of new treatments and drugs specific to cancer types. Platinum-
derived compounds, which are the subject of this study, are widely used in
chemotherapy as drugs against cancer types. Studies are still ongoing to develop
these platinum-derived drugs.

1. The limitations and advantages of the ORCA 4.2 program in metal-
containing complexes were evaluated in the main part of this study. The
keywords and calculation algorithms of the ORCA 4.2 program were
compared. The RIJCOSX approximation and high grid integral numbers
showed good results in the calculations of heavy metal-containing
complexes. The success of ZORA relativistic full electron basis set and
combinations of metal ECP (only for electrons participating in bonding)
basis set in complexes was tested together with 139 DFT methods for
different categories. Suitable method and basis set combination was
determined statistically by various graphs and deviation analyzes. The
selection of the best DFT method using the ZORA-def2-TZVP relativistic
full electron basis set was used in the ligand-based drug design part. In
particular, the obvious success of DFT functionals based on the GGA
algorithm stands out. HCTH407P functional was chosen for all complexes
to be used in ligand-based drug design. Also, the mentioned comparisons
were made for platinum and 2-pyrimidinethiol complexes used in structure-

based drug design. Differently, metal ECP basis set combinations were
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compared here as well as DFT methods. As a result of the analyzes, it was
determined that while the quadruple-zeta basis set combinations had good
results in bond lengths containing metal, triple-zeta basis sets were more
successful in the angles where the metal was in the center. As a result of the
analysis, OLYP was chosen as the best DFT method, HayWadt for ECP,
LanL2TZ for metal basis set, and def2-TZVP for other atoms in structure-
based drug design. Because of the use of quantum descriptors that include
all electrons in the calculation for QSAR calculations, the basis set, such as
ZORA, which causes longer calculations in terms of time, has been used in
ligand-based drug design. To obtain more realistic results, ECP basis sets
that freeze the electrons that do not participate in the bond and can make
calculations in a shorter time are not selected in ligand-based drug design.
It has been a detailed study that can be applied to researchers using metal-
containing compounds. These comparisons are invaluable to researchers
who use metal-containing compounds.

The QSAR studies for metal-containing compounds are scarce in the
literature. Using OECD principles, which are less referenced in other
studies, QSAR studies were performed and estimated cytotoxic activity
values were discovered for newly designed drug candidate compounds. The
insufficient database of experimental cytotoxic test data for platinum-
containing compounds, and the inability to filter the databases for disease-
based studies appear to be a problem. If cytotoxic data are to be obtained
from different studies in the literature review, it should be noted whether the
experimental procedure used is similar. Considering these details, a total of
154 complexes in 7 groups were taken from the literature. Geometric
optimizations were carried out successfully with the specified DFT method.
Around 1400 descriptors have been calculated. There are deficiencies in the
programs that calculate descriptors in QSAR studies. It has been determined
that these programs need to calculate the descriptors based on the
information in the output files of the structure with this study. Standard
descriptors do not fully detail the structure. Therefore, it would be
interesting to produce a machine learning supported descriptive computing
software that can automatically extract the desired data from the output files

of many quantum chemical computing programs. Many descriptors detected

116



using the optimized 3D geometric structure have been successful in
generating QSAR models. QSAR models were created for 7 groups and the
best models were statistically selected using the OECD's 4 principles. In the
QSAR studies of metal-containing compounds, we identified one of the
shortcomings was that selections were not made by applying the OECD's
four rules. One of the most important parts in model selection in OECD is
external validation. This is a vital verification method to accurately predict
the activity of compounds of unknown activity. We acted transparently to
validate the models we created for each group of complexes in our study.
These models were applied to 30 newly formed platinum and 2-
pyrimidinethiol-containing complexes in each group and estimated low
cytotoxic values were obtained for 11 complexes. These successful
complexes are of interest for further in-vitro studies. In addition, it has been
tried to express with all points how QSAR studies of metal-containing
compounds can be done more accurately with this study.

Studies in which platinum-containing compounds are covalently bound with
DNA are generally predominant in the literature. Changes in structure and
the nature of this binding were tried to be understood in these studies of
molecular dynamics. Groove binding modeling between DNA and
platinum-containing compounds is scarce in the literature. DNA
intercalation of platinum-containing compounds is not yet fully understood.
It is thought that this bonding has a weaker and less toxic effect than
covalent bonding. Molecular docking calculations are commonly used for
many metal or metal-free structures. Organic compounds can be docked into
the target macromolecule and then simulated with virtual screening at the
same time, usually by means of ready-made programs and machine
learning, which is one of the new techniques, and many studies on this
subject are available in the literature. However, no study could be identified
in which metal-containing compounds were subjected to docking by virtual
screening. This stands out as a major shortcoming. The interactions of these
compounds with macromolecules cannot be easily done by virtual screening
method. Due to the nature of the bond structure of the transition metal, it is
not possible to automatically participate in docking and simulations of

metal-containing compounds in existing programs. As a continuation of
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docking, there is no program yet to quickly implement this method in
molecular dynamics simulations for metal containing complexes. Today,
these calculations are made separately and transferred to the simulation. For
the analysis of molecular dynamics simulations, apart from the binding site,
the effect of intermolecular interactions on binding should also be
examined. For these reasons, groove binding of platinum-containing
complexes with DNA was modeled in the last part of the study. 21 different
biologically active functional groups were used for 84 complexes designed
in DNA intercalation. After geometric optimization of these complexes,
molecular docking calculations that find DNA binding sites were performed
for these complexes. We succeeded to implement the virtual screening
method for molecular docking. The binding site and intermolecular
interactions between four metal-containing compounds and DNA were
investigated in this study. One of the functional groups, "1q" is rich in
methyl groups and contains electronegative oxygen atoms, and it was
determined that the complexes containing these functional groups had better
binding energy. In addition, because of molecular dynamics simulations, it
was found that the SBDD3-1q complex is better located and tightly bound
in the DNA groove. It was revealed that this complex has more and stronger
electrostatic interactions with DNA. As a result, it is obvious that especially
machine learning-based programs should be developed to make the
interactions of metal-containing compounds with macromolecules easily
and quickly. In the current situation, it is necessary to shorten and automate
the preparation time for simulations. All aspects of the results should be
evaluated, and the scoring of the binding should be done with correct
statistical methods in addition to the preparation time for properties of metal
containing complexes.

. We have shown the effect of metal-containing compounds in new drug
discovery with the theoretical studies and detailed analyzes in all these parts.
We believe that all the arguments used in this study have shed light on future

research.
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7. APPENDICES

APPENDIX 1 Using Input for “Compound” in ORCA 4.2 During Calculations

*xyz01
Pt -0.168684 0.623983  1.844388

*

%Compound
New_Step
# A1-03
! TightOpt RKS RIJCOSX TIGHTSCF GRID7 FINALGRID7 SARC/J PRINTBASIS ZORA-def2-TZVP ZORA GridX9 AIM
ALLPOP
%pal nprocs 128 end
%base "A1-03"
%scf
MaxIntMem 5000
end
%geom
Maxlter 125
end
%method
method dft
functional gga_xc_hcth_407p
WeightScheme Weight_Becke
SpecialGridAtoms 78
SpecialGridintAcc 10
end
Y%Dbasis
newgto Pt "SARC-ZORA-TZVP" end
DelECP Pt
DelECP CI
DelECP O
DelECP N
DelECP C
DelECP H
end
*xyz01
Pt  -0.168684 0.623983  1.844388

*

Step_end
New_Step
# A1-04
! TightOpt RKS RIJCOSX TIGHTSCF GRID7 FINALGRID7 SARC/J PRINTBASIS ZORA-def2-TZVP ZORA GridX9 AIM
ALLPOP
%pal nprocs 128 end
%base "A1-04"
%scf
MaxIntMem 5000
end
%geom
Maxlter 125
end
%method
method dft
functional gga_xc_hcth_407p
WeightScheme Weight_Becke
SpecialGridAtoms 78
SpecialGridintAcc 10
end
Y%basis
newgto Pt "SARC-ZORA-TZVP" end
DelECP Pt
DelECP CI
DelECP O
DelECP N
DelECP C
DelECP H
end
*xyz01
Pt  -0.961065450 1.551545850  0.871934820

*

Step_end
END
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APPENDIX 2 An Example of a Script Run in Tiibitak TRUBA.

It is stated that 16 computers with 128 cores are used in total on “midl” high
computing server and the linux version of the ORCA program is defined in the

hyazici user directory. The openmpi directory in TRUBA for parallel computations
Is also shown.

#l/bin/bash

#SBATCH -p mid1
#SBATCH -A hyazici
#SBATCH -n 128
#SBATCH -N 16

#SBATCH —time=3-24:00-00
#SBATCH -0 slurm.%j.out
#SBATCH -e slurm.%j.err

export PATH=/truba/sw/centos7 _3/lib/openmpi/3.0.0-gcc-7.0.1/bin:$PATH

export LD _LIBRARY PATH=/truba/sw/centos7 3/lib/fopenmpif3.0.0-gcc-7.0.1/lib:
$LD_LIBRARY _PATH

export orcadir=ftruba/home/hyaziciforca_4 2 0 linux_x86-64 openmpi314
export R5SH_COMMAND="/usr/bin/ssh -x"

export PATH=%orcadir$PATH

export LD_LIBRARY _PATH=%orcadir-$LD_LIBRARY _PATH

echo "SLURM_NTASKS= $SLURM_NTASKS"

echo "SLURM_TASKS PER NODE= $SLURM TASKS PER NODE"

echo "SLURM_NNODES= $SLURM_NNODES"

echo "SLURM_NODELIST= $SLURM_NODELIST"

echo "SLURM_CPU_BIND= $SLURM_CPU_BIND"

echo "SLURM_JOB_CPUS_PER_NODE= $SLURM_JOB_CPUS_PER_NODE"

$orcadir/orca GroupA-1.inp = GroupA-1.out
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APPENDIX 3 A Multiwfn Script Example for Quantum Mechanics Calculation.

Each of the numbers to the left of the script corresponds to a command and
calculation in Multiwfn 3.7. For this script "txt" file, which is run with the "bat"
file, the "molden” wavefunction input from ORCA and belonging to the complex is

required.

100  # Other functions (Part 1)

4 # 1-Integrate a function - Electron density

1 # Electron density

4 # 2-Integrate a function - Gradient norm of electron density

2 # Gradient norm of electron density

4 # 3-Integrate a function - Laplacian of electron density

3 # Laplacian of electron density

4 # 4-Integrate a function - Hamiltonian kinetic energy density K(r)

6 # Hamiltonian kinetic energy density K(r)

4 # 5-Integrate a function - Lagrangian kinetic energy density G(r)

7 # Lagrangian kinetic energy density G(r)

4 # 6-Integrate a function - Electrostatic potential from nuclear charges
8 # Electrostatic potential from nuclear charges

4 # 7-Integrate a function - Electron Localization Function (ELF)

9 # Electron Localization Function (ELF)

4 # 8-Integrate a function - Localized orbital locator (LOL)

10 # Localized orbital locator (LOL)

4 # 9-Integrate a function - Local information entropy

11 # Local information entropy

4 # 10-Integrate a function - Reduced density gradient (RDG)

13 # Reduced density gradient (RDG)

4 # 11-Integrate a function - RDG with promolecular approximation

14 # RDG with promolecular approximation

4 # 12-Integrate a function - Sign(lambda2)*rho

15 # Sign(lambda2)*rho

4 # 13-Integrate a function - Sign(lambda2)*rho with promolecular approximation
16 # Sign(lambda2)*rho with promolecular approximation

4 # 14-Integrate a function - Correlation hole for alpha, ref. point:0.0 0.0 0.0
17 # Correlation hole for alpha, ref. point:0.0 0.0 0.0

4 # 15-Integrate a function - Average local ionization energy (ALIE)

18 # Average local ionization energy (ALIE)

4 # 16-Integrate a function - Source function, mode: 1, ref. point:0.0 0.0 0.0
19 # Source function, mode: 1, ref. point:0.0 0.0 0.0

4 # 17-Integrate a function - Delta_g (promol. approx.) 0.0 0.0

22 # Delta_g (promol. approx.) 0.0 0.0

4 # 18-Integrate a function - Delta_g (Hirshfeld partition)

23 # Delta_g (Hirshfeld partition)

0 # Return to main menu

q # Quit]
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APPENDIX 4 Molecular Dynamic Simulation Inputs.

min_init.in
&centrl
imin =1,
maxcyc = 2500, ncyc = 1000,
ntb=1,ntr=1,cut=9
&end
Hold the DNA & DRG fixed
500.0
RES 1 26
&end

min.in

&cntrl
imin=1,ntb=1,ntr=0,cut=9
maxcyc = 5000, ncyc = 1500,

&end

&ewald
ew_type =0, skinnb = 1.0,

&end

heat.in
&cntrl

imin=0, ntx=1,

ntwr=500, ntwx=500, ntwe=500, nscm=5000, ntpr=500,

ntf=2, ntc=2, ntb=1, ntp=0, ntt=1, ntr=1, nmropt=1,

nstlim=150000, t=0.0, dt=0.002,

cut=9.0, tempi=0.0, restraintmask=".1-26", restraint_wt=25.0,
&end

&wt type="TEMPO', istep1=0, istep2=100000, value1=0.0, value2=300.0,
&end

&wt type="TEMPO', istep1=100001, istep2=150000, value1=300.0, value2=300.0,
&end

&wt type="END',
&end

eq.in
&entrl
imin=0, ntx=>5,
ntpr=500, ntwr=500, ntwx=500, ntwe=500, nscm=5000,
ntf=2, ntc=2, ntb=2, ntp=1, ntt=1, ntr=1, irest=1,
tautp=0.2, taup=0.2, nstlim=500000, t=0.0, dt=0.002,
cut=9.0, tempi=300.0, temp0=300.0, restraintmask="1-26", restraint_wt=0.5,
&end
&ewald
ew_type =0, skinnb = 1.0,
&end

md.in

&entrl
imin=0, ntx=5,
ntpr=2000, ntwr=2000, ntwx=2000, ntwe=2000, nscm=20000,
ntf=2, ntc=2, ntb=2, ntp=1, ntt=1, irest=1, ntrx=1, iwrap=1,
nstlim=50000000, t=0.0, dt=0.002, tautp=1.0, taup=2.0,
cut=9.0, pres0=1.0, ioutfm=1,

&end

&ewald
ew_type =0, skinnb = 1.0,

&end
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APPENDIX 5 Images of SBDD1-1q, SBDD2-1f, SBDD3-1q and SBDD4-1q
Complexes at 0, 50 and 100 Nanoseconds.

SBDD1-1q
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