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SYNTHESIS, CYTOTOXICITY AND APOPTOSIS STUDIES ON NICKEL AND
ZINC DERIVATIVES OF TESTOSTERONE-N*-SUBSTITUTED-
THIOSEMICARBAZONES
ABSTRACT
The side effects of cisplatin such as toxicities are mainly due to the lack of selectivity of
this chemotherapeutic agent. In order to increase the selectivity of an anticancer agent,
hormone molecule that targets a specific receptor may be utilized. This research aimed to
prepare cytotoxic Schiff base compounds (and their nickel and zinc complexes) with
testosterone and derivatives of thiosemicarbazide, which are potentially selective towards
cancerous cells. Three Schiff base ligands (TM, TF, and TP) were made from the
conjugation of testosterone with three derivatives of thiosemicarbazide (N*= methyl,
fluorophenyl, and ethylphenyl) and their respective nickel (NM, NF, and NP) and zinc
complexes (ZM, ZF, and ZP). A zinc complex ZE (N*= ethyl) was included as well.
Characterizations of these compounds were done by means of FTIR, CHN elemental
analyses, '"H-NMR and '*C-NMR, and X-ray crystallography. Mononuclear complexes
of NM and NF adopt a distorted square planar geometry, with two molecules of Schiff
base ligand coordinated to the nickel ion via two imine nitrogens and two tautomeric thiol
sulfurs. The cytotoxicity of these compounds against several human cancerous cell lines
(prostate cancer cell line PC-3 and LNCaP, breast cancer cell line MCF7, colorectal
carcinoma cell line HCT 116) and their general toxicity against two human normal cell
lines (normal prostate RWPE-1 and normal colon CCD-18Co) were investigated, with
cisplatin as positive reference standard. Eight out of the nine synthesized compounds were
cytotoxic towards the HCT 116 colorectal carcinoma cell line tested, while only two of
them were toxic against the CCD-18Co normal colon cell line tested, reflecting high
selectivity index of these compounds against the colorectal carcinoma cell line.

Morphological changes induced by these compounds were observed and photographed.
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Ability of the cytotoxic compounds to induce apoptosis was proven via flow cytometry
and this study was then focused on colorectal carcinoma cell line due to the high
selectivity index. Five of the cytotoxic compounds (TM, NM, TF, TP, and NP) were
able to depolarize the mitochondrial membrane potential, thereby suggesting their
capability to induce intrinsic apoptotic pathways. All the cytotoxic compounds
successfully arrested cell cycle of HCT 116 at Go/Gi phase. Furthermore, all the nine
compounds were proven to bind to the DNA surface and they might be DNA minor
groove binders. However, the general toxicity of TF against all the tested cell lines (ICso
values range from 12.03 to 29.37 uM) might be due to its outstanding affinity towards
DNA (K, = 2.9 x 10’ M), while high selectivity of ZP (SI>3.22) might be due to its
weak DNA binding strength (Kj = 3.7 x 10° M. The three compounds (TM, NM, and
Z.P) were able to suppress enzymatic reaction of topoisomerase I, thereby suggesting the
cytotoxicity of these compounds against the colorectal carcinoma cell was due to their
topo I inhibitory properties. Such inhibition might in turn, block the cell from entering S

phase of cell cycle, and the cells might then be subjected to programmed cell death.

Keywords: Testosterone Schiff base, metal complexes, colorectal carcinoma cell-

targeting, topoisomerase I inhibitor.
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SINTESIS, KAJIAN KESITOTOKSIKAN DAN APOPTOSIS DERIVATIF
NIKEL DAN ZINK TESTOSTERON-N4-TERTUKARGANTI-
TIOSEMIKARBAZON
ABSTRAK
Kekurangan spesifikasi terhadap sel kanser merupakan punca utama kesan sampingan
agen kemoterapeutik cisplatin. Molekul hormon yang menyasarkan reseptor tertentu
boleh diguna untuk meningkatkan keupayaan selektiviti agen antikanser. Penyelidikan ini
bertujuan untuk menyediakan sebatian-sebatian sitotoksik bes Schiff (serta kompleks
nikel dan zink mereka) dengan testosteron dan derivatif tiosemikarbazida (N4= metil,
fluorofenil dan etilfenil) yang berpotensi selektif terhadap sel kanser. Tiga ligan bes
Schiff (TM, TF, dan TP) telah disediakan melalui konjugasi testosteron dengan tiga
derivatif tiosemikarbazida dan kompleks nikel (NM, NF, dan NP) serta kompleks zink
(ZM, ZF, dan ZP). Satu kompleks zink ZE juga dimasukkan dalam kajian ini (NV*= etil).
Ciri-ciri sebatian tersebut telah ditentukan dengan kaedah spektroskopi seperti FTIR,
analisis unsur CHN, 'H-NMR dan 'C-NMR, serta kristalografi sinar-X. Kompleks
mononuklear NM dan NF merupakan geometri empat segi sesatah ‘terherot’, dengan dua
molekul ligan bes Schiff yang diselaraskan dengan ion nikel melalui dua nitrogen imina
dan dua sulfur tiol tautomerik. Aktiviti sitotoksik sebatian-sebatian tersebut terhadap
beberapa sel-sel kanser manusia (kanser prostat PC-3 dan LNCaP, kanser payudara
MCF7, dan kanser kolon HCT 116) serta ketoksikan umum mereka terhadap sel-sel
normal manusia (prostat RWPE-1 dan kolon CCD-18Co) telah disiasat, dengan cisplatin
sebagai rujukan positif standard. Lapan daripada sembilan sebatian yang disintesis adalah
sitotoksik ke atas sel-sel kanser kolon yang diuji, di mana hanya dua daripadanya yang
toksik terhadap sel-sel kolon biasa yang diuji, ini menggambarkan indeks selektiviti yang
tinggi sebatian-sebatian tersebut terhadap sel-sel kanser kolon. Kesan sebatian ke atas

perubahan morfologi sel-sel kanser telah diperhatikan dan difoto. Keupayaan sebatian-



sebatian sitotoksik untuk merangsang apoptosis terbukti melalui analisis aliran sitometri
dan kajian ini seterusnya memberi tumpuan kepada sel-sel kanser kolon atas sebab indeks
selektiviti yang tinggi. Lima sebatian sitotoksik tersebut berupaya mengubahkan potensi
membran mitokondria, maka dicadangkan bahawa kematian sel adalah secara apoptosis
intrinsik. Semua sebatian sitotosik tersebut berjaya merencatkan kitar sel kanser kolon
HCT 116 di fasa Go/Gi. Selanjutnya, sembilan sebatian terbukti sebagai pengikat
permukaan DNA dan berkemungkinan pengikat DNA ‘minor groove’. Walau
bagaimanapun, ketoksikan umum TF terhadap semua sel yang diuji (nilai ICso dari 12.03
ke 29.37 uM) dipercayai disebabkan oleh afiniti yang tinggi terhadap DNA (K, = 2.9 x
10’ M), manakala ikatan yang lemah pada DNA mungkin menjelaskan ciri sebatian ZP
(K»=3.7 x 10° M) yang tidak toksik terhadap sel-sel kolon normal yang diuji (SI>3.22).
Tiga sebatian (TM, NM, dan ZP) berupaya merencatkan tindak balas enzimatik
topoisomeras I, maka dicadangkan bahawa kesitotoksikan sebatian tersebut terhadap sel
kanser kolon adalah disebabkan oleh keupayaan perencatan enzim topo I. Perencatan
enzim topoisomeras mungkin akan menghalang kemasukan sel-sel kanser kolon ke fasa

S dalam kitaran sel, dan merangsangkan apoptosis.

Kata kunci: Bes Schiff testosterone, kompleks logam, penyasaran sel kanser kolon,

perencat topoisomeras 1.
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CHAPTER 1: INTRODUCTION

The discovery of cisplatin and its rapid approval by the Food and Drug Administration
(FDA) of the USA consolidated this platinum-based drug as the principal anticancer
chemical in use worldwide (Sanchez-Cano & Hannon, 2009b). The clinical usefulness of
cisplatin is somewhat restricted by setbacks such as drug resistance, along with severe
toxic side effects that include hepatotoxicity, nephrotoxicity, and neurotoxicity
(Bruijninex & Sadler, 2008; Ibrahim et al., 2019; Ruiz et al., 2011). The unparalleled
success of cisplatin in the treatment of cancer has led to research that extended to the use
of coordination complexes, particularly transition metal complexes, in antitumour therapy
(Sanchez-Cano & Hannon, 2009a). Some transition metal ions are themselves essential
for the normal functioning of living organisms, these being involved as modulators for
biological system; in fact, nearly one-third of enzyme-mediated process require metal
cofactors for the activity (Maxwell & Bates, 2009). In the human body in particular, the
second most abundant transition metal is zinc (while ferum being the most abundant),
which is required for cell growth and division. Among research on the anticancer
properties of zinc complexes, the =zinc derivative of Schiff-base type of
thiocarbohydrazone was implicated as a DNA binder by the use of a simple spectroscopic

method (Tiwari et al., 2011).

Aside from zinc, nickel is another much-examined metal in the search for the metal-
based anticancer therapeutics. Together with palladium and platinum, these transitional
metal elements are categorized in the Periodic Table as a triad that behave as close
relatives in their chemical as well as possible biological interactions (Stromberg et al.,
1997). For example, nickel complexes of 1,2-naphtoquinone-based thiosemicarbazone

ligands are more cytotoxic against MCF7 human breast cancer cell line than the



commercial antitumour drug etoposide (Chen et al., 2004). Furthermore, nickel
complexes with polypyridyl ligands induce selective growth inhibition towards cancer
cells by stabilizing the G-quadruplex of DNA, a feature that is crucial to the potential use

of these as metal-based antitumour drugs (Dixon et al., 2005; Le et al., 2013).

Many studies have addressed the delivery of an anticancer agent to the cell or its
functional target; such drug targeting strategies may be achieved by improving the drug
carrier strategy itself rather than to use a free solution of the drug (Huxley et al., 2010;
Ruiz et al., 2012). By conjugating to the biomolecules that target a specific organ or
receptor, the carriers would direct the drug towards the specified target (Sanchez-Cano &
Hannon, 2009a). On the other hand, in regard to the organic portion of the drug molecule,
androgens (e.g. testosterone), i.e., sex hormones, can be exploited with this strategy owing
to their ability to interact with the androgen receptor and also to form a stable receptor-
ligand molecular complex (Szyczewski et al., 2004; Manosroi et al., 2010). For instance,
enhanced antiproliferative effects of several steroidal complexes of ferrocene against
hormone-independent prostate cancer cell line PC-3 are known (Top et al. 2011). This
strategy may even improve the delivery of an anticancer agent to androgen receptor
positive cells such as prostate, breast, or even colon cells, since the expression of these
receptors on the membrane of human colon cell lines is known in the literature (Gu et al.,

2009).

Metal complexes of thiosemicarbazones are of current interest owing to their
demonstrated array of biological activities such as antibacterial, antitumour, antifungal,
antileukemic, and cytotoxic activities (Khan et al., 2008; Prabhakaran et al., 2013;
Pahontu et al., 2015; Malik et al., 2018). Schiff base thiosemicarbazones constitute a class
of versatile organic ligands that can be readily synthesized through condensation of

thiosemicarbazide and a carbonyl compound, the condensation resulting in the formation



of C=N bond in the molecule while a molecule of water is lost (Kovala-Demertzi et al.,
2002). Interestingly, the diversity of certain biological properties, such as cytotoxicity
and nucleolytic properties, is increased by a steroidal constituent (Khan et al., 2008). The
ligand synthesized from testosterone acetate and thiosemicarbazide, in the form of the
copper and platinum derivatives, exhibited cytotoxicity (against MCF7 human breast
cancer cell line) that is comparable with cisplatin itself (Murugkar et al., 1999). The
cellular delivery of a range of other platinum complexes is also enhanced when the metal
is linked to androgen, and cytotoxicity is also improved compared with their non-steroidal
analogues (Huxley et al., 2010). The property of these testosterone-based complexes to
unwind and to bend the DNA double-helix is known to be similar to the ability of those

induced by cisplatin on DNA structure (Sanchez-Cano et al., 2010).

The undesirable side effect of some chemotherapeutics and the potential of androgen
Schiff base compounds have led to a search for a cytotoxic compound to be more selective
towards androgen receptors positive cancerous cells when it is conjugated to a

testosterone molecule. The present study was undertaken with the following objectives:

a) To synthesize the Schiff base compounds (and metal complexes) of the
testosterone derivative of thiosemicarbazide;

b) To evaluate the growth inhibitory properties of the new compounds against
selected human cancer cell lines;

¢) To elucidate the possible mechanism of cell death induced by these compounds;

d) To determine the interaction of compounds with DNA;

e) To estimate the inhibitory strength of the compounds on the activity of

topoisomerase I.



CHAPTER 2: LITERATURE REVIEW

2.1 Transition metal complexes as chemotherapeutic agents

The use of metal salts for medical purposes can be traced back to antiquity; during the
pharaonic era, copper was used by the Egyptians to sterilise water, and gold was used in
China during the Shang dynasty (Fricker, 2007). Such activity is generally attributed to
the positive nature of the ion and the stereoelectronic properties that alter the function and
structure of biological targets (Tardito et al., 2011). The wide range of coordination
geometries and coordination numbers, along with the kinetic properties of metal
complexes enable delivery mechanisms that cannot otherwise be achieved by organic
agents (Ott & Gust, 2007). In some clinical trials, metal ions have demonstrated
therapeutic abilities, and they can be used in diagnostic medical imaging (Singh &
Sharma, 2018). Research is intense on the application of transition metals as antitumour
drugs, although platinum has remained as the mainstay of research in metal-based drugs,

this arising from the documented success of cisplatin in the treatment of cancer.

2.1.1 Platinum complexes chemotherapeutic agents

The importance of platinum in anticancer therapy originated from the discovery of
cisplatin (cis-diamine-dichloro-platinum™) against Escherichia coli (Rosenberg et al.,
1969; Jakupec et al., 2008). In 1978, the drug was regarded as a wonder drug as some
patients were cured from several types of cancer that were otherwise not treatable
(Hannon, 2007; Chabner, 2010). When the FDA granted approval, cisplatin replaced

other drugs in the treatment of germ cell cancers (Dasari & Tchounwou, 2014).



In order to bind to primary cancerous cells, cisplatin must be activated through a series
of chemical reactions which involve sequential replacement of the chlorine atoms with
water molecules while the metal centre retains its square planar geometry (Kelland,
2000). The aquo compound then binds to DNA through the formation of intra- and inter-
strand crosslinks (covalent Pt-DNA), which in turn causes kinks in the DNA.
Transcription is then inhibited by stalling DNA polymerase, thereby resulting in
controlled cell death (Suntharalingam et al., 2013). The steps involved in the biochemical
activity of cisplatin are illustrated in Figure 2.1 (Ceron-Carrasco et al., 2012), and the
structure of DNA with a kink that results from binding by cisplatin bound is depicted in

Figure 2.2 (Takahara et al., 1995).



Figure 2.1: Main events in the biochemical activity of cisplatin. A water molecule
is incorporated into cisplatin (a) with displacement of one chlorine atom once it has
entered the cell. The resulting activated aqua platinum species (b) attacks DNA at
the N7 positions of two adjacent GC base pairs (c), forming the Pt-DNA intrastrand

cross-link adduct (d). (Ceron-Carrasco et al., 2012).



Figure 2.2: Structure of DNA with cisplatin (highlighted in green) bound. The platinum
center is located in the major groove, and the DNA is bent (kink) by approximately 45°

toward the site of platination (PDB ref. 1AIO). (Takahara et al., 1995).

Numerous analogues have been synthesized by researchers with the intention of
enhance the therapeutic index of cisplatin. Some 13 underwent clinical trials (Dasari &
Tchounwou, 2014), and to date, two (carboplatin and oxaliplatin) have been approved for
clinical use worldwide while three (nedaplatin, heptaplatin and lobaplatin) are used in

Asia (Japan, South Korea and China, respectively) (Kenny & Marmion, 2019).

Despite the use in the treatment of cancer worldwide, the administration of these drugs
has some severe drawbacks, mainly resistance development in tumours, as well as severe

side effects such as hepatotoxicity, nephrotoxicity, and neurotoxicity (Chang et al., 2002;



Chuang et al., 2002; Fuertes et al., 2003; Bruijnincx & Sadler, 2008). Furthermore, a lack
of specificity at the active metal core sometimes leads to undesirable biological activity
and interactions with other biomolecules (Spencer & Walden, 2018). Such side effects
have reduced the effectiveness of these drugs in dealing with these life threatening
diseases. Research of medicinal applications of other classes of metal-based anticancer
drugs are expected to fill the gap in tumour chemotherapy, in the hope of overcoming this

problem of resistance so that the range of activity can be broadened.

2.1.2 Nickel complexes as chemotherapeutic agents

Nickel, a group 10 element in the Periodic Table of elements, is an essential element
required for the functions of enzymes such as urease, hydrogenase, and carbon monoxide
dehydrogenase (Rau & van Eldik, 1996). Together with palladium and platinum, the
group 10 elements are categorised as nickel triad, which often behaves as a set of elements
that possess similarities in the reactions (Stromberg et al., 1997). Different geometries
are possible, and these elements are also capable of forming organometallic compounds
(Drennan, 2010). There is, however, limited literature on the biochemical aspects of

nickel in the context of antitumour therapy.

In animal models, chronic exposure to particulate (insoluble) nickel compounds is
known to give rise to alveolar/bronchiolar adenomas and carcinomas in rats, so that as
antitumour agents in clinical tests, the physiological importance of nickel should be taken
into account (Holmes et al., 2013). Several nickel complexes show promising anti-
proliferative activities. These include (but not limited to) N-heterocyclic carbene
complexes, nickel pyrithione, nickel thiosemicarbazones, Schiff-base nickel chelates, and
other nickel complexes (Englinger et al., 2019). For instance, the cytotoxicity of the nickel

complexes of naphtoquinone-based thiosemicarbazone ligands (NQTS) against MCF7



human breast cancer cell line is comparable with that of the commercial drug etoposide;
furthermore, the nickel complexes also display enhanced antitumour activity at low ICso

values accompanied by topoisomerase II inhibitory activity (Chen et al., 2004).

2.1.3 Zinc complexes as chemotherapeutic agent

Zinc is the second most abundant metal in the human body, which plays a pivotal role
in cell growth and division. Many researchers have reported a direct relationship between
cancer cell progressions with the abundance of zinc in body. For example, breast cancer
patients showed decreased and elevated zinc level in serum and malignant tissues (Frezza
et al., 2010). Moreover, increased level of zinc is often associated with the decreased
proliferation of prostate cancer cells, which might be due to the action of zinc on the
mitochondria that resulted to the release of cytochrome ¢ and ultimately leads to apoptotic

cascading events (Costello et al., 2004).

The functional conformation of tumour suppressor p53 is correlated to the
concentration of zinc, with increasing concentration of zinc may mediate the renaturation
of wild type p53 (Méplan et al., 2000). It was also reported that Zn(II) complexes with
bio-benzimidazole derived ligands displayed excellent cytotoxic activity and induced
pS3-dependent apoptosis in MCF7 human breast cancer carcinoma (Liu et al., 2013).
Phospho-Akt is a pro-survival protein whereas p21%"* often act as a cyclin inhibitor that
involved in the regulation of cell survival. Zn(Il) complexes of N,N-chelating ligand and
diketonates were proven to downregulate the level of phosphor-Akt and increased the
level of p21™* and these compounds showed potent cytotoxic activity towards human
prostate cancer cell lines DU145, LNCaP, and PC3 (Liguori et al., 2010). Besides, ability
of zinc with derivative of thiosemicarbazone in causing lysosomal permeabilization due

to reactive oxygen production was reported (Palma et al., 2019).



2.1.4 Other transition metal complexes as chemotherapeutic agents

Other than the clinically approved drugs mentioned, several ruthenium, titanium,
gallium and gold compounds have entered the clinical evaluation trials. The search for
other transition metal-based anticancer drugs must be attributed to the success story of
cisplatin; interestingly, many metal complexes with potential for antitumour activity have
also been designed to behave differently from the platinum drug (Fricker, 2007).
Although the ruthenium complexes NAMI-A and KP1019 are unsuccessful in phase 1
and combined phase 1/2 clinical trial, these are nonetheless promising alternatives to the
platinum drug owing to a different resistance mechanism and a different interaction with

protein targets as a predominant mode of action (Englinger et al., 2019).

Gold complexes currently represent alternative candidates for metal-based anticancer
therapeutics. They have showed anticancer activity arises through a mechanism different
from cisplatin in mitochondria instead of DNA are targeted (Au et al., 2008).
Metallocenes have also been investigated, with ferrocene being the first studied.
Ferrocene is reported to target the cell membrane, DNA, and topoisomerase II (Gasser et
al., 2011). The metallocene complexes of titanium, such as titanocene dichloride are
active against breast and gastrointestinal carcinomas. Although the efficacy of this
compound in phase II clinical trials for patients with some cancer types is low (Gao et al.,
2010), the fact that this chemical possesses significantly lower side effects has encouraged

researchers to extend their search in other non-platinum compounds.

2.2 Safety issues associated with metal complexes
Metals can usually be divided into essential ones which are important for some cellular
activities, and nonessential ones, which are not required by the organism. For instance,

trace amounts of metals such as zinc, gallium, cobalt, silver, manganese and copper are
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required to trigger catalytic processes while others such as cadmium, arsenic, chromium
and nickel might be less beneficial to the body due to their carcinogenesis nature

(Tchounwou et al., 2012; Ndagi et al., 2017).

The non-essential metals are sometimes being regarded as more toxic. Nevertheless, it
has been a clear establishment that excessive essential metals can be as dangerous as
nonessential ones. For example, nickel is essential in small dosage but it can cause various
types of cancer on different sites within the bodies of animals when the maximum
tolerable amounts are exceeded. Fortunately, nickel is not known to accumulate in plants
or animals and therefore it has not been found to biomagnify up the food chain and

therefore their therapeutic properties can be exploited (Wuana & Okieimen, 2011).

Unlike most of the metals, oral uptake of small amount of zinc is required for survival
and zinc is found in muscle and bone, prostate, liver, gastrointestinal tract, kidney, skin,
lung, brain, heart, and pancreas. Although zinc has a rather low toxicity and severe impact
on human health by intoxication with zinc is relatively rare, excessive uptake of this metal
will be lethal too. As reviewed by Plum et al. (2010), a woman was reported dead after
oral intake of 28 g zinc sulphate, vomiting and hyperglycemia were observed and she died
five days later due to hemorrhagic pancreatitis and renal failure. Besides, symptoms
associated to excessive uptake of zinc such as nausea, epigastric pain, abdominal cramps,

diarrhea, and zinc-induced copper deficiency were reported as well (Plum et al., 2010).

In short, a balance between the cellular need and its bioavailability is important for the
normal physiological state. Meanwhile, the cytotoxicity properties of these metals
complexes can be exploited and these toxins can be turned into medicines especially for

therapeutic purposes.
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23 Thiosemicarbazone and Schiff base compounds

Thiosemicarbazones are a class of organic compounds that possess several donor
atoms that may coordinate to a metal centres. The organic compounds themselves are
inhibitors of the enzyme ribonucleotide reductase and are also capable of interrupting the
synthesis and repair mechanism of DNA (Kovala-Demertzi et al., 2002).
Thiosemicarbazones and their derivatives such as triapine (3-aminopyridine-2-
carbaxyaldehyde thiosemicarbazone) have been studied extensively for their use in
anticancer therapy (Whitnall et al., 2006; Palanimuthu et al., 2013). Nevertheless,
thiosemicarbazones belong to a huge group of thiourea derivatives that exhibit numerous
biological activities, including antiviral, antibacterial, and anticancer (Khan & Yusuf,
2009; He et al., 2012). Their biological activities are a function of the parent aldehyde or
ketone moiety, and the inhibitory action is mainly due to their chelating properties
(Dilovic et al., 2008). The general formula of thiosemicarbazones is depicted in Figure

2.3.

Figure 2.3: The general formula of thiosemicarbazones, where Ri, Ro, R3, R4, Rs =

H or any organic substituent.

Schiff base (imine) is an important class of ligands in coordination chemistry which
are able to inhibit the growth of several types of animal tumours (Reddy et al., 2011). It

can be synthesized from the condensation of carbonyl compounds and primary amine (i.e.
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thiosemicarbazide), resulting in azomethine (C=N) bond at the expense of a water
molecule (Schiff, 1864). The excellent chelating ability and flexibility in modifying the
chemical environment about the C=N group has led to extensive study of this group of
compound in coordination chemistry as well as medicinal chemistry (Ganguly et al.,
2014). Interestingly, the biological activity of Schiff base can be further improved by
complexation with transition metal ions (Gupta & Sutar, 2008). Numerous metal
complexes of Schiff bases with different biological properties were reported, including
applications as topoisomerase inhibitor (Arjmand & Muddassir, 2010; Lee et al., 2014),
DNA cleaving agent (Reddy et al., 2004; Raman et al., 2007; Shahabadi et al., 2010),
antibacterial agent (Jeewoth et al., 1999; Chohan et al., 2010), and potential anticancer

agent (Adsule et al., 2006; Zhong et al., 2006; Creaven et al., 2010).

24 Metal complexes with testosterone derivatives

As described above, the application of the platinum chemotherapeutics (for instance,
cisplatin) is accompanied by some unwanted and severe side effects. This is mainly
attributed to the lack of selectivity (and specificity), in which virtually any types of cells
in our body (both healthy and cancerous cells) will be targeted by these platinum
chemotherapeutic agents, with DNA being their primary target (Jain et al., 2013). As a
result, new strategies have been developed in order to minimize these side effects or to
increase the activity spectrum through more effective delivery of the drug to the desired
targets. The rationale behind this is, when the chemotherapeutics are delivered in a
targeted fashion, they may have little side effects with an enhanced therapeutic efficacy
as their availability at the target site is maximized besides only affecting the malignant
cells (Bhattacharyya et al., 2011; Falciani et al., 2011). Target-based chemotherapeutics

are one of the focuses on drug development nowadays. One of the strategies in designing
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target-based drugs is by conjugating biomolecules which target a specific organ or
receptor to cytotoxic compounds (Jakupec et al., 2008; Sava et al., 2012). The
biomolecules will then function as carriers to direct the cytotoxic drugs toward the

specified organ/receptor (Sanchez-Cano & Hannon, 2009b).

Different biomolecules have been explored with varying degrees of success and among
all, sex hormones such as androgens are of particular interest due to their critical
importance in the reproductive system cancers (Zamora et al., 2013). For example,
androgens appear to play a critical role in prostate carcinogenesis as the high level of free
testosterone was associated with increased incidents of prostate cancer (Debes & Tindall,
2002; Hyde et al., 2012). Besides their roles in the development of prostate cancer,
testosterone (Figure 2.4), which is able to cross the cellular membrane by passive
diffusion due to high lipophilicity, is undoubtedly an attractive carrier for target-based
strategy because of its ability to bind to the androgen receptor in the cytoplasm and then
be transferred into the nucleus (Foradori et al., 2008). Recognition and eventually binding
to the androgen receptor by this hormone is highly valued in target-based strategy due to
the fact that prostate cancer cells still expressing the androgen receptors despite androgen

deprivation therapy was administered (Wang et al., 2007).

O

Figure 2.4: Structure of testosterone.
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The idea of preparing steroid-bearing transition-metal complexes for biological
applications has begun in the 1960s, where a number of metal ions were involved,
including ruthenium, platinum, osmium, titanium, gold, nickel, and others. An extensive
review on the strategies in preparing metal steroid compounds, metal-steroid designated
for cancer therapy, and potential interest of certain steroid metal complexes for other
biological developments, was prepared by Le Bideau and Dagorne (Le Bideau &
Dagorne, 2013). Examples of metal-based drugs conjugated to testosterone were given
and most, if not all of these compounds, were designed to target androgen receptor

positive cells (e.g. prostate, and breast cancer).

Several reports on testosterone conjugated to platinum-based drugs were published
recently by the group of Hannon et al. (2009-2010), where enhanced delivery was
reported (Sanchez-Cano & Hannon, 2009a; Huxley et al., 2010; Sanchez-Cano et al.,
2010). Some of these steroidal compounds showed better selectivity and uptake by
androgen positive cells, while some displayed greater cytotoxicity. Meanwhile, Gao et al.
(2010) reported higher antiproliferative activity alongside increased selectivity and

sensitivity while titanocenyls were conjugated to androgens, including testosterone.

2.5  Testosterone thiosemicarbazone compound

A Schiff base containing testosterone and thiosemicarbazide was prepared by Al-
Bayati et al. (2010). This ligand was then reacted to form metal complexes of
chromium(III), cobalt(II), nickel(Il), and copper(Il). Although no crystal structure was
reported, the structure of the ligand was proposed with evidence from FTIR and CHN-
elemental analysis (Figure 2.5). These compounds displayed considerable antimicrobial

properties with a number of microorganisms tested (Al-Bayati et al., 2010).
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OH

Figure 2.5: Proposed structure of testosterone thiosemicarbazone Schiff base (Al-Bayati

etal., 2010)

Similar compound was prepared by Murugkar et al. (1999), with testosterone acetate
was used for synthesis instead of testosterone. The structure of this compound was
revealed by X-ray crystallography (Figure 2.6) and the formation of azomethine C=N
linkage was confirmed. Platinum and copper complexes of this ligand were then prepared
and these compounds, along with the free ligand, exhibit antitumour activity against the

MCEF7 breast cancer cell line (Murugkar et al., 1999).
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(a) (b) shg

Figure 2.6: Structure of (a) testosterone acetate, and (b) ORTEP plot of testosterone

acetate thiosemicarbazone (hydrogen atoms are not shown) (Murugkar et al., 1999).

Previously, a Schiff base ligand made of testosterone and thiosemicarbazide and its
nickel(I) complex were synthesized. Despite failure in inhibiting topoisomerase I, both
of the test compounds were selectively active in inhibiting the growth of human prostate
cancer cell lines (PC-3 and LNCaP) and a human colorectal carcinoma cell line HCT 116.
Although the primary targets of these compounds were not known, these DNA-minor
groove binders displayed switch of preferences towards different cancer cell types upon
complexation with nickel ion (Heng et al., 2015). The potential of other derivatives of
thiosemicarbazide, as well as other transition metals, are therefore being explored in this

project.
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2.6  Antitumour targets of metal complexes

Conventional anticancer drug discovery and development are always focused on the
cytotoxic agents. The discovery of these anticancer agents was mainly by serendipity and
the exact mechanisms of actions were usually a subject of retrospective investigation
(Chabner, 2010). Although this strategy has brought significant success especially in the
case of cisplatin, recent development in drug design and better understanding of cancer
biology have shifted the focus of researches to produce target-based drugs (Jakupec et al.,
2008; Sava et al., 2012). Since the cytotoxic action of the drugs requires a combination
of processes including cell entry, drug activation, DNA binding, and cellular responses,
this new focus is indeed useful in identifying the potential targets in drug design, which
is of importance as the fate of the drugs in the human body has to be taken into
consideration (Ang et al., 2010). In fact, interactions of Schiff base complexes of nickel
and zinc with DNA duplex and subsequently G-quadruplex were reported by other

researchers (Bonsignore et al., 2018).

2.6.1 DNA as target

The interaction of metal complexes with DNA is always a major interest in the
development of antitumour metal complexes. Reversible or irreversible modifications of
DNA may lead to disruption of the transcription and/or replication process, which in turn
block the cell division and ultimately results in cancer cell death (de Hoog et al., 2008;
Liu et al., 2013). The design of effective DNA binding agents is therefore important for

the development of new DNA-targeted antitumour agents.

The three most common platinating agents, namely cisplatin, carboplatin, and
oxaliplatin, are indeed the best examples of DNA-targeted antitumour agents. It is widely

accepted that DNA is the primary cytotoxic target for those platinum compounds. These
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compounds form a covalent DNA crosslinks with adjacent guanine or adenine-guanine
residues (Jain et al., 2013). Four different types of lesions can be formed on purine bases
of DNA, namely monoadducts, intrastrand crosslinks, interstrand crosslinks, and DNA-
protein crosslinks. All crosslinks would lead to contortion of the DNA and researchers
believe that the crosslinks are cytotoxic due to the level of distortion in the DNA (Rabik
& Dolan, 2007). Examples of different types of DNA lesions caused by platinating agents

are illustrated in Figure 2.7.

Figure 2.7: Platinating agent adducts on DNA. Platinating agents are capable of binding
to DNA and form monoadducts, intrastrand crosslinks, interstrand crosslinks, and DNA -

protein crosslinks. (Rabik & Dolan, 2007).

The DNA binding abilities are the reasons of success for the platinum drugs mentioned

above. However, this ability also contributed to the limited clinical usefulness of these

19



drugs. As the target of these platinum agents is ubiquitously present in all the living cells,
these complexes may damage the DNA of healthy cells apart from targeting cancerous
cells, thereby resulting in adverse side effects such as hepatotoxicity, nephrotoxicity, and
neurotoxicity on patients (Sava et al.,, 2012; Kilpin & Dyson, 2013). Intriguingly,
evidences have proven that DNA-targeted anticancer agents are still the most effective
agents in clinical use, which increased the survival rates of cancer patients, despite the
aforementioned side effects were reported in some cases (Fricker, 2007). Consequently,
the idea of targeting DNA in antitumour therapy is still alive and researchers are actively
exploiting potential anticancer drugs that may interact specifically or selectively towards

cancerous DNA.

The importance of DNA as the target of anticancer therapy has leads to the exploration
of metal complexes that are capable of binding to DNA, preferably via different methods
besides covalent binding (as seen in cisplatin). In fact, potential of metal complexes to
bind to DNA through a multitude of interactions have been investigated and reported
(Figure 2.8) (Zeglis & Barton, 2007; Sangeetha Gowda et al., 2014). For instance, DNA
intercalators bind to DNA via non-covalent interactions, an interaction which is
characterized by insertion of planar molecules between the DNA base pairs. This
interaction is regarded as non-covalent as the stability of intercalation complexes is

governed by van der Waals, hydrophobic, and electrostatic forces.
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Figure 2.8: Three non-covalent binding modes of metal complexes with DNA: (a) groove

binding, (b) intercalation, and (c) insertion. (Zeglis et al., 2007).

Unlike covalent binding, intercalation is commonly independent of base-pair sequence
(Paul & Bhattacharya, 2012). Metallo-intercalators are metal complexes that bear at least
one intercalating ligand. Generally, metallo-intercalators enter the double helix with no
bases are ejected or displaced from the DNA duplex. However, intercalation often results
in widening of the major groove (preferred binding site of intercalators) and this
interaction distorts the structure of DNA (Zeglis et al., 2007). The functions of DNA-
associated proteins such as DNA repair proteins, polymerases, topoisomerases, and
transcription factors are therefore interrupted (Barone et al., 2013). Figure 2.9 shows the
chemical structure of rhodium and ruthenium complexes bearing two common
intercalators phi(9,10-phenanthrenequinone diamine) and dppz (dipyrido[3,2-a:2’,3’-

c]phenazine).
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Figure 2.9: Chemical structure of two metallo-intercalators: (a) A-[Rh(phen)(phi)]*" and
A-[Ru(bpy)2(dppz)]**. The intercalating ligands are highlighted in blue, while the

ancillary ligands in yellow. (Zeglis et al., 2007).

Groove binders are another major class of small molecules that bind to the DNA helix
and their role in drug development are crucial. In principal, molecules are allowed to bind
to both major and minor grooves of double-stranded DNA. However, the strategies for
targeting them may be vastly different and different shaped molecules are required due to

the differences in dimensions and size of the two grooves (Paul & Bhattacharya, 2012).

As the name implies, the major groove is wider compared to that of minor groove
where the groove width values for averaged-sequence B-form double-stranded DNA are
11.6 and 6.0 A, respectively (Neidle, 2001). The difference provides a tight fit to the
groove binders that bind to minor and/or major groove (Raman & Selvan, 2012). The
dimensional difference also rendered the major grooves the site for binding of many bulky
DNA-interacting proteins, although limited amounts of non-protein molecules that bind
to it are reported (Paul & Bhattacharya, 2012). In most of the cases, groove binders do
not induce large conformational changes in DNA. Interestingly, the minor groove of DNA

is usually the preferred binding site for crescent-shaped molecules (Palchaudhuri &
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Hergenrother, 2007). Besides the potential to bind to DNA via electrostatic, H-bonding
and van der Waals interactions, flexible structures have been claimed to be one of the
main criteria of groove binders (Biver et al., 2005; Chaires, 2006). The minor groove
binders are of interest due to their high specificity and they are prone to modulate the
gene expression (Ruiz et al., 2010). Most of the antibiotics and antitumour drugs target
the minor groove of DNA, including distamycin and netropsin (Figure 2.10) (Kopka et
al., 1985; Hiraku et al., 2002; Jeon et al., 2019). The metal complexes of Cu(II), Ni(II),
Co(Il) and Zn(II) with tyramine and 4-aminoantipyrine derived Schiff base were
demonstrated to bind to the minor groove of DNA efficiently (Raman et al., 2011; Raman

& Sobha, 2012).
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Figure 2.10: Chemical structure of some DNA minor-groove binding agents (Paul &

Bhattacharya, 2012).

The vast majority of non-covalent DNA-binding metal complexes are indeed either
groove-binders or intercalators. However, the possibility of molecules to bind to DNA by

other means cannot be excluded. For example, insertion was proposed by Lerman (1961),
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as he suggested a molecule may bind ‘a DNA helix with separation and displacement of
a base-pair’ (Lerman, 1961). A more refined explanation for metal complexes that bind
to DNA via insertion, namely metallo-insertors, was given by Zeglis et al. (2007). Like
metallo-intercalators, these metal complexes contain a planar aromatic ligand that extends
into the base-stack upon DNA binding. A clear difference between these modes of
binding is, while metallo-intercalators insert their planar ligand between two intact base-
pairs by unwinding the DNA, metallo-insertors eject the bases of a single base-pair, with
their planar ligand served as a m-stacking replacement in the DNA base stack (Zeglis et
al., 2007). Although only scarce amount of metallo-insertors reported, this group of DNA
binders is potentially an answer to targeted chemotherapy as rhodium metallo-insertors
with sterically expansive ligands were proven to specifically bind to nucleic acid base

mismatches in DNA (Weidmann et al., 2014).

2.6.2 Topoisomerase I as target

DNA topoisomerase I (topo 1) is nuclear enzyme that removes the torsional stress in
DNA, which can be found in all free-living organisms. They are named so as they catalyze
the interconversions between topological isomers of DNA rings and this enzyme is
essential in solving topological problems associated with numerous pivotal processes

such as DNA replication and transcription (Wang, 1996; Jain et al., 2009).

The functions of topo are of utmost importance for survival because separation of the
two strands of helix (either temporarily as in transcription or recombination, or
permanently as in replication) is required in many cellular processes in order to access
the information stored in the DNA (Champoux, 2001). It is widely accepted that most
free-living organisms have multiple topo from at least two major families (such as type |

and type II topo) and apart from the mechanisms involved, these two major classes of
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topo are usually distinguished by the number of DNA strands they cleave (Benarroch et

al., 2006). Figure 2.11 shows the reactions catalyzed by these enzymes.
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Figure 2.11: Reactions catalyzed by topoisomerase (Holden, 2001)

DNA topo are particularly vulnerable during their cleavage intermediate step or as a
cleavage complex. Considering the importance of topo in virtually every major DNA
process, these enzymes are targets for some of the most important anticancer drugs which
are currently being utilized in the treatment of human malignancies (McClendon &
Osheroft, 2006). In fact, elevated topo I levels in tumours, mostly due to the needs of
replication and thereby cell divisions, are reported long ago (Teicher, 2008). DNA topo
targeting drugs can be classified into two classes based on their mechanism of action,
namely, topo poison and topo inhibitor. The first class, topo poison, acts after the cleavage
of DNA by the enzyme and functions by stabilizing the intermediates during the catalytic

cycle (topo-DNA complexes), re-ligation of the DNA is therefore inhibited. Unlike topo
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poison, the topo inhibitor refers to the compound that suppresses the functions of the
enzyme but does not freeze the intermediate DNA-topo complex. In brief, topo inhibitor
interacts with the free enzyme or DNA, thus preventing all subsequent steps in the

catalytic cycle (Nitiss & Wang, 1996; Bailly, 2000).

Camptothecin, a practically water-insoluble natural alkaloid, demonstrated promising
antitumour activity in clinical trials, for example in gastric cancer. The mechanism of
antitumour activity of camptothecin was identified as inhibition of topo in the early 1980s
and researchers then began to modify comptothecin to create a host of analogues.
Although several thousands of camptothecin derivatives have been synthesized, only two
analogues (irinotecan and topotecan) were approved for cancer treatment (Li et al., 2017).
In particular, irinotecan have enjoyed success in the treatment of metastatic colorectal
cancer, ovarian cancer, small cell lung cancer, breast cancer, pancreatic cancer,
esophageal cancer, gastric cancer, and locally advanced primary brain tumours (Conti et
al., 1996; Kudoh et al., 1998; Friedman et al., 1999; Ilson et al., 1999; Bodurka et al.,
2003; Perez et al., 2004; Shah et al., 2006; Vassal et al., 2007; Alemany, 2014). On the
other hand, topotecan is often used in the treatment of ovarian and small cell lung cancer.
However, major toxicities associated with these drugs such as neutropenia and diarrhoea
should not be neglected (Rothenberg et al., 2001). Two key factors that hampered the
development of this drug were poor water solubility and severe toxicity (Dexheimer &
Pommier, 2008; Pommier, 2009; Wu et al., 2018). Examples of campothecin analogues

are illustrated in Figure 2.12.
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Figure 2.12: Structure of camptothecin analogues (Herben et al., 1998)

As mentioned above, the therapeutic windows of camptothecins are restricted due to
some unwanted side effects although they are the only topo I inhibitors approved for
clinical use. Several non-camptothecin topo I inhibitors were developed and under
clinical development now, which includes indolocarbazoles (a DNA intercalator),
indenoisoquinolines (a topo I poison), and dibenzonaphthyridinones (Delgado et al.,

2018).
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Interestingly, most of the topo I inhibitors, in particular, the family of camptothecin,
are planar molecules. Detailed mechanisms have shown that comptothecin mediates
cytotoxic effect through binding to the DNA cleavage site of the topo-DNA complexes
via - interactions. Therefore, Che et al. (2010) proposed that metal complexes with
planar structures, such as platinum(Il)-terpyridine complexes which are capable of
inhibiting topo I, is likely to exert its action by forming n-n interaction with the DNA
cleavage site (Che & Siu, 2010). For that reason, the potential of linear or square planar

metal compounds as topo I inhibitors should not be overlooked.

2.7  Molecular docking simulations

Over the last three decades, computational methods have evolved into sophisticated
tools that are routinely used in industry and academia to facilitate the drug discovery and
development process, which is regarded as an intense, length, and an interdisciplinary
venture (Drews, 2000; Drews, 2003). New methodologies were introduced in previous 30
years and drug discovery has then become a more rational concept based on our
understanding of the fundamental principles of protein-ligand interactions (Gohlke &
Klebe, 2002; Klebe, 2006). Rational drug design, which initiated with the predefined
knowledge about a specific compound or drug and then studies its behaviour towards the
disease, has emerged as the central paradigm in pharmaceutical research (Rognan, 2007).
The development of new technologies, including high throughput screening and
recombinant target expression may have evolved the drug design to more dependent of
specific target instead of serendipity, which was a key of discovery of many drugs

historically (Hung & Chen, 2014).

The experimental efforts to perform the biological screening of billions of compounds,

which are usually labour extensive and expensive, are still considerably high. As a result,
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computer-aided drug design approaches have developed into attractive alternatives
(Reddy et al., 2007). Nowadays, virtual screening is extensively used to predict the
binding of a huge database of ligands to a particular target, with the aim of identifying
the most promising compounds from the database tested (Rester, 2008; Kolb et al., 2009;

Kolb & Irwin, 2009).

2.7.1 Concept of virtual screening

There are generally two common types of virtual screening methods, which are
structure-based and ligand-based virtual screenings. The former involves automated and
fast docking of a large number of chemical compounds against a protein-binding or active
site, thereby directing a way to utilize the rapidly increasing number of protein 3D-
structures (Bissantz et al., 2000; Bender & Glen, 2005). On the other hand, ligand-based
virtual screening tends to find the results that are closely linked to known active products,
where databases of chemical structures are explored to discover compounds that are
similar to known activities (similarity searching) or possess a pharmacophore of
substructure in common with known activities (pharmacophore substructure searching)
(Vidal et al., 2006). This method is based on the principle of similarity, where similar
compounds are assume to produce similar effects (Lengauer et al., 2004). Structure-based
virtual screening is more suitable for this research because all the synthesized compounds

are not reported before.

Docking simulation refers to the process of bringing and binding two molecular
structures together. This process can be subdivided into two steps. The first step,
searching, is to explore the conformational space of ligands that bind to target molecules.
Next, the scoring of this set will be performed, i.e. rank it according to the estimated

binding affinity (Koehler & Villar, 2000; Kellenberger et al., 2004; Verdonk et al., 2004).

29



Conformation of the ligand-receptor complex will then be generated, and compared to
the earlier conformations with the aid of scoring function. The current conformation
generated is then accepted or rejected on the basis of the score for that respective
conformation. A new conformation will then be generated, and the search process repeats

until an endpoint is reached (Shoichet et al., 2002).

2.7.2 Searching methods

As mentioned above, searching and scoring are tightly coupled in docking simulations
and it is important to possess better scoring function so that the highest rank ordered
conformation would have higher experimental binding affinity (that correlates well) with
the receptor. The docking algorithms of structure-based virtual screening can be classified
into three groups based on the searching methodology that involved: a) Searching the
conformational space during docking; b) Searching the conformational space before

docking; ¢) Incremental docking (Reddy et al., 2007).

a) The first type of searching method focuses on optimization of the small molecule
conformation and its orientation in the binding pocket of the receptor. However, it
is difficult to utilize this method for larger databases due to the complexity of the
combined optimization problem. Therefore, stochastic algorithms like genetic
algorithm, and Monte Carlo method are usually implemented (Taylor et al., 2002).
Genetic algorithm is especially popular with a range of programs employed for
docking simulations, including Autodock, DARWIN, and GOLD (Orddg &
Grolmusz, 2008; Morris et al., 2009). In fact, stochastic algorithms allow very
precise docking solutions even for very large and flexible ligands, but this class of

algorithms falls behind the other two due to the lack of speed, mostly because of
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b)

2.7.3

its confident structure prediction which requires the docking runs to be repeated
every several times (Halperin et al., 2002).

The second type of algorithms work by separating the conformational search of the
small molecule from their placement in the binding site. At first, conformational
analysis is performed, and all the relevant low-energy conformations are then
rigidly placed in the binding domain, with only the remaining six rotational and
translational degree of freedom of the rigid conformers have to be considered. This
type of docking algorithms is employed by programs such as SLIDE and Fred
(Reddy et al., 2007).

The third type of algorithms is regarded as incremental construction algorithms.
The rotating bonds of the ligand are broken and fragments are created. These
fragments are then docked rightly at various favorable positions in the binding
domain starting with a base fragment. A set of possible orientations for this
fragment 1s recorded, and other fragments are added in various orientations and
scored. The process is repeated until the whole ligand is assembled. Incremental
construction algorithms are commonly implemented in programs such as Flex,

HOOK, and a component of DOCK 4.0 (Reddy et al., 2007).

Scoring functions

Scoring functions play two significant roles in docking simulations. First, they act as

an objective function to differentiate between diverse poses of a single ligand and
receptor-binding site. Besides, processes such as estimation of binding affinities of
different receptor-binding complexes and rank order the compounds are done after
docking of a compound database. One must be aware that the binding affinity is estimated

rather than calculated (Perez & Ortiz, 2001; Halperin et al., 2002).
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Various assumptions and simplifications are made in docking programs for the
evaluation of modeled complexes. Some of the physical phenomena that determine the
molecular recognition are not fully accounted. A promising and consistent scoring
scheme is therefore important to evaluate the protein-ligand complex, which in turn
essential in order to select the best binding conformations. The scoring functions are
commonly categorized as: a) force-field based; b) empirical-based; ¢) knowledge-based;
and d) consensus scoring (Stahl & Rarey, 2001; Perola et al., 2004). Different strategies
are eventually combinations of ensemble-averaged terms and they constitute a

compromise between exactness and computational effort (Reddy et al., 2007).

2.7.4 AutoDock for virtual screening

Numerous methods for docking and virtual screening were developed, including
AutoDock (Goodsell et al., 1996; Morris et al., 1996; Morris et al., 2009), DOCK (Lang
et al., 2009), Flex (Claussen et al., 2001), Glide (Friesner et al., 2004), GOLD (Verdonk
et al.,, 2003), SLIDE (Zavodszky et al., 2009), QXP (McMartin & Bohacek, 1997),
RosettaDock (Davis & Baker, 2009), and Surflex (Jain, 2003). As suggested by Cole et
al. (2005), it is difficult to compare these programs and it is easy to produce results that
are not generally applicable. Therefore, one should always select the most suitable
technique from a number of docking tools available today to answer the specific research

needs (Cole et al., 2005).

From the docking suites listed above, AutoDock is acknowledged to be one of the most
reliable and widely used public domain packages for docking simulations (Sousa et al.,
2006). Like other computational programs, AutoDock introduces various approximations
to simplify problems in docking. For example, rigid body docking model, which allows

one to speed-up computations compared to flexible docking by pre-computing the forces
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experienced by the ligand on a grid (Morris & Lim-Wilby, 2008). Besides, it offers well-
benchmarked force field, efficient (grid-based) implementation of rigid body checking, a
flexible (receptor) docking protocol with an active space consisting of residues which are
allowed to undergo conformational changes, and efficient implementations of the
Lamarckian genetic algorithm (GA) to search for the ligand pose with the highest binding
affinity, while sampling and ‘mixing’ sub-optimal solutions to solve the underlying global
optimization problem (Biesiada et al., 2011). Despite being useful in the prediction of
ligand-receptor complex three-dimensional conformation, the time required for each
molecular docking experiment via AutoDock remain as a major difficulty. High
performance computing systems and tools are required if the compounds databases have

up to hundreds of thousands of small molecules (Abreu et al., 2010).

2.7.5 Limitations of docking simulations

There have been numerous successful applications of molecular docking studies in
rational drug design. However, there are limited applications in the study of metal
complexes, mostly owing to the lack of appropriate force fields to take care of the metal
atoms and their relativity properties (Hu & Shelver, 2003; Casini et al., 2008). There is
limited number of docking studies done where metal is part of the ligands as docking
suites such as Glide, GOLD, and some others can possibly take care of the metal atom
only if it is part of the receptor and remain unbound (Casini et al., 2008). Moreover,
parameters for the metal of interest must be incorporated into the parameter file of

package in order for AutoDock to function (Adeniyi & Ajibade, 2013).

Another major challenge in the applications of this method is the high computational

demands. For example, a one-microsecond simulation of a relatively small system with
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approximately 25,000 atoms running on 24 processors will require several months to

complete (Durrant & McCammon, 2011).

In silico docking simulations were often performed to generate the energetically most
favorable conformation based on scoring of the resulting geometries with respect to
binding energy. It is estimated using a single conformation. However, the ligand binding
is usually not restricted to one active binding site (or even the proposed targeted site) in
reality (Kitchen et al., 2004; Bikadi & Hazai, 2009; Dhanik et al., 2013). Moreover, the
solvent-related terms and protein flexibility is often neglected in docking simulations

(Okimoto et al., 2009).

2.8 Cell lines tested

Cancer is one of the leading causes of the mortality worldwide (Asadi et al., 2019) and
therefore cytotoxicity of the compounds was tested against four human cancer cell lines
(prostate adenocarcinomas PC-3 and LNCaP, breast adenocarcinomas MCF7, and
colorectal carcinomas HCT 116), and their general toxicities against two normal cell lines
(prostate epithelial RWPE-1, and colon fibroblast CCD-18Co) were further evaluated.
These cell lines were selected based on the potential selectivity of the compounds

synthesized against these cell lines.

2.8.1 Prostate cancer

Despite being the sixth leading cause of cancer death among men worldwide, prostate
cancer is the second most commonly diagnosed cancer, with approximately 1.276 million
new cases along with 359000 deaths in 2018. Furthermore, the worldwide prostate cancer

incidence is estimated to be doubled by 2040, rising to around 2.3 million new cases with
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740000 deaths (Culp et al., 2020). Although the overall 5-year relative survival rate for
men diagnosed between ages 40 to 80 years was around 95 to 100% in United States, it
was 80% for those aged 25 to 24 years, 50% for those aged 20 to 29 years, and only 30%

for those aged 15 to 24 years (Bleyer et al., 2020).

PC-3 is one of the most common human prostate cancer cell line used in the prostate
cancer research and drug formulation against it. It is derived from a bone metastasis of a
grade IV prostatic adenocarcinoma of'a 62 years old Caucasian. This cell line is androgen-
independent as it does not respond to androgen receptor, prostate specific antigen,
glucocorticoids, and fibroblast growth factors. Moreover, its dependency on serum for
growth is greatly reduced when compared to normal prostatic epithelial cells. In general,
the morphological and functional characteristics of PC-3 suggested it is a poorly-
differentiated adenocarcinoma and it has been used as aggressive form of prostate cancer
and it is often used to represent castration-resistant tumours in cancer research (Kaighn

etal., 1979; Tai et al., 2011; Johnston et al., 2015).

Unlike PC-3, LNCaP is commonly used to represent the indolent and androgen-
dependent form of prostate cancer due to its expression of androgen receptor and prostate
specific antigen. This cell line is derived from the left supraclavicular lymph node
metastasis from a 50 years old Caucasian male (Horoszewicz et al., 1983). It is androgen-
dependent, as androgen withdrawal inhibits its growth, with indolent biological behaviour
that are relatively similar to the vast majority of the prostate cancers encountered

clinically (Tai et al., 2011).

The normal human prostate cell line RWPE-1 was obtained as non-neoplastic human
prostatic epithelial cells from a 54 years old Caucasian male donor. It was then
immortalized with human papillomavirus 18, thereby resulted in the androgen responsive

RWPE-1 cell line (Bello et al., 1997).
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2.8.2 Breast cancer

Breast cancer is the second most common cancer overall (with lung cancer accounted
for the most number of cases) and it is the most frequently diagnosed cancer (in 154 of
185 countries) that disrupt the lives of millions of women, with approximately 2.1 million
new cases of breast cancer are expected to be diagnosed in 2018. Moreover, about 626679
of these patients are estimated to die (Bray et al., 2018). In 2018, majority of cases (62%)
are expected to have 5-year survival rate of 99% as these patients are diagnosed when
they have not metastasized yet. In contrast, those with invasive breast cancer are estimated

to have 5-year and 10-year survival rate of 90% and 83%, respectively (Ahmad, 2019).

Although breast cancer is typically classified based on the expression of progesterone
receptor, estrogen receptor, and human epidermal growth factor receptor 2, numerous
studies have demonstrated the genomic landscape of breast cancer have extended beyond
these 3 receptors (Lehmann et al., 2011). In fact, recent studies have indicated the
expression of androgen receptor and other luminal genes termed the luminal-androgen
receptor subtype in breast cancer (Vidula et al., 2019). Since androgen receptor is
expressed in approximately 60-70% of breast cancers (lacopetta et al., 2012), a breast
cancer cell line is chosen to evaluate the cytotoxicity of the compounds synthesized

against this cancer.

The breast adenocarcinoma MCF-7 is the acronym of Michigan Cancer Foundation-7,
which is isolated from the pleural effusion of a 69 years old Caucasian woman with
metastatic disease (Soule et al., 1973). This cell line is commonly regarded as a model
that is suitable for breast cancer investigations worldwide despite being recognized as a
poorly-aggressive and non-invasive cell line (Comsa et al., 2015). This is mainly due to
the expression of estrogen receptors in the cell cytoplasm of this cell line to process

estrogen, thereby rendering it an ideal model for the study of hormonal response in cancer
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studies (Levenson & Jordan, 1997). As the result, MCF-7 is ubiquitously utilized in
research for estrogen receptor-positive breast cancer cell such as anti-hormone therapy
resistance studies and targeted-therapy (Comsa et al., 2015; Giovannelli et al., 2018).
Nonetheless, androgen receptor has been demonstrated to be expressed in MCF-7

(Iacopetta et al., 2012), thereby rendering this cell line suitable for current study.

2.8.3 Colorectal cancer

Colorectal cancer is regarded as the third most common malignancy worldwide and it
is the second leading cause of cancer death in 2018 (Bray et al., 2018). The greatest
increment of colorectal cancer incidence and mortality occurs in countries with high
human development index and it imposes a substantial global burden due to its mortality,
medical costs, utilization of healthcare services, complications and side effects of
treatment (Wong et al., 2012; Arnold et al., 2017). In 2019, Kasi et al. reported the
Kaplan-Meier Estimates of 5-year survival rate for patients with different stages of
colorectal cancer, which is: 91.83% for stage 1; 85.12% for stage 2; 70.52% for stage 3;

and 37.30% for stage 4 (Kasi et al., 2019).

Even though the presence of androgen receptor is commonly characterized in prostate
and breast cancer cell lines, colon tissues are known to express this receptor (D’Errico &
Moschetta, 2008). Moreover, various functional hormone receptors including androgen
receptor and estrogen receptor have been associated with colon cancer (Slattery et al.,
2005). Apart from that, studies have demonstrated that males tend to develop colonic
lesions at an earlier age compared to that of females and its incidence patterns showed
that colorectal cancer tends to occur in males (Xia et al., 2019). However, different
isoform of androgen receptors was found on different of colonic cells. For instance, both

androgen receptor A (87 kDa) and androgen receptor B (110 kDa) are found in the healthy
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colonic mucosa whilst only androgen receptor A is found on neoplastic colonic mucosa
(Catalano et al., 2000). Apart from these isoforms, membrane androgen receptor and
intracellular androgen receptors are discovered too (Krasanakis et al., 2019).
Interestingly, luciferase staining assay performed by Dart et al. (2013) illustrated that
moderate staining for androgen receptor in the small intestine and colonic surfaces of
female and male mice, indicating the expression of androgen receptor on both the female

and male colonic cells (Dart et al., 2013).

Due to the importance of androgen receptor and androgen on progression (and
regression) of colorectal cancer, a colon cell line is included in current study. HCT 116 is
a human colorectal carcinoma cell line that is widely utilized in the studies of cancer
biology. Although the source of this cell line is not well described in the webpage of
American Type Culture Collection (ATCC), it is commonly referred to one of the three
variant cells lines that was isolated from a primary cell culture of a single human colonic
carcinoma from an adult male (Brattain et al., 1981). Nonetheless, this cell line is growth
factor-independent and it is highly motile and invasive in in vitro studies (Rajput et al.,
2008). In addition, expression of membrane androgen receptor in both in vivo and in vitro
studies was reported by other researchers (Gu et al., 2009), therefore this cell line is

chosen to be studied along with other cell lines bearing androgen receptor.

The non-malignant human colon fibroblast CCD-18Co was used to determine the
toxicity of the compounds against a normal colon cell line. This cell line is originally
obtained from a colonic mucosal biopsy of a 2-month old female infant (Valentich et al.,
1997). As mentioned earlier, few isoforms of androgen receptor (including androgen
receptor A and B) should be present in this cell type due to the non-malignant nature of

these cells (Catalano et al., 2000).
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CHAPTER 3: EXPERIMENTAL

3.1 Materials

The chemicals for syntheses (testosterone, 4-methyl-3-thiosemicarbazide, 4-(4-
ethylphenyl)-3-thiosemicarbazide, = 4-(4-fluorophenyl)-3-thiosemicarbazide,  nickel
acetate, and zinc acetate) were purchased from Sigma-Aldrich Co. (USA). Solvents were
purchased from Merck (USA). The plasmid DNA pBR322, GeneRuler™ 1kb DNA
ladder, and 6X loading buffer were purchased from BioSynTech (Fermentas). Agarose
was procured from Promega. Escherichia coli (E. coli) topoisomerase I was purchased
from New England Biolabs (USA). Calf-thymus DNA, sodium chloride, and ethidium
bromide were obtained from Sigma-Aldrich Co. (USA). Aqueous solutions for the DNA
experiments were prepared with ultra-pure water from an Elga PURELAB ULTRA
Bioscience water purification system equipped with a UV light accessory. Tris-NaCl
(TN) buffer was prepared by combining tris base and sodium chloride. The pH of the TN
buffer was adjusted to pH 7.4 with dilute hydrochloric acid. Test compounds were freshly

prepared for the experiments.

3.2 Physical measurements

Infrared spectra were recorded as KBr pellets on a Perkin-Elmer Spectrum RX-1
spectrometer. 'H-NMR and '*C-NMR spectra were recorded in deuterated DMSO on a
JEOL JNM-LA400 or an ECA 400 MHz instrument. Elemental analyses of carbon,
hydrogen, and nitrogen were determined by using a Thermo Finnagan Eager 300 CHNS
elemental analyser. UV-Vis spectroscopic measurements were recorded on a Shimadzu

UV-1600 series spectrophotometer.
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33 Syntheses

Three Schiff base ligands were synthesized from the condensation of testosterone with
derivatives of thiosemicarbazide: the thiosemicarbazides were 4-methyl-3-
thiosemicarbazide, 4-(4-ethylphenyl)-3-thiosemicarbazide and 4-(4-fluorophenyl)-3-
thiosemicarbazide. The corresponding nickel and zinc complexes were then prepared

according to the reaction scheme presented in Scheme 3.1.

/
T NH, 78 °C, 6 hours
H H
N

cthanol

-
R ~ T \N
testosterone

_ethanol, 78 °C, 30 min

metal acetate

NM:M=Ni, R=CH, IM :M=7n,R=CH,

NF:MNi;R@—F ZF:MZn;R@—F
NP:M=Ni,R= @Csz ZP:M=7n,R= @Csz

ZE:M=7n,R=CJH,

Figure 3.1: Schematic representation of synthesis of Schiff base ligands (TM, TF, TP)
and their nickel complexes (NM, NF, NP) and their zinc complexes (ZM, ZF, and ZP)

along with zinc complex ZE.
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3.3.1 Synthesis of Schiff base testosterone-N*-methylthiosemicarbazone
A Schiff base ligand (TM) of testosterone and 4-methyl-3-thiosemicarbazide was
prepared. The nickel (NM) and zinc (ZM) complexes of this Schiff base ligands were

then prepared. Crystals of TM and NM were collected.

3.3.1.1 Synthesis of testosterone-N*-methylthiosemicarbazone, TM

Testosterone (288 mg; 1 mmol) was dissolved in ethanol (10 ml) and the solution was
mixed with an ethanol (10 ml) solution of 4-methyl-3-thiosemicarbazide (105 mg; 1
mmol). The resulting solution was heated under reflux 6 hours. After cooling, the solution
was filtered and the solvent was allowed to evaporate. Pale yellow crystals separated
from the mixture after several days. The compound is insoluble in water but soluble in
methanol, ethanol, chloroform and DMF.

Yield: 82 %; Anal. Calc. for C>1H33N30S-CoHsOH: C, 65.52; H, 9.32; N, 9.97. Found:
65.62; H,9.42; N, 9.78.; IR (KBr) cm™': 3332br (OH), 2928s (CH3), 2871m (CH>), 1617m
(C=N), 1062s (C=S) (br, broad; w, weak; m, medium,; s, strong).

Characteristic 'H-NMR signals (400 MHz, DMSO-ds), & (ppm): 10.04 (1H, s, N-H of
4-methyl-3-thiosemicarbazide), 8.39 (1H, m, N-H of 4-methyl-3-thiosemicarbazide),
5.76 (1H, s, C-H of testosterone), 4.48 (1H, d, O-H of testosterone), 2.96 (3H, m, CH3 of
4-methyl-3-thiosemicarbazide), 3.43-0.67 (26H, m, 4 CH, 8 CH,, and 2 CH3z of
testosterone)

Characteristic '>*C-NMR signals (400 MHz, DMSO-ds), § (ppm): 178.63 (C=S);

150.66 (C=N); 156.77, 121.13 (C=C); 80.40 (C-OH); 17.44 (N-CHs).
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3.3.1.2 Synthesis of nickel bis(testosterone-N*-methylthiosemicarbazonate), NM

Nickel acetate (124 mg; 0.5 mmol) dissolved in ethanol (10 ml) was added to a solution
of TM (421 mg; 1 mmol) in ethanol; the mixture was refluxed for 30 minutes. A green
solid material was formed when the cooled solution was filtered. The compound was
collected and washed with ethanol. The compound was purified by recrystallization from
a DMF/methanol (3:8) mixture. The compound is soluble in DMF and DMSO.

Yield: 58 %; Anal. Calc. for C42HssNeNiO2S2:(H20)2: C, 59.78; H, 8.12; N, 9.96.
Found: 59.70; H, 8.40; N, 9.59.; IR (KBr) cm™: 3322br (OH), 2933s (CH3), 2891m (CH>),

1612m (C=N), 783m (C-S), 445m (Ni-N) (br, broad; w, weak; m, medium; s, strong).

3.3.1.3 Synthesis of zinc bis(testosterone-N*-methylthiosemicarbazonate), ZM

Zinc acetate dihydrate (110 mg; 0.5 mmol) was dissolved in ethanol (10 ml); this was
added to TM (421 mg; 1 mmol) in ethanol (10 ml). The mixture was heated for 30
minutes. The pale yellow product that separated out was collected and washed was
washed with ethanol to remove the unchanged reactants. The compound is soluble in
DMSO.

Yield: 64 %; Anal. Calc. for C42HeaNsO2S2Zn-1/2(CoHsOH): C, 61.66; H, 8.06; N,
10.03. Found: 61.47; H, 8.09; N, 10.15.; IR (KBr) cm™: 3329br (OH), 2924s (CH3),
2856m (CH), 1613s (C=N), 780s (C-S), 442s (Zn-N) (br, broad; w, weak; m, medium;

s, strong).

3.3.2 Synthesis of  Schiff base compounds of  testosterone-N*-
ethylphenylthiosemicarbazone

A Schiff base ligand (TP) was prepared from condensation of testosterone and 4-

ethylphenyl-3-thiosemicarbazide. Its nickel (NP) and zinc (ZP) complexes were then

prepared and crystal of TP was collected.
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3.3.2.1 Synthesis of ligand testosterone-N*-ethylphenylthiosemicarbazone, TP

Schiff base ligand TP was prepared with method similar to that of TM, with the choice
of thiosemicarbazide being the main difference in between the two ligands. Ethanolic
solution of testosterone (288 mg; 1 mmol; 10 ml) and 10 ml ethanolic solution of 4-(4-
ethylphenyl)-3-thiosemicarbazone (195 mg; 1 mmol) were mixed together and the
mixture was refluxed for 6 hours with continuous stirring. The solution was then filtered
and allowed to evaporate at room temperature. The powder formed was then dissolved in
methanol and pale yellow crystal suitable for X-ray crystal structure analysis was formed
from slow evaporation of the solvent. Similar to TM, TP is soluble in organic solvent
such as methanol, ethanol, chloroform, DMF, and DMSO.

Yield: 85 %; Anal. Calc. for C2sH39N30S-3/2(H20): C, 68.21; H, 8.68; N, 8.62. Found:
68.25; H, 8.59; N, 8.53.; IR (KBr) cm™': 3261br (OH), 2928s (CH3), 2871m (CH>), 1626m
(C=N), 1064s (C=S) (br, broad; w, weak; m, medium; s, strong).

Characteristic 'H-NMR signals (400 MHz, DMSO-ds), & (ppm): 10.04 (1H, s, N-H of
4(4-ethylphenyl)-3-thiosemicarbazide), 9.75 (1H, m, N-H of 4(4-ethylphenyl)-3-
thiosemicarbazide), 7.50-7.49 (2H, s, s, aromatic CH of 4-(4-ethylphenyl)-3-
thiosemicarbazide), 7.16-7.14 (2H, s, s, aromatic CH of 4-(4-ethylphenyl)-3-
thiosemicarbazide), 5.88 (1H, s, C-H of testosterone), 4.48 (1H, d, O-H of testosterone),
2.61 (2H, m, CH> of 4-(4-ethylphenyl)-3-thiosemicarbazide), 1.21 (3H, m, CH3 of 4-(4-
ethylphenyl)-3-thiosemicarbazide), 3.44-0.67 (26H, m, 4 CH, 8 CH», and 2 CHj3 of
testosterone)

Characteristic '*C-NMR signals (400 MHz, DMSO-ds), § (ppm): 176.36 (C=S);
151.58 (C=N); 161.93, 148.94, 140.94, 140.90, 127.85, 125.27 (6 aromatic carbon);
157.72,121.16 (C=C of testosterone); 80.46 (C-OH); 16.19 (CHj3 of 4-(4-ethylphenyl)-3-

thiosemicarbazide).
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3.3.2.2 Synthesis of complex nickel bis(testosterone-N4-
ethylphenylthiosemicarbazone), NP

Nickel acetate (124 mg; 0.5 mmol; 10 ml) was dissolved and added into a solution of
TP (492 mg; 1 mmol) in ethanol and the mixture was refluxed for 30 minutes. Brownish
green solid was formed and the mixture was filtered. Excess hot methanol was used to
wash the green solid collected. The nickel complex NP is water insoluble and can only
be dissolved in organic solvents such as DMF and DMSO. The attempts to harvest crystal
of NP that are suitable for X-ray crystallography were unsuccessful.

Yield: 48 %; Anal. Calc. for CssH74NsNiO2S>-(CH30H)2: C, 66.21; H, 8.05; N, 7.99.
Found: 66.03; H, 7.94; N, 7.59.; IR (KBr) cm™: 3381br (OH), 2963s (CH3), 2912m (CH>),

1611m (C=N), 786m (C-S), 439m (Ni-N) (br, broad; w, weak; m, medium; s, strong).

3.3.2.3 Synthesis of complex zinc bis(testosterone-N*-
ethylphenylthiosemicarbazone), ZP

Zinc acetate dihydrate (110mg; 0.5 mmol) was dissolved in 10 ml of ethanol before
added to 10 ml of TP (492 mg; 1 mmol) and the mixture was further refluxed for 30
minutes. Pale yellow solid was precipitated and filtered. The powder obtained was
washed with excess amount of hot ethanol and methanol in order to remove impurities.
The resulting zinc complex ZP can only be dissolved in organic solvents (such as DMF
and DMSO) and attempts to isolate crystals of ZP were unsuccessful.

Yield: 54 %; Anal. Calc. for Cs¢H76N6O2S2Zn-(CH30H),: C, 65.79; H, 8.00; N, 7.94.
Found: 65.76; H, 7.97; N, 7.65.; IR (KBr) cm™': 3300br (OH), 2970s (CH3), 2912m (CH>),

1613s (C=N), 771s (C-S), 439m (Zn-N) (br, broad; w, weak; m, medium,; s, strong).
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3.3.3 Synthesis of  Schiff Dbase compounds of  testosterone-N*-
fluorophenylthiosemicarbazone

Schiff base ligand TF was prepared from conjugation of testosterone and 4-

fluorophenyl-3-thiosemicarbazide. Its nickel (NF) and zinc (ZF) complexes were then

prepared. Crystals of TF and NF were harvested.

3.3.3.1 Synthesis of ligand testosterone-N*-fluorophenylthiosemicarbazone, TF

Testosterone (288 mg; 1 mmol) was dissolved in 10 ml ethanol and mixed with 10 ml
ethanolic solution of 4-(4-fluorophenyl)-3-thiosemicarbazone (185 mg; 1 mmol). The
mixture was refluxed for 6 hours with continuous stirring before it was filtered and
allowed to evaporate at room temperature. The yellow powder formed was then re-
dissolved in ethanol and yellow crystal suitable for X-ray crystal structure analysis was
formed from slow evaporation of the solvent. The resulting Schiff base TF is soluble in
organic solvents such as methanol, ethanol, chloroform, DMF, and DMSO.

Yield: 92 %; Anal. Calc. for C2sH34FN30S-3/2(C2HsOH): C, 66.38; H, 8.26; N, 8.01.
Found: 66.39; H, 8.00; N, 7.82.; IR (KBr) cm™: 3259br (OH), 2933s (CH3), 2912m (CH>),
1621m (C=N), 1067s (C=S) (br, broad; w, weak; m, medium; s, strong).

Characteristic 'H-NMR signals (400 MHz, DMSO-dg), § (ppm): 10.50 (1H, s, N-H of
4(4-fluorophenyl)-3-thiosemicarbazide), 9.87 (1H, m, N-H of 4(4-fluorophenyl)-3-
thiosemicarbazide), 7.58-7.57 (2H, s, s, aromatic CH of 4-(4-fluorophenyl)-3-
thiosemicarbazide), 7.17-7.15 (2H, s, s, aromatic CH of 4-(4-fluorophenyl)-3-
thiosemicarbazide), 5.88 (1H, s, C-H of testosterone), 4.48 (1H, d, O-H of testosterone),

3.44-0.67 (26H, m, 4 CH, 8 CH», and 2 CH3 of testosterone)
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Characteristic '*C-NMR signals (400 MHz, DMSO-ds), § (ppm): 176.76 (C=S);
151.84 (C=N); 162.02, 149.20, 135.95, 135.92, 127.59, 125.52 (6 aromatic carbon);

157.84, 121.13 (C=C of testosterone); 80.46 (C-OH).

3.3.3.2 Synthesis of complex nickel bis(testosterone-N*-
fluorophenylthiosemicarbazone), NF

Ethanol solution of nickel acetate (124 mg; 0.5 mmol; 10 ml) was added into a solution
of TF (524 mg; 1 mmol; 10 ml) in ethanol and the mixture was refluxed for 30 minutes.
Brownish green powder was formed and the mixture was filtered. Excess hot methanol
was used to wash the green solid collected. Crystal of NF suitable for X-ray crystal
structure analysis was crystallized from mixture of DMSO and methanol (ratio 3:8).

Yield: 53 %; Anal. Calc. for Cs2HesFaNsNiO2S2-2(C2H6OS): C, 59.72; H, 7.16; N,
7.46. Found: 60.05; H, 7.16; N, 7.74.; IR (KBr) cm™': 3302br (OH), 2932s (CH3), 2872m
(CHz), 1603m (C=N), 768m (C-S), 433m (Ni-N) (br, broad; w, weak; m, medium,; s,

strong).

3.3.3.3 Synthesis of complex zinc bis(testosterone-N*-
fluorophenylthiosemicarbazone), ZF

Zinc acetate dihydrate (110 mg; 0.5 mmol) was dissolved in 10 ml of ethanol and
refluxed with 10 ml of TF (524 mg; 1 mmol) for 30 minutes. Yellow solid was
precipitated and filtered. Excess zinc acetate and ligand TF was then washed off with
excess amount of hot ethanol and methanol. No crystal of ZF was collected and it can
only be dissolved in solvents such as DMF and DMSO.

Yield: 47 %; Anal. Calc. for Cs2HesF2N6O2S2Zn-CH30H-CoHsOH: C, 62.75; H, 7.28;

N, 7.98. Found: 62.97; H, 7.22; N, 7.74.; IR (KBr) cm™: 3264br (OH), 2936s (CH3),

46



2853m (CHy), 1610s (C=N), 766s (C-S), 435m (Zn-N) (br, broad; w, weak; m, medium;

s, strong).

3.3.4 Synthesis of complex zinc bis(testosterone-N*-ethylthiosemicarbazone), ZE
Testosterone (288 mg; 1 mmol) was dissolved in 10 ml ethanol and mixed with 10 ml
ethanolic solution of 4-ethyl-3-thiosemicarbazone (119 mg; 1 mmol). The mixture was
refluxed for 6 hours with continuous stirring, followed by addition of zinc acetate
dehydrate (110 mg; 0.5 mmol; 10 ml ethanol) and further refluxed for 30 minutes. Pale
yellow was formed and the solution was filtered. Excess hot ethanol was used to wash the
solid collected. Crystal of ZE was crystallized from mixture of DMSO and methanol

(ratio 3:8).

Yield: 56 %; Anal. Calc. for C44H72N6O2S2Zn-CoHsOH: C, 62.1; H, 8.39; N, 9.46.
Found: 62.23; H, 8.69; N, 9.63.; IR (KBr) cm™': 3400br (OH), 2928s (CH3), 2871m (CH>),

1614m (C=N), 764m (C-S), 446m (Zn-N) (br, broad; w, weak; m, medium; s, strong).

3.4  X-ray crystallography

The solvent for crystallization of the compounds are: TM from ethanol; NM from
DMF/methanol (3:8) mixture; TP from methanol; TF from ethanol; NF from
DMSO/methanol (3:8) mixture; ZE from DMSO/methanol (3:8) mixture. The intensity
data and unit cell parameters of the crystals obtained (TM, NM, TP, TF, NF, and ZE)
were collected on a Bruker SMART APEX CCD diffractometer equipped with an APEX2
software was used for the data acquisition and the SAINT software for the cell refinement
and data reduction. Absorption corrections on the data were made using SADABS. The
structures were solved and refined using SHELXL97 (Sheldrick, 2008). Molecular

graphics were drawn by using XSEED (Barbour, 2001). Material for publication was
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prepared using PUBLCIF (Westrip, 2010). The structures were solved using direct-
methods and refined by full-matrix least-squares procedures on F?> with anisotropic

displacement parameters for non-hydrogen atoms.

3.5 Cell culture

The human derived prostate adenocarcinomas PC-3 and LNCaP, human breast
adenocarcinomas MCF7, human colorectal carcinomas HCT 116, human normal prostate
RWPE-1, and normal colon fibroblasts CCD-18Co were purchased from American Type
Cell Collection (ATCC, USA). The PC-3 and LNCaP were cultured in RPMI 1640
medium while MCF7 and CCD-18Co were cultured in EMEM. On the other hand,
RWPE-1 was maintained in keratinocyte serum free medium supplied with bovine
pituitary extract and human recombinant epidermal growth factor. Meanwhile, HCT 116
was cultured in McCoy’s 5A medium. All media (except keratinocyte serum free
medium) were supplemented with 10% fetal bovine serum, 2% penicillin/streptomycin
(10x), and 1% amphotericin B. The cells were cultured at 37°C in CO2 incubator and they
were sub-cultured before reaching 80% confluency. Besides, the cells were maintained at

low-passage number with their morphology observed from time to time.

3.6  MTT cytotoxicity assay

The MTT cytotoxicity assay was performed as described by Mosmann with
modifications (Mosmann, 1983). All compounds were dissolved in DMSO to form stock
solutions of 6 mM before the test. Briefly, cells were seeded into 96-well plate for 24
hours before treatment with compounds of various concentrations (range 0.1-30 uM). The
final concentration of DMSO in each well was 0.5%. Untreated cells were used as
negative controls. After 72 hours of incubation, 20 pL of MTT (5 mg/mL) was added into

each well and further incubated for another three hours. The medium was then removed
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and replaced with DMSO. Absorbance at 570 nm was measured using a microplate reader
(Thermo Scientific Multiskan GO) with 650 nm as background. All the compounds were
assayed in triplicate. Cisplatin was used as positive reference standard. ICso value is the
concentration of compounds or positive reference standard that inhibits 50% of the cells

growth.

3.7 Calculation of selectivity index (SI)

Selectivity index (SI) was calculated by obtaining ratio of ICso of normal cells over

IC5o of normal cells

ICso of cancer cells. In particular, SI = (Peno-Moran et al., 2016).

IC5q of cancer cells

3.8 Morphological assessment of apoptotic cells

Briefly, the cancer cells were seeded in 35 mm culture dish and supplemented with
culture media (refer to Section 3.5 for choice of culture media). Cells in the absence or
presence of test compounds (at their ICso) were incubated at two different durations (24
and 48 hours) at 37°C. The culture dish was then removed from the incubator and cells
were observed under Leica DMI 300B phase-contrast inverted microscope (Leica

Microsystems, Germany) at 200x magnification and photographed.

3.9  Annexin V-FITC/PI double staining

The ability of the selected compounds to induce cell death on cancer cell line was
evaluated by annexin V-FITC fluorescein isothiocyanate apoptosis detection kit (BD
Biosciences, Pharmingen San Diego, CA, USA). Cells were seeded in 6-well plates
(2.0x10° cells/well) and allowed to adhere overnight before treated with selected
compounds (with their ICso values) for 48 hours. The cells were then detached, washed
with cold phosphate buffered saline (PBS) and stained with Annexin V-FITC conjugates

with Propidium Iodide (PI). The cells were incubated for 15 minutes in dark before
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analyzed using a BD FACS Cantoll flow cytometer. A minimum of 10,000 events were

recorded and evaluated (Navanesan et al., 2015).

3.10 Determination of mitochondrial membrane potential

Ability of the selected compounds to disrupt the mitochondrial membrane potential
was assessed using the lipophilic cationic probe JC-1, according to the manufacturer’s
instruction (JC-1 MitoScreen Kit; BD Biosciences, Pharmingen San Diego, CA, USA).
In brief, the cells were seeded into 6-well plates with the density of 2.0x10° cells/well.
The cells were incubated for 24 hours prior to treatment with selected compounds (with
their ICso). The cells were harvested after 48 hours of treatment and incubated with JC-1
working solution for 15 minutes. The cells were then washed and resuspended in 1% assay
buffer. The intracellular fluorescence signal intensity was measured using BD FACS

Cantoll flow cytometer (Wang et al., 2017).

3.11 Cell cycle analysis

The ability of selected compounds to cause cell cycle disruption was examined using
BD Cycletest Plus DNA Reagent Kit (BD Biosciences, Pharmingen San Diego, CA,
USA). Briefly, the cells were seeded into 6-well plates (2.0x10° cells/well) and cultured
overnight before starvation in serum-free medium for 24 hours to be synchronized. Cells
were then treated with the selected compounds (with their 1Cso) for 48 hours harvested
using kit. The PI stained nuclei were analyzed using the BD FACS Cantoll flow
cytometer. A minimum of 10,000 events were collected and the cell cycle data was
analyzed using the ModFit software (Verify Software House, Topsham, ME, USA)

(Navanesan et al., 2015; Gornowicz et al., 2017).
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3.12 Statistical analysis
The ICso values for cytotoxic activity were obtained from non-linear regression using
GraphPad Prism statistical software. The data were expressed as mean + standard

deviation of triplicate experiments.

3.13 Interaction of the compounds with DNA

All experiments involving the compounds with DNA were done in 5 mM Tris-HC1/50
mM NacCl buffer (TN buffer, pH 7.5). A solution of CT-DNA in the buffer solution gave
the ratio of UV absorbance at 260 and 280 nm (A260/A280) of about 1.75-1.90, indicating
the DNA was sufficiently free from protein contamination (Loganathan et al., 2012). The
concentration of DNA was determined spectrophotometrically by employing a molar
absorption coefficient through monitoring the UV absorbance at 260 nm using €260 = 6600

mol'cm

. The stock solution was stored at 4°C and used within four days.
Spectrophotometric titration experiment was performed by keeping the compound
concentration constant while varying the DNA concentration in the interaction medium.
The absorption due to free CT-DNA was eliminated by adding equimolar CT-DNA to
pure buffer solution in the reference compartment and the observed spectra were
considered to be resulted from the compounds and DNA-complex aggregates. Titration
curves were constructed from the fractional change in the absorption intensity as a
function of DNA concentration. The intrinsic binding constant (K) was obtained by

plotting [DNA]/(ga-&f) VS [DNA] according to the Wolfe-Shimmer equation as below:

[DN4] _ [DN4] . 1
(5a_gf) (gb_gf) Kb(gb_gf)

where [DNA] is the concentration of DNA in base pairs. The €., €f, and € are the apparent,
free, and fully bound complex absorption coefficient (no absorption change despite
further addition of DNA), respectively. In particular, er was obtained from the calibration

curve of the isolated ligand or metal complex according to the Beer's law. The &, was
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determined as the ratio between measured absorbance and the ligand or complex
concentration (Aobs/[complex]). The data obtained were fitted to the Wolfe-Shimmer
equation above with a slope equal to 1/(ep-gr) and y-intercept equal to 1/[Kp(ev-€f)] and Kp
was determined from the ratio of the slope to the intercept (Abdel-Rahman et al., 2014;

Shahabadi & Maghsudi, 2014).

3.14 Molecular docking simulations

Molecular docking calculations of compounds with crystal structure (TM, NM, TP,
TF, NF, and ZE) with DNA structure taken from Protein Data Bank (PDB) with PDB
entry 1BNA and 1XRW (Suntharalingam et al., 2013; al-Rashida & Ahsen, 2015) were
performed using AutoDock 4.2 software package (Huey et al., 2007; Morris et al., 2009).
The graphical user interface Autodocktools 4.5.6 (ADT) was used to prepare the system.
Gasteiger partial charges were assigned to both the receptor and ligands (Gasteiger &
Marsili, 1980) and water molecules in 1BNA were removed. Hydrogen atoms were
added. Autogrid 4.2 was used to calculate docking area of a grid box of 70 x 100 x 110
with grid spacing of 0.4 A, which is sufficiently big to cover the whole DNA molecule as
to make sure there is enough space to fit the receptor and also for free rotation of ligands
(Xu et al., 2013). The ligands are therefore allowed to explore the whole conformation
space. Docking experiment consisting of 100 simulations was performed for each
compound, which were ranked in the order of increasing docking energy values and
grouped in clusters of similar confirmation. Each docking run in this simulation consisted
of 10 million energy evaluations using the Lamarckian genetic algorithm local search
method. Otherwise default docking parameters were applied (Di Leva et al., 2014). The
AutoDock scoring was performed based upon the estimated free energy of binding and
includes the summation of the final intermolecular energy of docking, total internal

energy, and the torsional free energy of the ligand, minus the system unbound energy

52



(Siddique et al., 2011). The 3D images of the DNA with docked ligands were rendered

by UCSF Chimera Package (Pettersen et al., 2004).

3.15 Escherichia coli topoisomerase I inhibition assay

The E. coli topoisomerase I (topo I) inhibitory activity was examined by observing the
degree of relaxation of supercoiled plasmid DNA, pBR322. The reaction mixtures for this
assay consisted of 1x NE-buffer 4, 1% bovine serum albumin (BSA), 0.25 pg of plasmid
pBR322, 0.25 units of E. coli topoisomerase I, and compounds of various concentrations
(final concentration of 5, 10, 20, 40, 80, 160, 250, and 500 uM). All reactions were
conducted at a final volume of 20 puL and were prepared on ice. The reaction mixtures
were incubated at 37°C for 30 minutes upon addition of the enzyme. The reactions were
halted by adding 2 puL of 10% sodium dodecyl sulfate (SDS), which prevents further
functional enzymatic activity, followed by addition of 3 pL of 6% loading dye comprising
of 0.03% bromophenol blue and 60% glycerol. The reaction mixtures were then loaded
into 1.25% agarose gel and electrophoresed for three hours at 50 V with Tris-acetate-
EDTA (TAE, pH 8.1) as running buffer. The gel was stained with ethidium bromide
solution of 0.5 pg/ml, de-stained, and photographed under UV light using an Alphaimager

red gel documentation system and the digital image was viewed using Pronto software.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 Syntheses of ligands and their metal complexes

The Schiff base ligands were synthesized as products from condensation of
testosterone with derivatives of thiosemicarbazide. Their nickel (II) and zinc (II)
complexes were then prepared, as described in the experimental section.

The general formula of thiosemicarbazones is depicted in Figure 4.1.
Thiosemicarbazide represents the simplest hydrazine derivative of thiocarbamic acid,
where all the R groups are hydrogen atoms. When Rs is replaced by a methyl group, the
structure is known as 4-methyl-3-thiosemicarbazide. Similarly, 4-(4-fluorophenyl)-3-
thiosemicarbazide and 4-(4-ethylphenyl)-3-thiosemicarbazide are formed by replacing Rs
with a fluorophenyl and an ethylphenyl group, respectively. Although the structures of
these derivatives are similar (except Rs), the inductive effect of these substituents may
dictate the chemical properties of these thiosemicarbazides and eventually the
thiosemicarbazones formed. With thiosemicarbazide (Rs = H) as the relatively neutral
species, the presence of methyl group, which is an electron-donating substituent, leads to
increase in electron density on the azomethine group which hinders the deprotonation and
increases the basicity of the ligands formed. When an ethyl group is attached to the phenyl
group (in the case of 4-(4-ethylphenyl)-3-thiosemicarbzide), this electron donating group
would increase the electron density of the conjugated m-system, making it more
susceptible to electrophilic attack and therefore more basic. In contrast, an electron
withdrawing fluoro group in 4-(4-fluorophenyl)-3-thiosemicarbazide will removes
electron density from the n-system, deactivate it from electrophilic attack and rendered it

more acidic (Bader & Chang, 1989; Al-Hazmi et al., 2005; Liu, 2014).
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Figure 4.1: General formula of thiosemicarbazones, where Ri, Ro, R3, R4, Rs = H or any

organic substituent.

Thiosemicarbazides are readily interconverted constitutional isomers with a labile
hydrogen atom and a double bond that can be rearranged in a tautomerization process.
The thione tautomer has been observed regularly in their solid state structures but thiol
tautomer is generally regarded as the one with extended conjugation and thermodynamic
stability. The tautomers of thiosemicarbazones are depicted in Figure 4.2 (Pan et al., 2014;

Hussain et al., 2017).

S S
sz NN, RZYN\ N)\N _R
R1 R1
thione tautomer thiol tautomer

Figure 4.2: General structure showing thione and thiol tautomers of

thiosemicarbazone.
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4.1.1 TM and its metal complexes NM and ZM

Schiff base ligand TM was synthesized and isolated as pale yellow crystal from slow
evaporation of ethanolic solution of TM. It is water insoluble, but soluble in organic
solvents such as methanol, ethanol, chloroform, and DMF. The nickel (II) complex NM
was collected as green powder after refluxing nickel acetate with TM in boiling ethanol.
On the other hand, zinc (II) complex ZM was precipitated as pale yellow powder upon
addition of zinc acetate into boiling ethanolic solution of TM. Attempt to isolate the
crystals of ZM are futile. Unlike their parent ligand, nickel (II) complex NM is only
soluble in DMF and DMSO, while the zinc (II) complex ZM can only be dissolved in
DMSO.

Both NM and ZM can be prepared from one pot synthesis as well. Mixture of
testosterone and thiosemicarbazide was refluxed in boiling ethanol for 6 hours before the
addition of ethanolic solution of nickel acetate or zinc acetate. NM and ZM were

collected from precipitation of green and pale yellow powder, respectively.

4.1.2 TP and its metal complexes NP and ZP

Schiff base ligand TP was prepared with method similar to that of TM, with the choice
of thiosemicarbazide being the main difference in between the two ligands. TP was
synthesized by refluxing testosterone and 4-(4-ethylphenyl)-3-thiosemicarbazide for 6
hours. Solid collected from evaporation of ethanol was collected and re-dissolved in
methanol. Pale yellow crystal was collected from evaporation of methanol at room
temperature. Similar to TM, TP is soluble is various organic solvent such as methanol,
ethanol, chloroform, DMF, and DMSO.

The nickel (II) complex NP was collected as brownish green solid, precipitated
immediately with the addition of nickel acetate with TP in ethanol. Meanwhile, the zinc

(IT) complex ZP was collected as pale yellow solid precipitated from refluxing zinc
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acetate with TP. Both NP and ZP are insoluble in water and can be dissolved in organic
solvents such as DMF and DMSO. The attempts to harvest crystals of NP and ZP that

are suitable for X-ray crystallography were unsuccessful.

4.1.3 TF and its metal complexes NF and ZF

Schiff base ligand TF was prepared from condensation of testosterone with 4-(4-
fluorophenyl)-3-thiosemicarbazide and the yellow solid collected was washed and re-
dissolved in ethanol. Yellow crystal was collected from evaporation of ethanol. TF is
soluble in organic solvents such as methanol, ethanol, chloroform, DMF, and DMSO.

Nickel (IT) complex NF was collected as brownish green powder from addition of
ethanolic solution of nickel acetate into TF in boiling ethanol. It was then re-dissolved in
mixture of DMSO and methanol, and crystal was collected from slow evaporation of the
solvent. The zinc (II) complex ZF was prepared in similar fashion but it was collected as
yellow solid after refluxing TF with zinc acetate (instead of nickel acetate) for 30 minutes.

No crystal of ZF was collected. Both complexes are soluble in DMF and DMSO.

4.1.4 Zinc complex ZE

The zinc complex ZE was included for comparison, due to the absence of crystal
structures of other zinc complexes (ZM, ZP, and ZF) and it was prepared through one-
pot synthesis. At first, testosterone was refluxed with 4-ethyl-3-thiosemicarbazide to form
a Schiff base ligand testosterone-N*-ethylthiosemicaarbazone (TE). Ethanolic solution of
zinc acetate dehydrate was then added into the yellow solution. Yellow crystal was
formed and collected. It was then re-dissolved in mixture of DMSO and methanol, and
crystal was collected from slow evaporation of the solvent. ZE is soluble in DMF and

DMSO.
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4.2 Infrared spectra
The main FTIR vibrational bands of all the Schiff base ligands and their metal complexes
were found in their expected regions. Their characteristic IR bands were listed in the

experimental section and in Table 4.1.

Table 4.1: Characteristic FTIR vibrational bands of all the Schiff base ligands and their
metal complexes.

FTIR vibrational band (cm™)

Compound

C=N C-S C=S Metal-N
™ 1617 - 1062 -
NM 1612 783 - 445
M 1613 780 - 442

TP 1626 - 1064 -

NP 1611 786 - 439
zp 1613 771 - 439
TF 1621 - 1067 -

NF 1603 768 - 433
7F 1610 766 - 435
ZE 1614 764 - 446

Condensation of testosterone was proven by the disappearance of parent band at 1657
cm’!, which is originally attributed to the stretching vibrations of aldehyde w(C=0) of
testosterone (El-Bahy, 2005). The emergence of a strong band ascribed to azomethine
linkage v(C=N) at 1617, 1626, and 1621 cm’, respectively, further confirmed the
formation of Schiff base ligands TM, TP, and TF (Teoh et al., 1999; Fatond;ji et al.,
2013).

In the spectra of metal complexes, the band due to azomethine linkage v(C=N) was
shifted to lower frequency, which is due to the shift of lone pair density towards the metal
ion center (Yeginer et al., 2017). Besides, the presence of a weak new band at the region
of 433-445 cm™! in the spectra of all the metal complexes might be due to the formation
of metal-N linkage (Afrasiabi et al., 2005). Apart from that, another band appeared at the

region of 766-786 cm™! suggested the emergence of C-S stretching, and the coordination
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through the thiolate sulfur of the ligand (Prabhakaran et al., 2011). The observations

cumulatively supported the successful synthesis of metal complexes.

4.3 TH-NMR and BC-NMR

The 'H and '*C-NMR spectra can be used to deduce the structural information of the
Schiff base ligands. The characteristic '"H and '*C-NMR chemical shift data are tabulated
in Table 4.2 and 4.3, respectively. The previously reported Schiff base ligand

testosterone-N*-thiosemicarbazone (TT) was included for comparison (Heng et al.,

2015).
Table 4.2: Characteristic 'TH-NMR data (ppm) of ligands in DMSO-d.
NMR signal (ppm)
Name N-H O-H terminal CHsz of  Aromatic CH 4 CH, 8 CHa,
thiosemicarbazide and 2 CH3 of
testosterone
™ 10.04 4.48 2.96 - 3.43-0.67
8.39
TP 10.04 4.48 1.21 7.50, 7.49 3.44-0.67
9.75 7.16,7.14
TF 10.50 4.48 - 7.58,7.57 3.44-0.67
9.87 7.17,7.15
TT 10.05 4.46 - - 3.44-0.67
8.04
Table 4.3: Characteristic '>*C-NMR data (ppm) of ligands in DMSO-d.
NMR signal (ppm)
Name  C=S C=N C-OH Terminal Aromatic CH C=C
CH;3
T™ 178.63 150.66 80.40 17.44 - 156.77, 121.13

TP 176.36 151.58 80.46 16.19 161.93, 148.94, 157.72,121.16
140.94, 140.90,
127.85, 125.27

TF 176.76  151.84 80.46 - 162.02, 149.20, 157.84,121.13
135.95, 135.92
127.59, 125.52

TT 1787 151.0 804 - - 157.1,121.1
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The hydroxyl group of testosterone, which is susceptible to chemical reaction, was
preserved as signal at 4.48 ppm was observed in the spectra of all ligands (Havaldar &
Patil, 2008). Chemical shifts corresponding to the aromatic protons of TP and TF were
found at their expected region, thereby confirming the formation of the proposed Schiff
base. Besides, the proton of -NH group next to the terminal CHj3 of thiosemicarbazide in
TM was observed at 8.39 ppm, while the one next to the phenyl group of TP and TF
were found at 9.75 and 9.87 ppm, respectively (Gasser et al., 2011).

The chemical shift at the region of 150.66-151.84 ppm in the '*C-NMR was assigned
to the azomethine C=N linkage of the ligands synthesized, which indicates the formation
of Schiff base (Choi et al., 1999). Furthermore, the involvement of C-O and C=C groups
in the formation of new compounds was ruled out due to the presence of chemical shifts
ascribed to the three carbons of C-O and C=C were observed in the spectra (Reich et al.,
1969; Biersack et al., 2011). Apart from that, the chemical shifts due to the aromatic
carbon atoms of TP and TF were recorded at their expected region, further confirming

the formation of the proposed compounds.

4.4 Elemental analysis

The elemental contents such as carbon, hydrogen, and nitrogen are undoubtedly one
of the most important fundamental information regarding the compounds synthesized.
Generally, the errors of less than or equal to 0.4% reflect high accuracy and/or high purity
of the analytes (Itoh et al., 2013). The relative percentage (experimental and theoretical)

of these three elements in all the compounds synthesized are summarized in Table 4.4.
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Table 4.4: Elemental analysis of all the compounds synthesized

Name Found (%) Calculated (%) Solvent
Carbon Hydrogen Nitrogen Carbon Hydrogen Nitrogen molecule
™ 65.62 9.42 9.78 65.52 9.32 9.97 thanol
(-0.10)  (-0.10)  (0.19) ~ °Mano
NM 59.70 8.40 9.59 59.78 8.12 9.96 2 water
(0.08) (-0.28) (0.37)
M 61.47 8.09 10.15 61.41 8.20 9.77 thanol
(-0.06)  (0.11) (0.38) ~ ©hane
TP 68.21 8.68 8.62 68.25 8.59 8.53 1.5 water
(0.04) (0.09) (0.09) '
NP 66.03 7.94 7.59 66.21 8.05 7.99 2
(0.18) (0.11) (0.40)  methanol
p 65.76 7.97 7.65 65.79 8.00 7.94 2
(0.03) (0.03) (0.29)  methanol
TF 66.39 8.00 7.82 66.38 8.26 8.01 1.5
(-0.01) (0.26) (0.19) ethanol
NF 60.05 7.16 7.74 59.72 7.16 7.46
(033)  (0.00)  (-028) 2DPMSO
ZF 62.97 7.22 7.74 62.75 7.28 7.98 methanol,
(-0.22) (0.06) (0.24) ethanol
ZE 62.23 8.69 9.63 62.17 8.39 9.46
ethanol

0.06)  (0.30)  (0.17)

Results in Table 4.4 showed differences of less than 0.4% in between the experimental
and calculated relative percentage of carbon, hydrogen, and nitrogen. This indicates the

compounds synthesized and isolated are of high purity.

4.5 Crystal structure of ligands and complexes

Crystals of Schiff bases TM, TP, TF, and the nickel complexes NM, and NF were
collected and the details of crystallographic data and structure refinement parameters are
summarized in Table 4.5 and 4.6. The attempts to isolate crystals of NP and all the zinc
complexes (ZM, ZP, and ZF) were unsuccessful. Crystal structure of ZE was collected

and included in Table 4.6 for comparison.
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4.5.1 Crystal structure of ligand testosterone-N*-methylthiosemicarbazone, TM
The Schiff base ligand TM was crystallized in monoclinic system with P2; space

group and the perspective view of this compound is shown in Figure 4.3.

Figure 4.3: Ortep plot of TM drawn at 50% probability level. Hydrogen atoms are drawn

at arbitrary radii.

From the perspective view of TM (Figure 4.3), it is obvious that a testosterone
molecule was joined to the molecule of 4-methyl-3-thiosemicarbazide through the
formation of a new imine bond (C18-N1), and the resulting compound adopted an £
configuration. Its bond lengths and angles are within normal ranges. Selected bond
lengths and angles of TM are shown in Table 4.7, while the details of hydrogen bonds

are tabulated in Table 4.8.
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Table 4.7: Selected bond lengths and bond angles of TM.

Bond lengths (A) Bond angles (°)
NI-CI8 1.288 (5) CI8-N1-N2 117.9 (4)
NI1-N2 1.390 (5) N1-N2-C20 117.2 (4)
N2-C20 1362 (6) N2-C20-N3 116.6 (4)
C20-S1 1.691 (5) N2-C20-S1 119.6 (3)
C20-N3 1326 (6) N3-C20-S1 123.8 (4)
C21-N3 1.449 (6)

C18-C19 1.466 (6)

Table 4.8: Hydrogen bonds of TM.

D—H-4 D—H (A) H-4 (A) D4 (A) D—H-4 (°)
O1-H10--03 0.84 2.04 2.652(9) 129
02—H20--01 0.84 1.95 2.736 (8) 156
03—H30--01 0.84 1.89 2.652(9) 150
04—H40--03 0.84 2.02 2.613(11) 127

Symmetry operation (i): X, y, z
Symmetry operation (ii): -x, 1/2+y, -z

By referring to information in Table 4.7, the azomethine linkage (C=N double bond)

can be confirmed by the shorter bond length in between carbon and nitrogen atom (1.288

A for C18-N1; 1.449 A for C21-N3). The hydroxyl group of molecule TM serves as a

hydrogen-bond donor to ethanol molecule. As shown in Figure 4.4, hydrogen bonds of

the type O—H--O linked molecules of TM and ethanol into a linear chain in which all

molecules having the same orientation (Imramovsky et al., 2012).
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Figure 4.4: Linear chain formed from hydrogen bonds of the type O—H:---O link TM and

ethanol molecules.

4.5.2 Crystal structure of complex nickel bis(testosterone-N4-
methylthiosemicarbazone), NM

The nickel complex NM was synthesized by joining two ligands TM to a nickel metal

center ion and it was crystallized in an orthorhombic crystal system, with the space group

of P21212,. The perspective view of this complex is illustrated in Figure 4.5.
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Figure 4.5:  Ortep plot of NM drawn at 50% probability level. Hydrogen atoms are

drawn at arbitrary radii.

It is clearly shown that the mononuclear nickel complex is coordinated to two Schiff
base ligands TM via two imine nitrogens and two tautomeric thiosulfurs. Selected bond
lengths and angles of NM are listed in Table 4.9, while hydrogen bonds are included in

Table 4.10.
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Table 4.9: Selected bond lengths and bond angles of NM.

Bond lengths (A) Bond angles (°)
Nil-S1 2.154 (12) ST-Nil-N1 86.22 (11)
Nil-S2 2.162 (12) S2-Nil-N4 86.69 (10)
Nil-N1 1.933 (4) S1-Nil-S2 89.38 (5)
Nil-N4 1.943 (4) N1-Nil-N4 101.51 (14)
$1-C20 1754 (5) Nil-N1-C18 1283 (3)
S2-C41 1.757 (5) Ni1-N4-C39 128.8 (3)
NI-CI8 1312 (5)

N4-C39 1.292 (5)
NI-N2 1.403 (5)
N4-N5 1.398 (5)
N2-C20 1307 (6)
N5-C41 1.297 (6)
N3-C21 1.444 (6)
N6-C42 1.456 (6)

Table 4.10:  Hydrogen bonds of NM.

D—H-A D—H (A) H-A4 (A) D-4A(A)  D—H-4(°
Ol—HI1-O1W 0.84 (1) 1.84 (1) 2.674 (4) 175 (6)
02—H2--S2! 0.84 (1) 2.45 (2) 3.277 (4) 168 (7)
03—H3--02 0.86 (1) 1.92 (3) 2.748 (7) 162 (10)
O1W—H11--81i 0.83 (1) 2.51(2) 3.343 (4) 175 (5)
O1W—HI12--01%  0.83 (1) 1.96 (2) 2.789 (5) 172 (6)
N3—H3N--01f 0.88 (1) 2.11 (3) 2.929 (4) 156 (5)

Symmetry operation (i): X, y-1, z
Symmetry operation (i1): x+1/2, -y+1/2, -z+2
Symmetry operation (iii): x+1, y+1, z

Information in Table 4.9 shows that the bite angle for S1-Nil-N1 and S2-Nil-N4 are
86.22 (11) and 86.69 (10)°, respectively. These angles are deviated from the ideal 90.00°
and thereby reflecting the distorted square planar geometry with cis configuration
(Meghdadi et al., 2015). The observed Ni-N bonds are shorter (Ni1-N1, 1.933 (4) A; Nil-
N4, 1.943 (4) A) compared with Ni-S bonds (Nil-S1, 2.154 (12) A; Nil-S2, 2.162 (12)
A), which is due to the strong m-interaction between nickel and imine nitrogen
(Prabhakaran et al., 2011). Apart from that, Figure 4.5 shows the imine nitrogens and

tautomeric thiosulfurs (S1 with N1, and S2 with N4 in NM) were rotated to cis-
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confirmation during the formation of the nickel complex NM (S1 was cis to N1 in TM,

Figure 4.3).

The bond distances for S1-C20 and S2-C41 are 1.754 (5) and 1.757 (5) A respectively.
These are longer compared with the C20-S1 bond of its parent ligand TM (1.691 (5) A).
This indicates the ligands are bound to the nickel atom in the thiolate form (C-S-Ni).
Besides, new C=N bonds were formed upon tautomerization, which can be deduced based
on the changes in bond length. For instance, the bond distances for C20-N2 and C41-N5
are 1.307 (6) and 1.297 (6) A respectively, which are shorter compared to the one in its
parent ligand (N2-C20 = 1.362 (6) A, Table 4.7), thereby reflecting the formation of C=N
bonds (Md Yusof et al., 2015; Schmidt et al., 2016). A parallel sheet is formed via
hydrogen bonds of the type O1—H1---O1W, O2—H2--S2, O3—H3---:02, O1 W—H11---S1,
O1W—H12--01, and N3—H3N---O1 that link molecules of NM, water, and methanol, as

shown in Figure 4.6.

Figure 4.6: Parallel sheet formed from hydrogen bonds the type Ol—HI1--O1W,
02—H2--S2, O3—H3--02, O1W—H11--S1, O1W—H12--O1, and N3—H3N--O1 of

complex NM, water, and methanol (hydrogen atoms are omitted for clarity).

69



4.5.3 Crystal structure of ligand testosterone-N*-ethylphenylthiosemicarbazone,
TP

Schiff base ligand TP was synthesized by conjugating testosterone to 4-(4-
ethylphenyl)-3-thiosemicarbazide. It was crystallized in a monoclinic system with the
space group of P21, and the Ortep plot of this ligand with atom numbering scheme is

given in Figure 4.7.

Figure 4.7: Ortep plot of TP drawn at 50% probability level. Hydrogen atoms are drawn

at arbitrary radii.

Figure 4.7 shows that a molecule of testosterone was successfully joined to a molecule
of 4-(4-ethylphenyl)-3-thiosemicarbazide through the formation of a new azomethine
linkage (C18-N1) and it adopted an E conformation. Characteristic bond lengths and

angles are summarized in Table 4.11.
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Table 4.11: Selected bond lengths and bond angles of TP.

Bond lengths (A) Bond angles (°)
NI-CI8 1.293 (9) NI1-N2-C20 119.5 (6)
NI1-N2 1.386 (9) C18-N1-N2 119.5 (6)
N2-C20 1.353 (10) N2-C20-N3 114.9 (7)
N3-C20 1383 (10) N2-C20-S1 119.9 (6)
$1-C20 1662 (9) N3-C20-S1 125.2 (6)
N3-C21 1.420 (6)

C18-C19 1.430 (10)
C17-C18 1.525 (10)

Information in Table 4.8 shows the lengths and angles of the characteristic bonds of

TP are within normal ranges. The formation of imine linkage is confirmed with the

shorter bond length of N1-C18 (1.293 (9) A) compared to that of N2-C20 (1.353 (10) A)

or N3-C21 (1.420 (6) A). Besides, the details of hydrogen bonds are presented in Table

4.12.
Table 4.12: Hydrogen bonds of TP.

D—H-A4 D—H (A) H-4 (A) D--4 (A) D—H:4 (°)
O1—Hlo--05 0.84 (2) 2.01 (8) 2.76 (1) 148 (14)
0O5—H50-:06 0.84 2.09 2.73 (1) 133
0O6—H60--02 0.84 2.19 2.73 (1) 121
02—H2o0--07 0.84 (1) 1.90 (4) 2.71 (1) 121
O7—H70--08 0.84 1.90 2.67 (1) 151
O8—H8o0--09 0.84 1.98 2.62(2) 132
09—H9%0---01 0.84 2.05 2.50 (1) 113
03—H30--010 0.84 (2) 1.92 (5) 2.72 (1) 158 (12)

0O10—H100---011 0.84 2.01 2.73 (1) 143
0O211—Hl1l1o0--04 0.84 2.03 2.68 (1) 135
04—H4o0--012 0.84 (2) 1.86 (4) 2.67 (1) 162 (10)
0O12—H120---013 0.84 1.84 2.62 (1) 153
O13—H130--014 0.84 1.99 243 (2) 111
O14—H140---03 0.84 1.84 2.58 147

Symmetry operation (1): X, y, Z

Symmetry operation (ii): -x, y+1/2, -z
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Ligand TP was solvated by molecules of methanol. Methanol clusters were formed
from hydrogen bonds listed in Table 4.12 linked molecules of TP and methanol. Oxygen
atoms from five methanol molecules were connected to two oxygen from two molecules
of TP, forming a heptagon that linked these molecules. Structure of the methanol clusters

are depicted in Figure 4.8.

Figure 4.8: Methanol clusters formed from hydrogen bonds that linked molecules of

complex TP and methanol.

4.5.4 Crystal structure of ligand testosterone-N*-fluorophenylthiosemicarbazone,
TF

The Schiff base ligand TF was crystallized in monoclinic system with P2,2,2; space
group and it was solvated by a water molecule. Ortep plot of this compound is displayed

in Figure 4.9.
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Figure 4.9: Ortep plot of TF drawn at 50% probability level. Hydrogen atoms are drawn

at arbitrary radii.

Figure 4.9 shows that a molecule of testosterone was successfully joined to a molecule
of 4-(4-ethylphenyl)-3-thiosemicarbazide through the formation of a new azomethine
linkage (C18-N1). Unlike other Schiff base ligands mentioned before, TF adopted a Z
configuration. Characteristic bond lengths and angles are summarized in Table 4.13 and

information of selected hydrogen bonds are tabulated in Table 4.14.

Table 4.13: Selected bond lengths and bond angles of TF.

Bond lengths (A) Bond angles (°)
NI-C18 1.289 (6) N1-N2-C20 117.5 (5)
NI-N2 1379 (6) C18-N1-N2 119.5 (5)
N2-C20 1.349 (6) N2-C20-N3 115.7 (5)
N3-C20 1.341 (8) N2-C20-S1 118.9 (4)
$1-C20 1.680 (6) N3-C20-S1 125.4 (4)
N3-C21 1.396 (7)

C18-C19 1.450 (8)
C17-C18 1.490 (8)
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Table 4.14: Hydrogen bonds of TF.

D—H--A D—H (A) H-A4 (A) D4 (A) D—H-4 (°)
O1—H10--01W 0.84 2.08 2.889 (9) 162
02—H20--01 W 0.84 2.04 2.836 (10) 157

O1W—H11--02Wt 0.84 2.03 2.812 (10) 156
O2W—H21--02 0.84 1.98 2.814 (10) 172
02W—H22--011 0.84 2.21 2.933 (10) 144

Symmetry operation (i): -x+3/2, -y+1, z-1/2
Symmetry operation (i1): -x+1, y+1/2, -z+3/2
Symmetry operation (iii): -x+1/2, -y+1, z-1/2

TF was solvated by water molecule and these solvent molecules linked molecules of
TF to form a linear chain with hydrogen bonds of 02-H20---O1, O2W-H21---02, and O2-

H20---O1W. The structure was depicted in Figure 4.10.

Figure 4.10: Helical chain formed from hydrogen bonds link TF and water molecules

(hydrogen atoms are omitted for clarity).
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4.5.5 Crystal structure of complex nickel bis(testosterone-N4-
fluorophenylthiosemicarbazone), NF
The Schiff base ligand NF was crystallized in monoclinic system, with the space group

of P21, and the perspective view of this compound is shown in Figure 4.11.

Figure 4.11: Ortep plot of NF drawn at 50% probability level. Hydrogen atoms are drawn

at arbitrary radii.

The mononuclear nickel complex in Figure 4.11 is formed by two Schiff base ligands
TF coordinated to a nickel ion via two imine nitrogens and two tautomeric thiosulfurs.
Selected bond lengths and angles of NF are listed in Table 4.15, while hydrogen bonds

are included in Table 4.16.
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Table 4.15:  Selected bond lengths and bond angles of NF.

Bond lengths (A) Bond angles (°)
Nil-S1 2.145 (4) ST-Nil-N1 86.1 (3)
Nil-S2 2.149 (4) S2-Nil-N4 85.9 (3)
Nil-N1 1.910 (9) S1-Nil-S2 90.15 (17)
Nil-N4 1.903 (9) N1-Nil-N4 100.1 (4)
$1-C20 1.742 (13) Nil-N1-C18 128.7 (8)
$2-C46 1.749 (14) Nil-N4-C44 130.4 (9)
NI-CI8 1.322 (14)

N4-C44 1306 (16)
NI-N2 1392 (12)
N4-N5 1373 (13)
N2-C20 1.306 (16)
N5-C46 1277 (16)

Table 4.16: Hydrogen bonds of NF.

D—H--4 D—H (A) H-A4 (A) D--4 (A) D—H:4 (°)
O1—H1--03 0.84 2.26 2.60 (3) 104
02—H2:-04 0.84 1.94 2.764 (15) 167
N3—H3--02 0.88 2.08 2.957 (16) 171

Symmetry operation (1): X, y, Z
Symmetry operation (i1): -x, y+1/2, -z

Similar to the case of NM, a distorted square planar geometry with cis configuration
was observed in the case of NF as the bite angle for S1-Nil-N1 and S2-Nil1-N4 are 86.1
(3) and 85.9 (3)°, respectively (Meghdadi et al., 2015). Moreover, shorter Ni-N bonds
(Nil-N1, 1.910 (9) A; Nil-N4, 1.903 (9) A) are observed when compared with Ni-S
bonds (Ni1-S1, 2.145 (4) A; Nil-S2, 2.149 (4) A), which is due to the strong n-interaction

between nickel and imine nitrogen (Prabhakaran et al., 2011).

Longer bond distances for S1-C20 and S2-C41, which are 1.754 (5) and 1.757 (5) A
respectively, were observed upon formation of nickel complex NF (1.680 (6) A for C20-
S1 in TF), which is corresponding to the thiolate form (C-S-Ni). Apart from that, when
compared to its parent ligand TF (N2-C20 =1.349 (6) A, Table 4.13), shorter bond

distances for C20-N2 and C46-N5 (1.306 (16) and 1.277 (16) A respectively) were
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observed, which indicates the formation of C=N bonds upon tautomerization. On the
other hand, hydrogen bonds of the type N3—H3:--O2 W linked molecules of NF to form a

linear chain, which is shown in Figure 4.12.

Figure 4.12: Linear chain formed from hydrogen bonds link NF and DMSO molecules

(hydrogen atoms are omitted for clarity).

4.5.6 Crystal structure of complex zinc bis(testosterone-N*-
ethylthiosemicarbazone), ZE
The zinc complex ZE was crystallized in triclinic system with the space group of P1,

and the perspective view of this compound is shown in Figure 4.13.
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Figure 4.13: Ortep plot of ZE drawn at 50% probability level. Hydrogen atoms are drawn

at arbitrary radii.

The mononuclear Zinc complex in Figure 4.13 is formed by two Schiff base ligands
TE coordinated to a nickel ion via two imine nitrogens and two tautomeric thiosulfurs.
Selected bond lengths and angles of ZE are listed in Table 4.17, while hydrogen bonds

are included in Table 4.18.
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Table 4.17:  Selected bond lengths and bond angles of ZE.

Bond lengths (A) Bond angles (°)
Znl1-N1 2.044 (8) S1-Znl1-N1 86.9 (2)
Zn1-N4 2.053 (8) S2-Zn1-N4 87.1 (2)
Znl-S1 2.289 (2) S1-Zn1-S2 128.7 (2)
Znl1-S2 2.291 (2) N1-Znl1-N4 105.5 (3)
S1-C20 1.773 (10) Zn1-N1-C18 128.0 (6)
S2-C42 1.751 (10) Zn1-N4-C40 128.2 (6)
NI-C18 1.331 (12)

N4-C40 1.299 (13)
NI-N2 1.389 (10)
N4-N5 1.397 (10)
N2-C20 1.299 (13)
N5-C42 1.315 (12)
Table 4.18: Hydrogen bonds of ZE.

D—H-4 D—H (A) H-4 (A) D4 (A) D—H-4 (°)
C16—H16A:-02 0.99 2.49 3.287 (13) 137
C22—H22C-"N2 0.98 2.60 3.128 (15) 114
C44—H44C-N5 0.98 2.58 3.111 (15) 114

CI15—H15--S1 0.98 2.93 3.864 160
N3—H3---S2 0.88 2.95 3.58 124

Symmetry operation: X, y, Z

A distorted tetrahedral geometry with cis configuration was observed in the case of
ZE as the bite angle for S1-Znl-N1 and S2-Znl-N4 are 86.9 (2) and 87.1 (2)°,
respectively. Besides, shorter Zn-N bonds (Zn1-N1, 2.044 (8) A; Zn1-N5, 2.053 (8) A)
are observed when compared with Zn-S bonds (Zn1-S1, 2.289 (2) A; Nil-S2, 2.291 (2)
A), which is due to the strong m-interaction between zinc and imine nitrogen (Tan et al.,

2009; Cruz Santana et al., 2015).

The bond distances for S1-C20 (1.773 (10) A) and S2-C42 (1.751 (10) A) are similar
to the one observed in the nickel complexes NM and NF, which is corresponding to the

thiolate form (C-S-Zn). On the other hand, hydrogen bonds of the type C15—H15---S1,
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C16—H16A:--02, and N3—H3---S2 linked molecules of ZE to form a zig-zag chain, which

is shown in Figure 4.14.

Figure 4.14: Zig-zag chain formed from hydrogen bonds link molecules of ZE along b-

axis.

4.6 Cytotoxicity test

Testosterone was chosen as the main building element in the skeleton of all the Schiff
base compounds synthesized, primarily due to its pivotal importance in cancers of the
reproductive systems (Hyde et al., 2012; Michaud et al., 2015). The rationale of the design
is, by joining a cytotoxic component such as thiosemicarbazide to a molecule with
specific preferences towards certain cells, this molecule may act as a vector/vehicle that
provide improved selectivity and/or selectivity to the compound synthesized (Zamora et
al., 2013; Levine et al., 2014). However, the androgen receptor binding affinity of the
testosterone moiety in the Schiff base compounds synthesized may also vanished. This is

due to the disappearance of 3-keto group of testosterone, which is considered to be
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essential for the recognition by androgen receptor, in the formation of azomethine linkage
(Gao et al., 2005; Top et al., 2009).

Besides the potential setback described above, there might be a chance for the hormone
molecule to behave as a two-edge sword. Ideally, testosterone will play a role as
vector/vehicle, carrying the cytotoxic moiety to the cancerous cells with androgen
receptor. However, the cell death-inducing ability of the Schiff base compounds against
hormone-dependent prostate cancer cells may be dampened if the function of testosterone
in Schiff base is well preserved, because androgen is generally acknowledged to aid in
the promotion and growth of prostate cancer (Kimura et al., 2001).

In order to verify the usefulness of the compounds synthesized, the cytotoxicity of all
the compounds against four human cancer cell lines (human derived prostate
adenocarcinomas PC-3 and LNCaP, human breast adenocarcinomas MCF7, and human
colorectal carcinomas HCT 116) and two normal cell line (human normal prostate
RWPE-1 and normal colon fibroblasts CCD-18Co) were examined. The chemotherapy
drug cisplatin was utilized as a positive reference standard in this assay and the results

are summarized in Table 4.19.

81



31831 10U = I Nisex

(SI199 190UBD JO 0SH[/S[[9D [BWLIOU JO 0SD]) = ([S) XIpUI ANADIJ[AS 4

00" 1F91°0C LY'OFLSLT  (SL'0) €EL'TF88°ET 99' 18791 0€< (8L°0) TE'IFL6'0T  uneldsi)
0€< 0€< 0€< +x LN #x LN 0¢€< Vv
0€< 0€< (£0'2<) €S°0FIL Y1 8T'0F80°S 0€< 0€< AZ
0€< 0€< (99'1<) T8 1¥80°81  CTIOOFISE 0€< 0€< AN

vE1FCTTT 8L'0FLE6T  (9%°7D) 97 0FE0TI €6 TFSL'ST  (TO'D I 0FIS ST (L6°0) 00°TFHE 9T AL

6% 0FSS LI 0€< (TT€<) ¥EOFIC6 90'0FLY 0€< (8€°0) 9T 0FF8'11 dzZ
0€< 6T0FYCTLT  (L¥'T) LTOFCLTI 80°0F9S'€ 0€< (02°0) 0T TF68°LI dN

T’ 0FST 61 0€< (9€°T<) T0'TFILTI 80'0FT'€ (0T°0) 1L°0F76T91  (¥1°0) 6 1F0V'CT dL
0€< 0€< 0€< 26'0FTE 0T 0¢< 0¢< WZ

LT TF00°0C 0€< (T8°1<) SO'TFTS 9T 0T 0FLE'E (€1°0) €0°TF9T9C 0€< NN

TETFIS'ST 0€< (01°2<) ¥9'0FLT #1 98'0F88'¢ 0€< 0€< NL

LADIN 0D81-ADD 911 LOH [-AdM Y deON'T €-0d
Jadue)d Jsealyq UOJ09 [eWION 190ued uojo) @aﬁmohm [eWION J93ue)d Aqe)sold J3ue)d Aqe)sold HESOQEOO

(xIS) uoneIAdp pIepuess + M 05O

"SouI] [[90 urwWINY XIS Jsurede pazIsayjuAs spunodwod Jo (UOBIAID pPIepue)S F 0SD[) AIIDIX0I0IAD 04714 U] 6] dqR L

82



Ability of the synthesized compounds to inhibit the growth of prostate cancer LNCaP
and PC-3 cells was tested. The LNCaP cell line is commonly regarded as a cell line that
expresses androgen receptor and their growth is inhibited by androgen withdrawal.
Meanwhile, PC-3 cells are relatively insensitive to androgen and their proliferation is
independent of androgens (Tai et al., 2011). Based on the results in Table 4.19, some of
the synthesized compounds are cytotoxic towards the prostate cancer cells tested
(although at different magnitudes). Interestingly, the compounds are less cytotoxic
towards the hormone-sensitive LNCaP cells compared to that of hormone-insensitive PC-
3 cells, with only three compounds capable of inhibiting growth of LNCaP (at
concentration up to 30 uM), namely NM, TP, and TF. This observation suggested that
biomolecules/receptors other than the androgen receptors were involved in the cytotoxic
mechanisms of these compounds.

The relatively low ICso values obtained when the normal human prostate cell line was
treated with the compounds indicated high general toxicity and low selectivity of these
compounds towards cancerous prostate cells. Although cisplatin is also toxic against the
normal prostate cell line tested, only TF has selectivity index (SI = 0.97) that is slightly
better than this chemotherapy agent (SI = 0.78). This further suggests the unsuitability of
these compounds synthesized in targeting human prostate cells.

Despite its importance in the development of prostate, the membrane androgen
receptors are not solely expressed by prostate cells. Gu et al. (2009) have proved the
expression of these receptors on the membrane of human colon cells. Moreover, a G-
protein coupled receptor that is only found in colonic cancer cells (such as CaCo2 and
HCT 116 cell lines) but not on normal colon cells, which is typically regarded as the third
type of membrane androgen receptor, could be the potential target of the cytotoxic
compounds albeit detailed mechanisms are not tested in this study (Gu et al., 2009; Gu et

al., 2011; Nikolaou et al., 2019). Although colorectal carcinoma is not a hormone-
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dependent cancer in the classical sense, increased evidence has demonstrated that
testosterone and androgen receptor are relevant to the development of colorectal
carcinoma despite studies thus far are still unable to reach a consensus regarding the direct
connection between androgens and the risk of developing colorectal carcinoma (Lin &
Giovannucci, 2010; Amos-Landgraf et al., 2014; Roshan et al., 2016). Nonetheless, the
potential cytotoxicity of the compounds against human colorectal carcinoma cell line
HCT 116 was tested due to potential importance of androgen receptor by treatment with
the same compounds and current results showed that only ZM (up to 30 uM) was unable
to halt the growth of this cell. Apart from that, some of the compounds (most remarkably
ZP, with ICso = 9.31 uM) displayed ICso values that are lower compared to that of
cisplatin (ICso = 23.88 uM), which indicates better inhibitory properties. Moreover, only
two (NP and TF) out of the eight HCT 116 inhibitory compounds are toxic against the
human normal colon cell line CCD-18Co, namely NP and TF, with ICso values of 17.24
and 29.37 uM, respectively.

Selectivity index (SI) of the synthesized compounds against human colorectal
carcinoma cell line HCT 116 was calculated and included in Table 4.19 (in bracket). SI
value of more than 1.0 was obtained in all the eight cytotoxic compounds, which showed
excellent preferences towards the colorectal carcinoma cell line tested. Although it is
generally accepted that SI value of more than or equal to 2.0 is considered to be less toxic
(or possess anticancer property), all the cytotoxic compounds displayed SI value that is
greater than cisplatin (Oliveira et al., 2015; Wiji Prasetyaningrum et al., 2018). Moreover,
SI value of more than 3.0 was obtained in the case of ZP, which represents relatively low
toxicity of this compound against the human colon cell line tested. These results
cumulatively suggested high preferences of the compounds towards the colorectal

carcinoma cell line tested (compared to cisplatin with lowest selectivity index of 0.75).
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Apart from the cell lines mentioned above, the potential function of the testosterone
moiety to facilitate in targeting the androgen receptor was further examined by treating
the human breast cancer cell line MCF7 with the same compounds, since the presence
and importance of androgen receptors on breast cancer cells were reported (Macedo et
al., 2006; Cochrane et al., 2014). According to results in Table 4.19, only five out of the
nine compounds tested were capable of inhibiting the growth of this cell line despite eight
of them were proven cytotoxic (against human colorectal carcinoma HCT 116).
Therefore, the function of testosterone in these compounds may have little to no effect on
the recognition of androgen receptor because almost half of these compounds were unable
to target the androgen receptor responsive MCF7 and LNCaP cells. Moreover, their ICso
values are generally higher compared to the ICso values obtained from other cell lines,
which indicates weaker cytotoxicity of these compounds against this cell line. No breast
normal cell line was tested because of the relatively weaker cytotoxicity (and hence higher
ICso values) of the synthesized compounds against the breast cancer cell line tested
compared to other cell lines (such as colorectal cancer HCT 116).

A zinc complex (ZE) of testosterone-N*-ethylthiosemicarbazone was added into
comparison and according to results in Table 4.18, this complex is non-cytotoxic towards
the cell lines tested. The potency of ZE in inhibiting the growth of prostate cancer LNCaP
and prostate normal RWPE-1 was not tested due to the weak cytotoxicity of this complex
against other cell lines tested. According to the results, cytotoxicity of zinc
thiosemicarbazone complexes might be subdued by the presence of alkane substituent, as
both ZM and ZE are not cytotoxic towards almost all the cell lines tested (ZM is only
toxic towards human normal prostate RWPE-1). In contrast, introduction of phenyl
substituent might had improved the potency of the zinc complexes, as both ZP and ZF
possessed growth inhibitory effects on at least one cancerous cell line (both are active

against colorectal cancer HCT 116, while ZP is also cytotoxic towards prostate cancer
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PC-3 and breast cancer MCF7). However, such effect is not applicable to the nickel
complexes, as NM is cytotoxic against three cancer cell lines (prostate cancer LNCaP,
colorectal cancer HCT 116, and breast cancer MCF7) while NF is only active against the
colorectal cancer HCT 116.

Complexation with metal ion is commonly performed to enhance the cytotoxicity of
their parent ligands. However, complexation with nickel and zinc ions has brought about
different alterations to the cytotoxicity in this project. Briefly, complexation with nickel
has improved the cytotoxicity of TM (in the case of NM against LNCaP) and TP (NP in
the case of PC-3), but worsened the overall cytotoxicity of TF. Besides, formation of zinc
complex has only improved the cytotoxicity of TP. The decreased in cytotoxicity might
be due to the relatively bulkier size and change in geometries upon complexation. Also,
it could be due to the loss of chelating ability of the ligand (Richardson et al., 2006), as
reduced cytotoxicity upon complexation of triapine, the ribonucleotide reductase (an
enzyme involved in rate-limiting step of DNA synthesis) inhibiting thiosemicarbazone,

with iron was reported (Rejmund et al., 2018).

4.7  Post treatment morphological changes

The first description for the term “apoptosis” was based on the morphological changes
of cell death including chromatin condensation, fragmentation, membrane blebbing, and
cell shrinkage (Kerr et al., 1972; Doonan & Cotter, 2008). The morphological changes on
HCT 116, PC-3 and MC7 cell lines were observed under phase contrast inverted
microscope after 24 and 48 hours of exposure to the cytotoxic compounds (at their
respective 1Cso). Results were illustrated in Figure 4.15-4.17, untreated (control) cells
were photographed to verify the morphology of the cells in the absence of any cytotoxic

compounds.
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Figure 4.15 showed the morphology of HCT 116 cells in the absence and presence of
different cytotoxic compounds. The cells adopted a spindle or angular shape prior
treatment with the compounds (Tan et al., 2019). Membrane blebbing was observed after
24 hours of treatment with almost all the treatment. The cells lost their integrity and
appeared clustered together, especially TM, NM, and NF. Morphological changes such
as rounding up and cell shrinkage were observed. For instance, most of the cells treated
with TF for 48 hours have shrunken. This observation might be due to the extreme
alteration in intracellular water content. Although necrotic cells might absorb water
resulting in enlargement in the size before finally bursting, apoptotic cells would
eventually lose water and therefore reduce the size of the cells. Subsequently, the cell will
lose its contact with adjacent cells and lead to detachment from the extracellular matrix
resulting in more rounded morphology (Farghadani et al., 2017; Wu et al., 2018).

Similar observations were recorded when the prostate cancer PC-3 and breast cancer
MCF7 were subjected to similar treatments. Cell shrinkage, detachment and rounding up
as well as membrane blebbing were observed. These observations suggested that the cells
were undergoing apoptosis/necrosis upon treatment of the test compounds. Abilities of
these compounds to induce cell death through apoptosis or necrosis were then

investigated.
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4.8  Assessment of apoptotic cells

Apoptosis and necrosis are two major cell death mechanisms. Usually, the cells are
subjected to external injury would undergo necrosis, whereas cells would be requiring
some internal or external stimuli to commit programmed suicide (apoptosis).
Externalization of phosphatidylserine on the outer surface of plasma membrane is
regarded as the hallmark of early apoptosis (Shi et al., 2019). Annexin V is a Ca®'-
dependent phospholipid-binding protein with high affinity for the exposed apoptotic cell
surface phosphatidylserine. Moreover, annexin V can be conjugated to fluorochromes
such as FITC while retaining its excellent affinity for phosphatidylserine and hence serves
as a sensitive probe for flow cytometric detection of cells undergoing apoptosis. However,
the vital dye propidium iodide (PI) is usually used in conjunction with annexin V for
identification of early and late apoptotic cells because translocation of phosphatidylserine
is observed in both apoptotic or necrotic processes. In brief, viable cells with intact
membranes exclude PI, whereas dead and damaged cells are permeable to this dye.
Therefore, viable cells are both annexin V and PI negative, while early apoptotic cells are
annexin V positive and PI negative, whereas late apoptotic or dead cells are both annexin
V and PI positive. However, this assay is unable to distinguish between cells that have
died from necrosis versus cells that have undergone apoptotic cell death as they will be
stained with both annexin V and PI (Hingorani et al., 2011).

In this assay, the cells were stained with annexin V-FITC and PI after treatment with
selected compounds. The incidence of apoptosis was then detected by flow cytometry and

results are summarized in Figure 4.18-4.23.
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The phosphatidylserine of more than 85% of the negative control cells are still intact
(Figure 4.18-4.23), indicating the cells were viable and healthy. However, the number of

viable cells decreased to different extend after treatment with different compounds.

Figure 4.18 and 4.19 shows the effects of the test compounds on the prostate cancer
PC-3 cells. This cell line was chosen (instead of LNCaP) because more compounds are
cytotoxic towards this cell line and their ICso values are lower compared to that of LNCaP.
Exposure to the test compounds for 48 hours has increased the early apoptotic and dead
populations. Most apoptotic incidences were recorded in the case of ZP (84.4% early
apoptotic cells), which is in great agreement with its lowest ICso among all. However,
this might reflect the ability of this cell type to recover once the test compound is worn
out, since ICso values (72 hours) of the test compounds were used as references in this
assay (50% of healthy population is remained after 72 hours of treatment with the test

compounds in cell cytotoxicity assay).

In order to compare the growth inhibitory efficacy of the test compounds, the human
breast cancer cell line MCF7 was also included in this study (Figure 4.20-4.21). Apoptotic
cells were present after treatment with the test compounds, with early apoptotic cells
ranging from 14.8 to 55.0% (compared to 5.9% in untreated cells), thereby reflecting
apoptosis-inducing properties of the test compounds. A steep decrease in the healthy
population was observed after the cells were treated with the test compounds for 48 hours
(Figure 4.20-4.21), with almost all the compounds were capable of reducing
approximately half of the cell population. After treatment with TP, about 24.8% of the
population was recorded in the annexin V-FITC negative/PI positive region, which

attributed to the necrotic or late apoptotic cells (Zamai et al., 2001).

The ability of the cytotoxic compounds to induce apoptosis on human colorectal

carcinoma cell line HCT 116 was then tested (Figure 4.22-4.23). Similarly, the test
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compounds have decreased the incidences of viable cells. All the test compounds were
capable of inducing apoptosis in this cell line, although four of the eight compounds tested
(TM, TF, NF, and ZP) were unable to reduce half of the healthy populations (viable cells
ranging from 67.2% to 80.9%, compared to that of 88.7% in untreated cells) despite the
administration of these compounds with their respective ICso as reference. This may
indicate slow and stable rate of growth inhibition of these compounds, as ICso of these
compounds were calculated as the concentration required to reduce the population by half

after 72 hours of treatment.

In a nutshell, almost all the test compounds in this assay are capable of inducing
apoptosis in the cell lines tested, with the notable exception of TP that caused necrosis in
MCF7 cells. Besides, complexation with nickel and zinc has no clear effect on the
apoptotic/necrotic inducing effect of the compounds. For instance, complexation of TP
with nickel and zinc has reduced the rate of apoptosis in HCT 116 cells despite slight
improvement in their ICso in cytotoxicity test. Moreover, choice of thiosemicarbazide has
no significant effect on the apoptosis-inducing abilities of the compounds tested. For
example, two compounds from TP family (TP and ZP) induced lesser early apoptotic
cells in MCF7 cells (14.8% and 51.8%, respectively) compared to that of NF (55.0%),
but they were able to induce 46.2% and 29.7% of early apoptotic population in HCT 116

cells (11.9% early apoptotic cells in the case of NF).

The human colorectal carcinoma cell line HCT 116 was then chosen for all the cell-
based experiments performed in following sections due to the relative low ICso values of

the compounds and their excellent selectivity against this cancer cell type.
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4.9 Evaluation of mitochondrial membrane potential

To further investigate the cellular mechanism underlying test compound-induced
apoptosis in human colorectal carcinoma cell line HCT 116, the changes in mitochondrial
transmembrane potential (AWm) were assessed by using lipophilic fluorochrome JC-1
and flow cytometry analysis. In healthy cells, JC-1 dye will penetrate the plasma
membrane as monomers and it will be taken up into the mitochondria due to the polarized
state of the A¥Ym. The uptake of this dye will lead to the aggregation of fluorochromes in
the mitochondria and the transition of these monomers to aggregates can be visualized
using a flow cytometer monitoring the red spectral shift. Accumulation of these
aggregates in the mitochondria will be detected at a higher intensity of red fluorescence
(emission maximum at 590 nm) compared to that of monomers. Any loss of AYm will
results in increased monomers (or lesser aggregates) and therefore the intensity of red
fluorescence will be lower (Czarnomysy et al., 2018) and as a result, green fluorescent
monomers (emission maximum at approximately 529 nm) reflecting loss of
mitochondrial membrane potential will be observed (Elefantova et al., 2018). Results

were summarized and displayed in Figure 4.24-4.25.
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Results in Figure 4.24-4.25 showed five out of the eight compounds tested (TM, NM,
NF, TP, and NP) were able to induce depolarization of the AYm. Such decreased in A¥Ym
is typically regarded as a sign of the occurrence of mitochondrial swelling, which
indicates the alterations in the internal mitochondrial membrane that gradually loses it
crista ridges. This will then cause volume expansion and loss of the capacity to generate
energy. This mitochondrial edema is required for the release of cytochrome ¢ in the
intrinsic pathway of apoptosis (Ly et al., 2003; Marcondes et al., 2019). Therefore, these
five compounds, were considered to be able to induce apoptosis via intrinsic or the

mitochondrial pathway (Heffeter et al., 2019).

Unlike the aforementioned compounds, NF, ZF, and ZP were unable to cause
significant disruption to the mitochondrial membrane potential. However, previous
experiment has proven that these compounds were apoptotic-inducing, especially when
the early apoptotic populations were increased after treatment with these compounds
(Figure 4.22-4.23). These results cumulatively suggested these compounds caused cell
death via the extrinsic pathway, which is induced by death receptors and utilizes protein
interaction modules that are known as death domains and death effector domains to
induce apoptosis (Natoni et al., 2005). Their cell death mechanisms are therefore

mitochondria-independent.

Although similar treatment was subjected to the same cell line, approximately 61.0%
of depolarized mitochondria was recorded after treatment with TF for 48 hours despite
only 7.4% early apoptotic and 13.5% late apoptotic or dead events were recorded in the
previous assay (Figure 4.22-4.23). This might be due to the involvement of other
pathways in the cytotoxic mechanisms of this Schiff base, for example, the engagement

of the extrinsic pathway beyond the intrinsic pathway (Winter et al., 2014).
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Once again, the choice of transition metal and thiosemicarbazide in the syntheses of
these compounds showed no significant effects on their activities. For instance,
complexation with nickel was able to cause higher percentage of depolarized
mitochondrial membrane potential in the case of NM, while opposite effect was observed
in the other two nickel complexes (NP and NF). Similarly, complexation with zinc has
different effects on their parent ligands too. On the other hand, the choice of
thiosemicarbazide was unable to tune the cytotoxic properties of one Schiff base ligand
family to a similar behavior too. For example, not all the compounds with fluorophenyl
derivative (TF, NF, and ZF) were capable of depolarizing the mitochondrial membrane

potential.

In short, the eight compounds tested exert their apoptotic-inducing effects through
different mechanisms. It is noteworthy that the three compounds from the family of TP,
which displayed excellent cytotoxicity against HCT 116 (Table 4.19), stimulated
programmed-cell death through different mechanisms with the zinc complex ZP caused

mitochondrial-independent apoptosis.
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4.10 Cell cycle analysis

The propidium iodide (PI) flow cytometric assay has been widely performed for the
evaluation of apoptosis in different experimental models, mainly based on the principle
that apoptotic cells, among other typical features, are characterized by DNA
fragmentation and loss of nuclear DNA content (Riccardi & Nicoletti, 2006). This PI dye,
which is capable of binding and labelling DNA rapidly, is commonly used in the flow
cytometry analysis of DNA content in different stages of cell cycle. In brief, the cell
nuclei contain different amounts of DNA at different stages of the cell cycle, varying
from two complete sets of chromosome (2N, diploid), to tetraploid state (4N). The DNA
content at different stages can be measured when this DNA intercalator is bound to DNA
and the fluorescence signal generated correlates with the amount of DNA within the given
cell (Zhang et al., 2019). In order to determine whether the cytotoxic effects of the
compounds involved alterations in cell cycle progression, the cell cycle distribution
analysis via flow cytometry using PI as probe was performed and the results were

summarized in Figure 4.26-4.27.
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There are three main phases in the cell cycle, including the quiescent (Go) and gapl
(G1), synthesis (S), and gap2 (G2)/mitosis (M). In healthy noncancerous cells, there is a
mechanism to ensure stoppages in the cell cycle to allow the repair of damaged or mutated
DNA and these stoppages usually occur before the commencement of the next cell cycle.
This mechanism is especially crucial in preventing the errors of transcription (i.e. caused
by mutations of the DNA) to be passed on to the daughter cells in each mitosis. This cell
cycle arrest usually occur in the Gi phase (before the S phase) as to make sure the
damaged DNA will not be replicated (Gnewuch & Sosnovsky, 2002). However, cancer
cells are unable to block the inheritance of these mutated DNA due to the fact that loss of
cell cycle checkpoints is regarded as a hallmark of human cancers. The impaired
checkpoint arrest control in these cells allowed the initiation of S phase or mitosis occurs
through cellular damage and subsequently the genetic instability may lead to the eventual
emergence of a malignant clone, or even worse (Shapiro & Harper, 1999). Also,
overgrowth of cancer cells is mainly due to the dysfunction in the regulation of the cell

cycle (Balachandran et al., 2018).

Based on the results shown in Figure 4.26-4.27, elevated populations of Go/G after
treatment with the test compounds was observed. For instance, seven out of the eight
compounds (TM, TF, NF, ZF, TP, NP, and ZP) increased this population to at least
64.97% (46.66% for negative control). Apart from that, treatment with these compounds
has decreased populations in S and G2/M phase. These results indicated that all the test
compounds were capable of disrupting the cell cycle at Go/Gi stage. As mentioned above,
the blockage of cell cycle at Go/G1 phase is preferred, mainly due to the prevention of
cancerous cells that carry mutated genetic content to multiply without correction. The
ability of the tested compounds to induce cell cycle arrest at Go/Gi phase is therefore

favourable as it may help to limit the inheritance of the mutated genetic materials.
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Besides the accumulation of cells in Go/Gi phase, the decrease in S and G»/M
populations after treatment with the compounds were also observed. This may explain
the excellent cytotoxicity of these compounds (low ICso) against this cell line (Table 4.19)
as the proliferation of the cells were blocked and disrupted. Lesser cells were allowed to
enter the synthesis phase and subsequently the mitotic phase, thereby resulting in lower

growth rate and ultimately decreased cell counts.

Previous assays (Section 4.8) have demonstrated the apoptosis-inducing ability of
these compound on HCT 116 cell line (Figure 4.22-4.23). It is commonly accepted that
the efforts to restore the Gi checkpoint may slow cancer cell growth and induce cell death,
while defective G arrest check point may cause a cancer cell to enhanced proliferation
(DiPaola, 2002). Therefore, the apoptosis-inducing ability of these compounds might be

resulted from their capabilities in arresting the cell cycle at Go/G1 phase.

In this assay, the formation of nickel complex has improved the efficacy of NP in
arresting the cell cycle at Go/G1 phase (from 64.97% in TP to 81.13%). However, such
complexation process has different effects on the other Schiff base ligands. TF and its
nickel complex NF has similar effects in cell cycle arrest, with not much differences in
the percentage of Go/G1 phase (78.67% and 79.40%), S phase (16.21% and 13.45%), and
G2/M phase (5.12% and 7.15%). In contrast, nickel complex NM was unable to match
the efficacy of its parent ligand TM in reducing the population is S phase (18.02% for
TM and 28.90% for NM) and accumulate cells in Go/G1 (67.56% in TM and 55.95% in

NM) phase.

Similarly, formation of zinc complex has different effects too. Zinc complex ZF
accumulated lesser cells in Go/G1 phase (78.67% is TF and 70.34% in ZF) but the

efficacy of ZP was improved (Go/G1 phase = 64.97% in TP and 74.00% in ZP). Besides
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that, choice of thiosemicarbazide has no specific/fixed effects on the cell cycle arrest

efficacy too.

Together with results from previous assays, these observations cumulatively suggested
involvement of different pathway/biomolecules in the cytotoxicity of these compounds.
For example, zinc complex ZP was able to induce apoptosis independent of mitochondria
and least amount of this complex was required to reduce 50% of the growth rate of
colorectal carcinoma cell line HCT 116 (lowest ICso) despite not being the most effective
in reducing the populations entering S phase. In contrast, relatively higher ICso value for
NF was obtained (18.08+1.82 nmol/mL compared to 9.31+0.34 nmol/ml for ZP) despite
being more effective in arresting cell cycle at Go/G1 phase (79.40% in NF and 74.00% in

Z.P) and reducing populations in S phase (13.45% in NF and 16.96% in ZP).

4.11 DNA binding studies

The interaction of metal complexes (or other potential chemotherapeutics) with DNA
is always a major interest in the development of antitumour compounds. UV
spectrophotometry is one of the most commonly utilized techniques in the investigation
of such interaction. It is widely accepted that a molecule will be positioned in an
environment that is different from the uncomplexed molecule in the solution upon
binding to DNA. These different features will lead to distortion in electron distribution
upon 7-stacking with the bases, and ultimately lead to the significantly different

absorption properties in the complexed and uncomplexed forms (Ihmels & Otto, 2005).

The absorption spectra of all the compounds in the presence and absence of CT-DNA
were recorded. CT-DNA was added until the compound is fully bound to DNA (where
further addition of DNA results in no absorption change). Results are shown is Figure

4.28-4.37 and the details were summarized in Table 4.20.
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Figure 4.28: Spectrophotometer titration of TM (150 uM) dissolved in 10% DMSO-TN

buffer (pH 7.5) with CT-DNA from 0 uM (top, dotted line ---) to 42.75 uM (bottom).

Inset: Plot for calculation of binding constant K.
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Figure 4.29: Spectrophotometer titration of NM (150 uM) dissolved in 10% DMSO-TN
buffer (pH 7.5) with CT-DNA from 0 uM (top, dotted line ---) to 17.14 uM (bottom).

Inset: Plot for calculation of binding constant K.
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Figure 4.30: Spectrophotometer titration of ZM (300 uM) dissolved in 10% DMSO-TN

buffer (pH 7.5) with CT-DNA from 0 uM (top, dotted line ---) to 43.75 uM (bottom).

Inset: Plot for calculation of binding constant Kj.
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Figure 4.31: Spectrophotometer titration of TP (300 uM) dissolved in 10% DMSO-TN
buffer (pH 7.5) with CT-DNA from 0 uM (top, dotted line ---) to 4.69 uM (bottom). Inset:

Plot for calculation of binding constant Kj.
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Figure 4.32: Spectrophotometer titration of NP (75 uM) dissolved in 10% DMSO-TN
buffer (pH 7.5) with CT-DNA from 0 uM (top, dotted line ---) to 56.18 uM (bottom).

Inset: Plot for calculation of binding constant Kj.
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Figure 4.33: Spectrophotometer titration of ZP (75 uM) dissolved in 10% DMSO-TN
buffer (pH 7.5) with CT-DNA from 0 uM (top, dotted line ---) to 20.44 uM (bottom).

Inset: Plot for calculation of binding constant Kj.
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Figure 4.34: Spectrophotometer titration of TF (90 uM) dissolved in 10% DMSO-TN
buffer (pH 7.5) with CT-DNA from 0 uM (top, dotted line ---) to 45.34 uM (bottom).

Inset: Plot for calculation of binding constant K.
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Figure 4.35: Spectrophotometer titration of NF (75 uM) dissolved in 10% DMSO-TN
buffer (pH 7.5) with CT-DNA from 0 uM (top, dotted line ---) to 20.05 uM (bottom).

Inset: Plot for calculation of binding constant K.
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Figure 4.36: Spectrophotometer titration of ZF (75 pM) dissolved in 10% DMSO-TN

buffer (pH 7.5) with CT-DNA from 0 uM (top, dotted line ---) to 27.90 uM (bottom).

Inset: Plot for calculation of binding constant K.
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Figure 4.37: Spectrophotometer titration of ZE (300 uM) dissolved in 10% DMSO-TN

buffer (pH 7.5) with CT-DNA from 0 uM (top, dotted line ---) to 29.56 uM (bottom).

Inset: Plot for calculation of binding constant Kj.
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Table 4.20: The binding constant (K) values of the compounds with CT-DNA.

max Blye [Compound] [DNA] Hypochromism Binding

Compound (nm) shift (uM) added (%) constant
(nm) (uM) Kp (M)

™ 302 0 150 42.75 24.84 7.4 x10°
NM 312 0 150 17.14 13.38 4.6 x 10°
™M 323 0 300 43.75 14.30 1.2 x10°
TP 244 0 300 4.69 9.88 8.4 x 10°
NP 345 0 75 56.18 31.11 4.5x%10°
p 357 0 90 20.44 24.93 3.7 %10
TF 315 1 90 45.34 26.44 2.9 x 107
NF 346 0 75 20.05 22.55 1.9 x 108
ZF 311 0 75 27.90 31.23 1.3 x10°
7E 306 0 300 29.56 18.15 1.8 x 10*

*Hypochromism (%) = (Afrec — Abound)/ Afree

Hypochromism (decrease absorbance) was observed in the intra-ligand bands of the
compounds upon addition of CT-DNA. As suggested by literatures, the hypochromism
observed might be resulted from the contraction of DNA structure upon intercalative
binding of the compounds (Reddy et al., 2011; Lafayette et al., 2013). However, these
compounds are unlikely to bind to DNA through intercalation, due to the fact that no
bathochromic and/or isosbestic point were observed (Afrati et al., 2010). Therefore, the
binding of these compounds to DNA are most probably due to multiple modes such as
DNA surface binding, or non-classical intercalation that is different compared to that of
ethidium bromide (Ishida & Asao, 2002). Covalent binding mode can be excluded
because the well-recognized covalent DNA binder cisplatin was reported to generate

hyperchromism along with red shift when it is bound to DNA (Arjmand et al., 2011).

Decreased in absorbance of nickel complexes with increasing DNA concentration was
reported by some other researchers including Zhu et al. (2015) and Wu et al. (2012).
However, these two groups concluded their experiment by intercalation (or partial
intercalation) binding mode because red shift was observed in both cases (Wu et al., 2012;

Zhu et al., 2015). Therefore, this binding mode can be excluded safely, since no red shift
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was observed in current results. As a result, the compounds are most likely surface

binders (such as groove binders).

The binding affinity of the compounds synthesized was further investigated via
calculations of their intrinsic binding constant K5 (Table 4.20). The increasing order of

binding energy is: TF>TP>NF>ZF>ZM>TM>NP>ZP>ZE>NM.

The results showed that the Schiff base ligand TF has the K, value of highest
magnitude, which is indicative of strongest binding affinity towards the CT-DNA
compared to others. This outstanding affinity towards DNA might be the reason why TF
was able to inhibit the growth of all the cell lines tested, including the noncancerous one,

as DNA is ubiquitously present in all cell types.

This assay has proved that complexation does not always help in improving the
binding affinity towards DNA, as stronger binding strength was recorded in almost all
the case of organic Schiff base ligand. For instance, only the zinc complex ZM has better
binding strength towards DNA while all the other metal complexes bind weaker
compared to their respective parent ligand. In this case, the binding strength of the
compounds were dictated by the molecular size rather than the type of metal ion center,

as the small size ligands displayed higher K, values compared to their metal complexes.

All the compounds from the family of TF exhibit stronger binding strength towards
DNA. This might be due to the electron withdrawing nature of fluoro group in these
molecules. As mentioned earlier, the fluoro group in 4-(4-fluorophenyl)-3-
thiosemicarbazide will drain electron density from the m-system, deactivate it from
electrophilic attack and rendered it more acidic (Bader & Chang, 1989; Al-Hazmi et al.,
2005; Liu, 2014). These compounds will have higher tendency towards the DNA
backbone, which is negatively charged in nature and therefore resulting in stronger

binding strength. Together with the relatively acidic property of the compound, it is not
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surprised to realize strongest binding strength was recorded in the case of TF, which has

the smallest molecular size among the three compounds from this family.

The presence of electron donating groups (methyl, ethyl, and ethylphenyl) in the
families of TM and TP, as well as ZE, might have rendered these compounds more basic
and their interactions with DNA might be weaker (compared to TF). However, the
binding of compounds from the family of TP has resulted in higher K values compared
to that of TM. This is probably due to the effective stacking interaction due to the
extended rings in testosterone moiety and extra planar ring of the phenyl group. In fact,
increased in planarity may enhanced the DNA binding strength and therefore resulting in

higher K} values (Lauria et al., 2014).

4.12 Docking simulations

The spectroscopic results explained above were further corroborated by computational
docking simulations that provide theoretical insight into the interaction between the
Schiff base compounds with DNA double helix. The crystal structures of TM, NM, TP,
TF, NF, and ZE were docked with a DNA duplex of sequence d(CGCGAATTCGCG):
dodecamer (PDB entry: 1BNA) using Autodock 4.2 to check their DNA surface binding
ability (Morris et al., 1998; Morris et al., 2009). Besides, the ability of these compounds
to bind to DNA through intercalation was tested by replacing 1BNA with IXRW (al-

Rashida & Ahsen, 2015). Results are illustrated in Figure 4.38 and 4.39.

130



Figure 4.38: (A) Computational docking model illustrating the interaction between
compounds synthesized and B-DNA (red = adenine; blue = thymine; yellow = cytosine;
green = guanine). (b) Interaction between compounds synthesized and B-DNA

(hydrophobic surface).
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Figure 4.39: (A) Computational docking model illustrating the interaction between
compounds synthesized and 1XRW (red = adenine; blue = thymine; yellow = cytosine;
green = guanine). (b) Interaction between compounds synthesized and 1XRW

(hydrophobic surface).
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Results in Figure 4.38 showed that all the test compounds preferred to fit into the minor
groove of DNA in a parallel manner with respect to the DNA backbone, with the
exception of ZE. In particular, all the Schiff base ligands tested were sandwiched in
between double helix of DNA. This might be due to the extended rings in testosterone
moiety that allowed the compounds to stack in between the DNA backbone effectively.
Apart from that, the crescent-shape of these molecules allowed better binding to the minor
groove of DNA (Sangeetha Gowda et al., 2014). Unlike the Schiff base ligands, only part
of the nickel complexes NM and NF were inserted into the minor groove, which is
undoubtedly due to the increased molecular size. The preferences of zinc complex ZE

towards the major groove of DNA might be due to the relatively larger molecular size.

The same compounds were then docked to 1XRW to check their ability to bind to
DNA as intercalator (Figure 4.39). Although these compounds bound to the DNA model
at the region nearby the intercalation pocket, none of these compounds enter the gap in
between the DNA backbone. However, the preferences of these compounds to bind this

region may suggest their potential to bind to DNA via partial intercalation.

Based on results displayed in Figure 4.38 and 4.39, all the compounds tested preferred
to bind to the GC-rich region of the DNA (except ZE), regardless of the DNA model.
This might be due to the presence of extra hydrogen bond donors and acceptors at the GC
region, as guanine and cytosine were bound by three hydrogen bonds while adenine and
thymine were paired by two hydrogen atoms. The compounds tested may bind to the
DNA as stacked dimers with hydrogen-bond accepting or donating groups, due to the
presence of donors (such as oxygen and fluorine atoms) and acceptors in the molecules

(Fonseca Guerra et al., 2000; Nanjunda & Wilson, 2012).

Besides the possible binding site, binding strength of the compounds can be deduced

from docking simulations as well. Results in Table 4.21 showed stronger estimated
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binding energy for the docked surface binders (1IBNA) compared to that of intercalators
(1XRW), which indicates the compounds’ preferences to bind to DNA as surface binders.
Apart from that, both the estimated binding energy for surface binders and the binding
constant K, recorded via UV-Vis displayed similar order of binding affinity with the

sequence of TF>TP>NF>TM>ZE>NM.

Table 4.21: The estimated free energy for binding of TM, TP, TF, NM, NF, and ZE to

DNA.
Binding Energy (kcal mol™')
Compound IBNA IXRW
™ -6.52 -4.95
TP -6.61 -4.65
TF -7.67 -4.49
NM -6.08 -5.07
NF -6.59 -6.38
ZE -6.22 -5.21

Results from UV-Vis spectroscopy and in silico studies suggested all the synthesized
compounds preferred to bind to DNA via surface binding, with TF being the strongest

DNA binder.

4.13 Topoisomerase I inhibition

Increased expression of DNA topoisomerase I (topo I) is detected in numerous
neoplastic tissues. Elevated expression level of this enzyme is thought to be important in
the replication of DNA and ultimately the proliferation of cancer cells. For instance,
increased topo I activity was observed in colorectal carcinomas, ranging from 43-86% in
various studies (Tsavaris et al., 2009). Derivatives of the camptothecin family are the
drugs that are mainly used in the treatment of colon cancer (Lafayette et al., 2013).
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Despite effective in treating colon cancer, administration of these drugs is usually
accompanied by notorious side effects such as high toxicity and development of
resistance (Ping et al., 2006; Beretta et al., 2012). Hence, the development of non-
camptothecin-based topo I inhibitors, or compounds that are capable of inhibiting the
growth of colon cancer cells without primarily targeting topo I, are highly encouraged.
Apart from that, the ability of the synthesized compounds to bind to DNA has aroused
the curiosity of their potential as topo I inhibitor since topo inhibitors usually exert their

effect by binding to DNA.

The topo I inhibitory properties of the synthesized compounds were examined and
results were shown in Figure 4.40-4.42. The plasmid DNA pBR322 served as a good
substrate for the study of topo I activity. In the absence of topo I, the native/compact
supercoiled DNA (Form I) is capable of travelling faster in the gel during electrophoresis
(Figure 4.40-4.42, lane 2). When it is relaxed by topo I, the relaxed closed circular DNA
(Form II) will migrate slower compared to the Form I DNA. In this DNA relaxation
experiment, 0.25 unit of E. coli topo I is proven to be able to convert all the supercoiled
pBR322 DNA to fully relaxed topoisomers (Figure 4.40-4.42, lane 4) (Webb & Ebeler,

2004).
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Figure 4.40: Electrophoresis result of incubating E. coli topo I (0.25 unit) with pBR322

in the absence and presence of various concentration of (a) TF, (b) NF, and (c) ZF.
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Figure 4.41: Electrophoresis result of incubating E. coli topo I (0.25 unit) with pBR322
in the absence and presence of various concentration of (a) TM, (b) NM, (c) ZM, and (d)

ZE.
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Figure 4.42: Electrophoresis result of incubating E. coli topo I (0.25 unit) with pBR322

in the absence and presence of various concentration of (a) TP, (b) NP, and (c) ZP.

Gel images in Figure 4.40-4.42 showed that despite highest concentration of the
synthesized compounds were incubated with pBR322, the resulting bands (lane 3) were
similar compared to the bands corresponding to the plasmid DNA alone (lane 2). This
indicates that the compounds and the solvent in the reaction medium caused no
observable changes to the plasmid DNA, for example, no cleavage or unwinding of the

DNA.

When compounds of different concentration were included in the incubation of DNA

with topo I, almost all the compounds (six out of nine) were unable to inhibit the action
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of topo I as the resulting bands are of similar pattern like the DNA plus topo I. However,

TM, NM, and ZP were able to inhibit the function of topo I.

The inhibition of topo enzymes can occur by two generally accepted molecular
mechanisms. Topo inhibitors refer to compounds that suppress the enzyme without
stabilizing the intermediate DNA-topo I covalent complex. This class of inhibitors
usually bind to the topo active site that prevents the binding of the DNA substrate, thus
preventing the subsequent steps in the catalytic cycle. In contrast, the topo poisons, such
as camptothecin, act after the cleavage of DNA by the enzyme and inhibit the religation.
This class of compounds may freeze the topo-DNA complex and lock the enzyme into a
cleavage-complex, which in turn prevents the enzyme turnover (Bailly, 2000; Hevener et

al., 2018).

Figure 4.41(a) showed the electrophoresis results of incubating topo I with pBR322 in
the presence and absence of TM. A band in between the form [ and II DNA corresponding
to DNA aggregates or relaxed form of the DNA topoisomers was observed when 20 uM
of TM was added. DNA laddering was then observed when 250 uM of TM was added,
which indicates the function of this compound as topo I poison. On the other hand,
approximately 80 uM of its nickel complex NM was able to inhibit the function of this
enzyme, as shown in Figure 4.41(b). However, there was no DNA laddering, which
reflects the function of NM as a topo I inhibitor. Meanwhile, gel image in Figure 4.42(c)
showed the zinc complex ZP was able to induce DNA laddering in a concentration
dependent manner, with 80 uM of this complex is able to inhibit the function of topo I
and the degree of inhibition became stronger with increased concentration (Palanimuthu

etal., 2013).

As mentioned earlier, elevated expression of topo I was reported in a few types of

cancers, including colorectal carcinoma. Topotecan, a topo I inhibitor, is commonly used
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to treat ovarian and certain types of lung cancers. This medicine was reported to inhibit
tumour growth via inhibition of topo I and thereby inducing cell cycle arrest, most
particularly through accumulation of cells at Go/Gi1 phase, and S phase in some cases
(Zhang et al., 2013). The ability of the three compounds (TM, NM, and ZP) to suppress
the enzymatic functions of topo I in a concentration dependent manner and subsequently
inducing cell cycle arrest at Go/G1 phase (Section 4.10) might be one of the important
contributors to the cytotoxicity of these compounds towards the colorectal carcinoma
HCT 116 cell line. On the other hand, this assay also showed that the cytotoxicity of other

six compounds are independent of topo I inhibition.
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CHAPTER 5: CONCLUSION AND RECOMMENDATIONS

Three Schiff base ligands (TM, TF, and TP) containing testosterone and derivatives
of thiosemicarbazides, along with their nickel (NM, NF, and NP) and zinc (ZM, ZF, and
ZP) complexes, and a zinc complex ZE, were synthesized. Derivatives of
thiosemicarbazides were chosen as to incorporate different inductive effects on the
ligands produced and thereby potentially confer different structural properties. For
example, the methyl group in 4-methyl-3-thiosemicarbazide will increase the electron
density of the azomethine group of compounds under the family of TM, thereby increase
the basicity of these compounds. On the other hand, introduction of an electron
withdrawing fluoro group in the 4-(4-fluorophenyl)-3-thiosemicarbazide will make

compounds of TF more acidic.

The chemical structures of the compounds synthesized were evaluated through FTIR
spectroscopy, H'-NMR and C'*-NMR (Schiff base ligands), and CHN analysis. Besides,
the structure and geometry of TM, NM, TF, NF, TP, and ZE were further confirmed by
single-crystal x-ray diffraction studies. X-ray crystallography has confirmed that the
structure of these two nickel complexes were similar, with two Schiff base ligands were
coordinated to a single nickel(II) metal center and the resulting metal complexes adopted

a distorted square planar geometry.

Cytotoxicity of all the compounds against four human cancer cell lines and two normal
cell lines were investigated, with the conventional chemotherapeutic cisplatin as positive
reference standard. Although some of the compounds displayed cytotoxicity that is
comparable to cisplatin when they were tested against the prostate cancer cell lines, the

high toxicity of these compounds against the normal prostate cell line RWPE-1 indicates
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the low suitability of these compounds to be used in targeting prostate cancer cells.
Moreover, the presence of testosterone moiety in the structures of these compounds did
not facilitate much in the recognition of androgen receptor, especially when
approximately half of these compounds were unable to inhibit the growth of androgen
receptor responsive human prostate cancer LNCaP and human breast cancer MCF7 cell

lines.

The ability of these compounds to inhibit the growth of colorectal carcinoma cell line
HCT 116, which is androgen receptor responsive, were tested and eight out of the nine

compounds (except ZM) , were cytotoxic towards this cell line, with compounds from

family of TP displaying outstanding potency. In addition, only two out of these eight
cytotoxic compounds (NP and TF) were toxic against the human normal colon cell line
CCD18-Co, which reflects high selectivity index (SI>1.47) of these compounds against

the human colorectal carcinoma cell line tested.

The cell death mechanisms behind the cytotoxicity of these compounds were then
evaluated. At first, the morphological changes induced by the cytotoxic compounds were
observed and photographed. The ability of all the eight cytotoxic compounds (ZM, up to
30 uM, was unable to inhibit growth of all the cancer cell lines tested) to induce apoptosis
in the cancer cell lines were then confirmed. Their ability to depolarize the mitochondrial
membrane potential, which in turn induce apoptosis via intrinsic or extrinsic pathway,
was then evaluated. Three out of the eight cytotoxic compounds (NF, ZF, and NP) were
unable to depolarize the mitochondrial membrane potential of human colorectal
carcinoma HCT 116 cell line and therefore these three compounds are most likely

extrinsic apoptosis pathway inducer (or mitochondria-independent apoptosis).

All the eight cytotoxic compounds were then proven to disrupt the cell cycle of the

human colorectal carcinoma HCT 116 and arrest it at Go/Gi phase. Cells were
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accumulated at resting phase and decreased S phase population means lesser cells were
allowed to enter the subsequent mitotic phase and therefore resulting in lower rate of cell
growth. Moreover, cell cycle arrest at Go/Gi phase might be the reason of cells

undergoing programmed cell death.

With the aid of UV-Vis spectroscopy, the function of the synthesized compounds as
DNA binders were proven, with the results suggested their potential roles as DNA surface
or groove binders. Apart from that, the increasing order of binding strength were
calculated: TF>TP>NF>ZF>ZM>TM>NP>ZP>ZE>NM. Similar results were
obtained from docking simulations, as the test compounds preferred to bind to the minor
groove of DNA and they favoured the GC-rich region. TF was proven to be the strongest
DNA binder among these nine compounds, which may explain the high general toxicity
of this compound since DNA is ubiquitously present in all cell types, including normal
cell. In contrast, the high selectivity index of ZP against the human colorectal carcinoma

cell line might be due to its weak DNA binding affinity.

The DNA binding affinity and their cytotoxicity against the colorectal carcinoma cell
lines have led to the evaluation of their potential as topo I inhibitor. Although most of the
topo inhibitors are found to exert the cytotoxic effect through DNA binding, only three
of these DNA binders are able to suppress the activity of this enzyme. ZP, which
exhibited highest selectivity index against the human colorectal carcinoma cell line
tested, might function as a topo I poison, suppressing the enzymatic reaction by limiting
the turnover of topo I. Cells were accumulated in Go/G1 phase due to the lack of functional
topo I and lesser cells were allowed to enter the synthesis (S) phase in cell cycle. The
cells with the frozen cleavage complex might then be subjected to mitochondria-

independent apoptosis.
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The formulation of strategies to overcome the lack of selectivity and/or high general
toxicity are thought to be the major challenge and solutions in anticancer therapy, as these
are the main factors that haunted the development and limit the clinical usefulness of the
chemotherapeutics. Nine Schiff base compounds, including three nickel and zinc
complexes, were synthesized via conventional reflux method and they displayed different
affinity towards the minor groove of DNA. Though the primary targets of some of the
compounds are yet to be confirmed, these compounds tested in this study seems selective
as the parent ligands and their respective metal complexes possess different affinities
towards different cancer cell lines. The switch of preferences towards other cancer cells
upon complexation was observed, although complexation is usually performed to
enhance the cytotoxicities. The importance of nickel and zinc in anticancer therapy can
be envisaged as these relatively cheaper metal may help in promoting selectivity (or even

different activities) and thereby widen the therapeutic windows.

The potential of other transition metal ions such as copper, cobalt, ruthenium, rhenium,
and others can be tested in future studies. Apart from that, cytotoxic behaviour of these
compounds can be further monitored with the aid of real-time assay such as iCelligence.
In vivo cytotoxicity and (acute and chronic) toxicity evaluation of these compounds
(especially ZP, TF and TP due to their selectivity index of greater than 2.0) can also be
determined by using zebrafish and/or human tumour xenograft-bearing mice as test
animals. Moreover, the lethal dosages of these compounds can be evaluated to further
understand their potential practical usefulness. The compounds with excellent selectivity
index could potentially be employed in clinical trials in patients suffering from colorectal
cancer after the detailed toxicity and chemotherapeutic effect on this cancer type is
evaluated. In fact, these compounds can be envisaged as relatively cheaper
chemotherapeutics (compared to platinum drugs) and thereby widen the therapeutic

windows.
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