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Abstract

Malaria remains one of the largest parasitic disease burdens worldwide, with the vast majority
of that burden occurring on the African continent. The ongoing high number of malaria cases
and deaths is in part attributable to the emergence and spread of resistance to most clinical
chemotherapeutics. With the reported development of partial resistance to the current front-
line artemisinin-based combination therapies, there is an increased risk of malaria morbidity
and mortality as limited replacement treatments are currently available. For that reason, it is
essential to invest in the discovery of compounds with novel mechanisms of action (MoA),
dual-stage activity, and with immutable targets. Until now, drug discovery has typically focused
on the development of antimalarials that are entirely organic in composition. This has left the
field of inorganic medicinal chemistry and transition metal-based chemotherapeutics

underexplored and underrepresented.
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Figure 1

This thesis focuses on further expanding the atomic repertoire of antimalarials to transition

metal complexes to identify compounds with dual-stage activity and novel MoA. Several
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mixed-ligand platinum(ll) complexes and one gold(lll) complex were synthesized. Six
chemical modifications were explored, and the structure-activity relationships (SARs) and
structure-property relationships (SPRs) of those changes were evaluated to identify the most

efficacious and non-toxic analogs.

Analysis of the SAR of these platinum(ll) complexes revealed that whole-cell potency in the
asexual blood stage (ABS) was driven by the presence of an electron-donating substituent in
the 4,4-position of the bipyridine ligand. The maijority of the complexes had ICso values below
1 uM against both the chloroquine-sensitive (P-NF54) and multidrug-resistant (Pf-K1) strains.
Substituting the 4,4-position on the bipyridine with an amine, as shown in Figure 1, yielded a
four-fold increase in potency compared to the tert-butyl analog. Further SAR analysis
suggested that substitution with a methyl in the 5,5’-position of the bipyridine was favored over
the 4,4’-position. For the exchange of the transition metal from platinum(ll) to gold(lll) in a tert-
butyl substituted analog, a decrease of 25-fold was observed for whole-cell potency. This
suggested that, at least for the tested analog, a platinum(ll) center was favored for
antiplasmodium potency. Five of the synthesized derivatives displayed dual-stage activity with
a tert-butyl substituent in the R' position giving rise to analogs with the highest gametocyte
potency. The complexes also exhibited no significant cytotoxicity against the Chinese hamster

ovarian cell line (selectivity index > 10) and demonstrated good solubilities (Ses > 90 uM).

Compounds with appreciable in vitro ABS activity and good solubility were progressed to
microsomal metabolic stability studies in which a range of stabilities was observed in both
human liver microsomes (HLM, 24—72% remaining after 30 minutes of incubation) and mouse
liver microsomes (MLM, 33-94% remaining after 30 minutes of incubation). However, the
complexes were generally more stable in MLM than in HLM. A frontrunner complex (R'= NH,,
4f) with excellent whole-cell potency, solubility, and microsomal metabolic stability in MLM was
probed for its in vivo pharmacokinetic (PK) parameters, in vitro apparent permeability (logPapp),
and plasma protein binding capacity. A disconnect between the high in vitro ABS potency and
the in vivo PK analysis of complex 4f was observed, which was rationalized by the low volume

of distribution and high plasma protein binding of this complex.

With the planar geometry of these complexes as the rationale for the MoA studies, it was
hypothesized that they might inhibit the formation of hemozoin through -1 stacking
interactions. To this end, their capacity to inhibit the synthetic form of hemozoin (B-hematin)
was first determined in an extracellular detergent-mediated -hematin inhibition assay. The
complexes displayed comparable or superior inhibition of B-hematin formation activities to the

positive control compound, chloroquine. Subsequently, two complexes were selected for the

Vii



cellular heme fractionation assay in which both complexes were observed, surprisingly, not to

inhibit hemozoin formation in the parasite.

Lastly, resistance selections were conducted using two prioritized complexes to further probe
their mechanism of resistance (MoR) and possible MoA. Recrudescence occurred after 17
days in one of the flasks under drug pressure from 3 x ICso of 4f. Whole-genome sequencing
identified several copy number variations (CNVs) and single nucleotide polymorphisms
(SNPs) either shared by the four isolated clones or unique to each clone. Most notably, these
CNVs and SNPs suggested that resistance was likely driven by the Pf-multidrug-resistance 1
(Pfmdrl) in three of the clones or SNPs of kinesin-13 for the most resistant clone. While
Pfmdrl amplifications are a well-known mechanism of resistance (MoR), kinesin-13 is novel

and has not been reported in the literature as a potential MoR or validated Plasmodium target.

The dual-stage potency displayed by a subset of compounds and the high susceptibility of the
Pf-K1 strain to the SAR2 complexes discussed in this thesis provides a basis for further
optimization of this chemical series. Hence, additional chemical modifications could be made
to fine-tune the chemical space for improved potency and pharmacological properties of this
chemical series. Furthermore, successful resistance selections have led to the identification
of a novel MoR (kinesin-13). Thus, future work could explore the plausibility of kinesin-13 as
a druggable target for antiplasmodium agents, in which supplementary genetic approaches

could be employed.
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Chapter 1: Introduction and Literature Review

Chapter 1: Introduction
and Literature Review

1.1. Chapter overview

Malaria is a life-threatening disease that has placed a huge burden on the world and, more
specifically, on the African continent’s health system and its economy. It has caused centuries
of suffering, despite continuous attempts to reduce the disease burden and eradicate the
disease. Over the decades, many resources and much research have gone into discovering
new ways to control and eradicate malaria through pesticides, mosquito nets, vaccines, and
chemotherapies. This chapter will provide the overall context for this thesis related to malaria

and the search for novel treatments.

1.2. History of malaria and its disease burden

Malaria is one of the world’s oldest infectious diseases and has posed an enormous global
burden for centuries." Historic artifacts such as Mesopotamian clay tablets, Egyptian remains,
and Indian writings dated 1500-800 BC, have shown evidence of the disease being prevalent
in the pre-modern era.? It is caused by unicellular protozoa of the Plasmodium genus,® and
affects several vertebrates including reptiles, birds, and humans.* To date, over 200
Plasmodium species that infect several host species have been identified.> Within these 200
species, only five infect humans, with Plasmodium falciparum (Pf) and Plasmodium vivax (Pv)

being the most virulent.5”

The malaria parasite was first discovered in 1880 by Alphonse Laveran.® Almost two decades
later, in 1897, Ronald Ross identified mosquitos as the vectors responsible for transmitting
infection amongst birds.® Subsequently, one year later, Italian scientists found that human
malaria was also transmitted via mosquito vectors.® From here, the life cycle of the parasite
was elucidated, starting with Henry Shortt and Cyril Garnham who discovered the liver
schizont stage of Plasmodium cynomolgi in a Rhesus monkey in 1947."° The sexual stages
of the parasite life cycle were discovered by William MacCallum in 1897 when he was studying
birds infected with parasites in their blood." Lastly, the final stages of the life cycle were

discovered by Wojciech Krotoski in 1982.°
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Despite malaria being a worldwide concern, most of the disease burden falls on the African
continent which has the highest morbidity and mortality rates. The latest World Malaria Report,
published in 2023 by the World Health Organization (WHO), states that there was a global
increase of five million malaria cases in 2022 compared to 2021. The death toll was also up
by 6% at 608 000 deaths in 2022."? This is further depicted in the incidence map shown in
Figure 1.1 where a high occurrence of malaria was still seen in 2023 and most significantly in

economically poor countries, mainly in the Global South.

Bl On track (zero malaria cases) No increase or decrease Il Certified malaria free after 2015
X 4000 k On track (decrease by 55% or more) Increase by between 5% and 25% Non-endemic prior to 2015
S— Decrease by between 25% and 55% Il Increase by between 25% and 55% Not applicable
Decrease by between 5% and 25% Il Increase by 55% or more

Figure 1.1. World map of malaria-endemic countries showing the progress made since 2015
towards the GTS (Global Technical Strategy 2016-2030). Republished from the 2023 World

Malaria Report.'?
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1.3. The malaria parasite life cycle and molecular drug targets

1.3.1. Life cycle

The malaria parasite progresses through several stages during its life cycle. Transmission
from the mosquito vector begins when a female Anopheles mosquito takes a blood meal from
a human host, injecting sporozoites into the host’s bloodstream as shown in Figure 1.2.
These sporozoites migrate to the liver, where they undergo mitotic replication in hepatocytes.
The liver cells then rupture, releasing merozoites into the bloodstream which enter the asexual
blood stage (ABS) or the sexual stage of the life cycle. The ABS occurs in red blood cells
(RBCs) where merozoites sequentially develop into the ring stage, trophozoite stage, and then
the schizont stage. Merozoites are released when the RBCs rupture and proceed to infect
other healthy RBCs. During the sexual stage of the life cycle, the ring form of the parasite
develops into female and male gametocytes of which there are early-stage (EG) and late-
stage gametocytes (LG). During this sexual stage, the parasite goes through a seven-to-ten-
day maturation period during which the gametocytes progress from stages | to V, occupying
RBCs as well." Thus, stages | to IV are considered immature or early-stage gametocytes, and
stage V parasites are considered mature or late-stage gametocytes. To complete the life cycle,
LGs are ingested by the mosquito vector during another blood meal after which these
gametocytes undergo gametogenesis producing male and female gametes. The fusion of a
male and female gamete results in the formation of a zygote after which mitotic division occurs,
prompting the sequential development into ookinetes, oocytes, and sporozoites.' These
sporozoites migrate to the mosquito's salivary glands where the transmission to the human

host occurs again.™
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1. Transmission to human \%
(injects sporozoites via bite)
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Figure 1.2. Plasmodium life cycle. Republished from Vale et al. under the Creative
Commons Attribution license (CC BY), Copyright (2024).

1.3.2. Antimalarial drug targets

Liver stage

During the pre-erythrocytic stage of the parasite life cycle, sporozoite development and
migration can be blocked at each step using chemoprophylaxis as shown in Figure 1.3."®
Chemoprophylaxis involves the administration of a drug to prevent disease development.'”
Drugs that have been approved to be clinically used against the liver stage include
atovaquone-proguanil, sulfadoxine-pyrimethamine, primaquine, and tafenoquine.'® Although
the MoA of many of these drugs during the liver stage is largely unknown,' primaquine has
been shown to act via the generation of hydroxylated-primaquine metabolites which ultimately

lead to the production of toxic reactive oxygen species (ROS); namely, H,0,.%°
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Figure 1.3. The pre-erythrocytic stage of the P. falciparum and P. vivax life cycle. The image
shows that each step of the liver stage can be targeted using chemoprophylaxis as shown in
green boxes. Republished from Valenciano et al. under the Creative Commons Public

Domain Mark 1.0 copyright.'®

Additionally, studies have shown that drugs targeting kinases such as the adenosine
monophosphate-activated protein kinase (AMPK) reduce hepatic infection.?" 22 Furthermore,
a study by Stanway et al. identified metabolic subsystems that could be potential drug targets.
These included the type Il fatty acid synthesis and elongation pathways as well as the

tricarboxylic acid, amino sugar, heme, lipoate, and shikimate metabolic processes.?®
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Asexual blood stage (ABS)

Many of the clinically-available antimalarial drugs inhibit only the ABS. The major metabolic
pathways that are targeted by most of these drugs include oxidative stress, fatty acid
synthesis, nucleic acid synthesis, and heme detoxification.?* During the trophozoite ABS,
approximately 80% of host hemoglobin is ingested through the cytostome which transports it
into the parasite digestive vacuole (DV) as shown in Figure 1.4.2° In the DV, proteolytic
enzymes (plasmepsin |, Il, and IV, histoaspartic protease (HAP), falcipains 2 and 3, and
falcilysin) break down hemoglobin into small peptides used for nutrients, and toxic free

heme.?%?” For each molecule of hemoglobin digested, four heme molecules are liberated.

Falcipains 2, 3

Falcilysin

DPAP1

Figure 1.4. The hemoglobin degradation process that takes place in the parasite's digestive
vacuole converts toxic heme into crystalline hemozoin. The relevant enzymes that facilitate
this process are shown as well as the pH differences between each cellular compartment.

Abbreviation: aa- amino acids.

Therefore, to avoid lipid peroxidation and subsequent death, the parasite converts free heme
into the inert, non-toxic biomineral, hemozoin.26 In the presence of an inhibitor of hemozoin
formation, such as chloroquine, redox-active toxic heme accumulates, producing detrimental
amounts of ROS and resulting in DNA damage.27 The mechanism of hemozoin formation has
been debated extensively but the prevailing theory is that it occurs via lipid-mediated

biocrystallization.?®*° Additionally, hemozoin can also be synthesized in vitro by incubating

6
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monomeric hematin (at 37 °C and pH 4.8) to produce its synthetic form, B-hematin,?” which is
chemically and spectroscopically identical to hemozoin.?' Concerning known inhibitors of
hemozoin formation, the most prominent class of antimalarials with this MoA are the

quinolines,?” which are further discussed in Section 1.4.2.1.

Sexual stage: Production of gametocytes

The sexual stage of the parasite life cycle involves the production of gametocytes which are
essential for transmitting the parasite from the human host back to the mosquito vector.3? As
mentioned above, there are five stages (I-V) of the gametocyte life cycle.®® Each stage is
morphologically distinct as shown in Figure 1.5, with stages I-IV sequestered in the bone
marrow and stage V circulating in the blood vessels.** Figure 1.5 also shows the stage-
specific protein expression highlighting their potential as drug targets. Pfs16, with an unknown
function, is expressed during both EG (I-V) and LG (V). It has been reported that disruption of
this protein leads to decreased gametocyte production and the ability of male gametes to
exflagellate.®® Additionally, disruption of the gene encoding for the PfIMDV-1 protein, also with

unknown function, decreases the production of male gametocytes.3®
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Development of Plasmodium falciparum gametocytes

Day
0-1 2-3 4-6 7-9 10
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Gametocyte stage-specific proteins

. Pfg27
PfCCps
— Pfs48/45
] Pfs230
Pfg37
PfaTubll
Pfmdv-1
Actll
— Low-level expression | High-level expression

Figure 1.5. P. falciparum gametocyte morphology and stage-specific protein expression,

highlighting them as potential targets. The bar represents that the protein is expressed at

high levels during the respective stage and the full line indicates low levels of expression.
Reproduced from Ngwa et al. under the Creative Commons Attribution 3.0 Unported

License.?

Furthermore, Abugri et al. provide a summary of potential targets for gametocyte drug
discovery, some of which are discussed here.?” Hitz et al. highlighted the importance of
PfCK2a (casein kinase 2) for the maturation of gametocytes, making it a potential drug
target.® Additionally, Baker et al. report on another P. falciparum protein kinase G, PfPKG,

which was found to be a target of the gametocyte stage in their study.*®

Despite there being several possible targets during the gametocyte stage, there are only a
small number of compounds with reliable gametocytocidal activity. Only primaquine is
currently clinically recommended by the WHO.#° However, with the help of high-throughput
screening (HTS) and the development of assays that screen for compounds with gametocyte
activity, new transmission-blocking compounds have been identified from both the Medicines

for Malaria Venture (MMV) library,*'#2 and other diverse library sets.*344
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Following the above discussion, the past and present methods and drugs used to treat malaria

are discussed in detail in the next section, highlighting their stage specificity and MoA.

1.4. Malaria treatment and resistance

1.4.1. Treatment
Over the many years that malaria has been a threat to the global health system, tremendous
efforts have been made to treat and eradicate the disease. This includes the use of

insecticides, mosquito nets, vaccines, and chemotherapeutics.

The use of insecticide-treated nets (ITNs) over beds and indoor residual spraying (IRS) has
been employed to prevent malaria transmission and infection.*>4¢ Both methods employ the
use of insecticides and are used for vector control. Additionally, ITNs act as a physical barrier
between the host and the vector and are treated with a chemical that is toxic to mosquitoes.
Only two chemical insecticides have been approved for use in ITNs, namely pyrroles and
pyrethroids. These insecticides either kill the mosquito or disorientate it, reducing its ability to
effectively find and feed on a human host.*” When used community-wide, ITNs have been
shown to not only offer personal protection against mosquito bites, but can also decrease the
survival rate, frequency of feeding, and the overall density of mosquitos in the community.*84°
However, this method is not completely preventative, as it is mainly only used at night while
sleeping, and general wear and tear of the net can leave the host vulnerable if not properly

maintained.

An additional form of prevention, recommended by the WHO, is the use of a malaria vaccine.
The development of a malaria vaccine began in the 1960s with seminal studies conducted in
mice using irradiated sporozoites (sporozoites inactivated with UV light).% Significant progress
has been made since then, leading to the prequalification of the RTS,S/AS01 (pre-erythrocytic)
vaccine for P. falciparum prevention in children living in areas with moderate to high malaria
transmission.®® RTS,S/AS01 is a recombinant protein vaccine that targets the
circumsporozoite protein and was approved by the WHO for use in children aged 5 to 17

months.5? This marked the first recommended use of a malaria vaccine by the WHO.

A second malaria vaccine, R21/Matrix-M, was developed at the University of Oxford and is
also a pre-erythrocytic candidate vaccine. It is a virus-like particle comprised of HBsAg
(hepatitis B surface antigen) fused to the C-terminus and central repeats of the
circumsporozoite protein.®® Phase lll clinical trials have shown that the R21/Matrix-M vaccine
has a 75% efficacy against clinical malaria,® and has also received prequalification by the
WHO. %
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These vaccines induce a cellular immune response that effectively prevents the development
of liver schizonts in the short term. However, constant rupturing of single schizonts can still
lead to the progression of the parasites to the blood stage, resulting in severe infection or
death.® Thus the use of chemotherapeutics is still important in the fight against malaria as no
effective vaccine has been developed against the blood stage yet. Thus, the extensive

repertoire of drugs developed and used as chemotherapeutics is discussed in the next section.

1.4.2. Malaria chemotherapeutics
Four major classes of drugs are used to treat malaria; namely, quinoline-based compounds,

antifolates, artemisinin derivatives, and antimicrobials.

One of the very first drugs used to treat malaria was quinine (Figure 1.6), which is historically
one of the first chemical compound to treat an infectious disease.®® Quinine is naturally found
in the bark of Cinchona trees,®” and was primarily used as an antimalarial up until the 1920s
when more effective treatments were discovered.®® Furthermore, attempts to synthesize
quinine were unsuccessful but paved the way for German chemists to discover new
antimalarials based on quinine’s chemical structure.®® Consequently, methylene blue (MB,
Figure 1.6) was introduced as the first synthetic antimalarial in 1891 by Guttmann and
Ehrlich.®® However, due to the toxicity of MB, further investigation and modification of the
chemical scaffold was necessary and led to the discovery of 8-aminoquinolines,®° as discussed

below.

Figure 1.6. Chemical structures of quinine (left) and methylene blue (right).

1.4.2.1. Quinoline-based compounds

Pamaquine (Figure 1.7), discovered in 1926, was the first clinically-used 8-aminoquinoline
but was shortly replaced by its less toxic derivative, primaquine (Figure 1.7).%° As mentioned
in Section 1.3.2, primaquine exhibits liver stage and gametocyte activity and is currently one

of the clinically-used 8-aminoquinolines.®' The high potency and reduced toxicity exhibited by

10
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primaquine led to the modification of side chains in several other heterocycles, leading to the
synthesis of quinacrine (Figure 1.7).62 However quinacrine was later found to have adverse
side effects such as discoloration of the skin, and its further use was terminated.®® Thus, with
the need for an effective drug, further research on the quinoline scaffold led to the discovery

of 4-aminoquinolines.

NH
HNJ\/\/N\/ HNJ\/\/ 2
BN I B

Pamaquine Primaquine

HNJ\/\/NV
POoh
Z
Cl N

Quinacrine

Figure 1.7. Chemical structures of the antimalarial drugs pamaquine, primaquine and

quinacrine.

Hans Andersag from Bayer laboratories in Germany synthesized a 4-aminoquinoline known
as resochin which was initially thought to be too toxic for further clinical use.®* However,
additional toxicology and pharmacology studies later showed that it was safe for use in
humans.®® A few years later, during World War |l, the Americans came into possession of a
derivative of resochin in North Africa, known as sontoquine (Figure 1.8). This led to their
synthesis of the very well-known antimalarial drug, chloroquine (CQ, Figure 1.8).555¢ However
it was shortly after found that resochin and CQ were structurally identical, with CQ being
superior to all previously used chemotherapeutics.®® The immense success and widespread
use of CQ for decades led to the emergence of CQ-resistance (CQR) in P. falciparum and P.

vivax, as will be further discussed in Section 1.4.3.57

Since the discovery of CQ, the quinoline scaffold has dominated the antimalarial drug
discovery field.®® Among these quinoline derivatives that have been clinically employed are

mefloquine, amodiaquine, and piperaquine as shown in Figure 1.8.

11
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Figure 1.8. Popular quinoline-based antimalarial drugs. The quinoline motif is highlighted in

blue.

Many of these quinoline compounds act via the inhibition of hemozoin formation. For example,
CQ is a weak diprotic base that exists in pH-dependent proportions of a neutral, mono-
protonated (CQH"), and di-protonated (CQH»?*) species within the parasite. When basic CQ
enters the acidic DV (pH ~5), the equilibrium shifts to predominantly form the CQH,?* species
which can no longer diffuse across the membrane, ‘trapping’ diprotic CQ and resulting in its
accumulation.®®7° In the DV, CQH_?* intercalates between the crystal packing of hemozoin and
can bind to hematin. This forms a toxic dimer predominantly through -1 stacking interactions,
preventing further crystallization of hemozoin. Further studies have shown that CQ forms a
heme p-oxo dimer in solution, driven by the irreversible oxidation of iron(ll) to iron(lll).”"72 This
process of inhibiting hemozoin formation also leads to the accumulation of toxic heme which
causes lysis of the parasite's membrane and halts the vacuole's protease functions,”
ultimately leading to parasite death. Thus, the 1r-11 stacking interaction between the porphyrin
ring of heme and the quinoline ring of CQ is essential for the accumulation of the heme-drug
complex within RBCs and has become a common factor when designing inhibitors of

hemozoin formation.”

12
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1.4.2.2. Non-quinoline-based compounds

Antifolates

Another main class of antimalarial drugs is the folate inhibitors. The parasitic folate metabolism
is essential for survival due to its importance in DNA synthesis.”® There are two classes of
antifolate drugs; the first inhibits dihydropteroate synthase (DHPS, class I) and the second
inhibits dihydrofolate reductase (DHFR, class I1).”® Proguanil (DHFR inhibitor), shown in
Figure 1.9, was reported as one of the very first antifolate drugs to treat malaria.”” It was later
found that it cyclizes into its active metabolite, cycloguanil.”® Additionally, pyrimethamine
(Figure 1.9, DHFR inhibitor), first discovered as an antitumor agent, was later found to be
structurally similar to cycloguanil by Falco et al. leading to its identification as an antimalarial
antifolate agent.”®® However, when used in combination with atovaquone (Figure 1.9,
another clinically-used antimalarial), proguanil instead doesn't act as a DHFR inhibitor but
reduces the amount of atovaquone required.”” Atovaquone is a naphthoquinone that is
structurally analogous to parasitic ubiquinone, a protein cofactor found in the mitochondria

that supports electron transport.®"

Proguanil Cycloquanil

Cl

Ho,N” N7 NH,

Pyrimethamine Cl Atovaquone

Figure 1.9. Class Il antifolate drugs that inhibit dihydrofolate reductase during the parasite’s

essential folate pathway.

The class | antifolate DHPS inhibitors are comprised of sulfa drugs and the discovery that they

inhibit the folate pathway led to their use as antimalarials. Within this group of compounds are
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the sulfonamides and sulfones such as sulfadoxine and sulfanilamide shown in Figure 1.10.
Shortly after their discovery as DHPS inhibitors, it was found that they have a synergistic effect
with those that inhibit DHFR and were since used in antifolate combinations such as

sulfadoxine-pyrimethamine (SP).7®

N N NH
N | Ox /2
S\N N O/ QO
H
/O
HoN HoN
Sulfadoxine Sulfanilamide

Figure 1.10. Sulfa drugs sulfadoxine and sulfinamide that have been used as antifolate

antimalarial drugs in combination with class Il drugs.

However, with the increasing ineffectiveness of CQ and SP, caused by resistance to these
drugs, there was a need for alternative treatments, leading to the use of artemisinin and its

derivatives.

Artemisinin

Currently, the front-line treatment for malaria is the artemisinin-based combination therapy
(ACT) regimen. Artemisinin (ART, Figure 1.11) was first discovered by Chinese scientists in
the 1960s in their search for new effective antimalarials.®2 ART was originally extracted from
the Chinese herb known as sweet wormwood or Artemisia annua.?® The herb was used to
treat malaria symptoms for many years before its active ingredient was identified as a
sesquiterpene lactone with an endoperoxide bridge.® Originally, the administration of ART as
a tablet was not effective due to its poor solubility and absorption.®> However, with combined
efforts via “Project 523", several Chinese scientists prepared ART derivatives in the 1970s with
improved efficacy and bioavailability; these included dihydroartemisinin (DHA), artemether

(AM), and artesunate (AS), as shown in Figure 1.11.83
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Artemether Artesunate

Figure 1.11. Chemical structure of artemisinin and its derivatives. The differences in

chemical structure between the derivatives are shown in red.

One drawback to using ART and its derivatives (often collectively referred to as ARTSs) as
monotherapy for short periods is that malaria parasites are only temporarily cleared, which
has been attributed to the short half-life of ARTs, leading to the emergence of resistant parasite
strains.®® Thus, ARTs have been used in combination with longer-acting antimalarials as
shown in Figure 1.12.88 Current drug combinations include AM-lumefantrine (AL) as the first
choice and AS-amodiaquine as the second choice. Other much less used options include
combinations of DHA-piperaquine, atovaquone-proguanil (brand name Malarone), and
quinine with doxycycline or clindamycin which are known antibiotics. Severe infections require
injections, mainly of AS but quinine is sometimes used.®” The use of ACT therapy has assisted
in the prevention of recrudescence after ART use and has delayed the acquisition of drug

resistance.®®
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Figure 1.12. Summary of clinically-used combination therapy for the treatment of malaria.
Republished from Tse et al. under the Creative Commons Attribution 4.0 International

license.””

Concerning its MoA, ART is thought to be activated via a heme iron-catalyzed reductive
cleavage of the endoperoxide bond which generates carbon-centered radicals. These radicals
react with essential parasite proteins via alkylation, causing parasite death.®® Since low levels
of free heme are only available during the trophozoite stage, ART is relatively inactive during
the ring stage of the ABS.*® However it has also been found that the formation of heme-ART
adducts inhibits the formation of hemozoin, complementing the harmful effect of the formed

radicals upon ART activation.*®

From the above sections, it is clear that there is an abundance of available drugs that act
against the ABS and a scarcity of those that act against the liver stage and more significantly
against the gametocyte stage, as is also summarized in Figure 1.13. This emphasizes the
need for novel compounds that act against both the liver and gametocyte stages of the life

cycle.
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Figure 1.13. Summary of antimalarial drugs and the stage of the life cycle they act against,
highlighting the scarcity of active drugs against gametocytes. Republished from Siqueira-

Neto et al.®” under the Creative Commons Attribution 4.0 International license.

As mentioned in the above section, the emergence of drug resistance has been a major
hindrance in the control of malaria. Thus, the next section discusses the genetic contributors

to drug resistance of the most frequently used antimalarials.

1.4.3. Drug resistance

The extensive use of many of the above-mentioned antimalarial drugs (quinolines: CQ,
mefloquine, primaquine, piperaquine, and sulfadoxine-pyrimethamine) has provided immense
selection pressure for human malaria parasites to evolve mechanisms of resistance (MoR).*!
Thus the emergence of resistance has been a major contributor to the constant high morbidity
and mortality rates mentioned in Section 1.2. The likeliness of resistance emerging against a

particular drug varies, as some drugs are more prone to becoming ineffective than others. This
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is exemplified by the drugs CQ and atovaquone, where resistance to CQ emerged after
decades of its widespread use, while resistance to atovaquone emerged parallel to its initial

clinical use.%?

CQ was the gold standard for antimalarials for several years due to its high efficacy and low
cost. However, its pharmacological potency was diminished when CQR emerged, leading to
the re-emergence of malaria and the spread of CQR strains of the parasite in Southeast Asia
and South America.®*% CQR parasite strains have shown decreased accumulation of the drug
in the DV, mediated by the energy-dependent efflux out of the DV. Thus, the efflux of CQ is
dependent on the generation and hydrolysis of ATP.*> As mentioned in Section 1.4.2.1, CQ
accumulates in the DV as a CQH.?* species.”” However, CQR parasites can transport
protonated CQ out of the DV, preventing its accumulation.®® This is facilitated by the K76T
mutation in the Plasmodium falciparum chloroquine resistance transporter (pfcrt) gene which
was discovered by a genetic cross between CQ-sensitive (CQS) and CQR strains.
Furthermore, mutations in the Plasmodium falciparum multidrug drug resistance gene 1
pfmdr1), which encodes for an ABC transporter (ATP-binding cassette, P-glycoprotein

homolog) have been associated with resistance to mefloquine, quinine, and ART derivatives.®”

After the spread of P~-CQR strains, treatment regimens shifted to the use of sulfonamide,
sulfadoxine, and pyrimethamine. Resistance to pyrimethamine has been associated with
progressive and cumulative mutations in the dihydrofolate reductase (dhfr) gene which
decreases the drug's binding affinity.®® Similarly, resistance to the sulfa drugs involves
mutations in the dihydropteroate synthase (dhps) gene.® This mutation has been shown to
reduce the conversion of sulfadoxine to dihydropteroate.®® With the development of resistance
to many of the quinoline and SP drugs, ACT was recommended as the front-line treatment,

although resistance to ART also started to emerge.

ART resistance was first recognized in 2007 in western Cambodia and was characterized by
delayed parasite clearance in AS-treated patients.'® Thus, due to delayed clearance, ART
resistance is more accurately referred to as partial drug resistance.'®' The delayed clearance
phenotype has been attributed to the loss of susceptibility to ART during the early ring stage
(0-3 h) of the ABS of the parasitic life cycle.'? ART resistance is highly stage-specific as no
resistance has been observed at the later asexual blood stages (late ring and trophozoite
stage) of the parasite life cycle. This has been associated with nonsynonymous mutations in
the kelch 13 gene (pfk13) and, more specifically, in the propeller region of this gene.'® It has
been suggested that this kelch 13 mutation mediates ART resistance by reducing activation
of the drug and increasing the capacity of the parasite to remove damaged proteins.'*

Reduced drug activation has been associated with mutations that lead to lower levels of the
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Kelch 13 protein, reducing hemoglobin catabolism and endocytosis. Consequently, this leads

to less Fe(ll)PPIX which catalyzes endoperoxide cleavage and reduces ART activation.'%

From the above discussion, it is clear that the constant development of drug-resistant strains
of P. falciparum and the decreased effectiveness of most clinically-used drugs requires critical
development of new antimalarial chemotherapeutic drugs.1°67 It is crucial to develop
compounds that target resistant strains of the malaria parasite, have dual-stage activity, and
act against novel targets. In pursuit of malaria drug discovery, chemotypes used in other
disease areas can be exploited and optimized as novel antimalarial compounds. Most relevant

to this thesis are metal complexes which are briefly discussed in the following sections.

1.5. Metals in medicine

The use of metals as therapeutic agents dates back over a millennium. They were used in
ancient practices to improve health and promote healing. For example, silver was used as
early as 69 BC to heal wounds.'®® The ancient seers in India used processed metals such as
mercury, gold, silver, lead, copper, and zinc to treat several diseases over 5 000 years ago.'®®

Additionally, copper was used as far back as 2 500 BC in Egypt and China to sterilize water.'®

The use of metal complexes in modern medicine began with the discovery of the therapeutic
nature of the well-known anticancer platinum-based compound, cisplatin.'® Cisplatin (Figure
1.14) was first discovered by Rosenberg who realized its pharmacological properties against
Escherichia coli.""" The subsequent approval of cisplatin for clinical use in 1978 led to the
discovery of its anticancer properties, first in mice and then in humans."? Due to its high
efficacy but also its toxicity, several derivatives of cisplatin were synthesized in attempts to
improve its pharmacological profile; namely, carboplatin, oxaliplatin, satraplatin, and

picoplatin, all shown in Figure 1.14."3
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Figure 1.14. Cisplatin and its less toxic derivatives, carboplatin, setraplatin, and picoplatin,

are used for cancer treatment.

The modern use of gold began in 1890 with the discovery of its antibacterial properties against
TB."* Additionally, gold salts have often been used to treat rheumatoid arthritis.''® Further
studies of gold complexes identified auranofin (Figure 1.15), a gold(l)-containing compound
that was approved for clinical use in 1985 to treat rheumatoid arthritis.""® Auranofin is still used

today and has even entered clinical trials as an anticancer chemotherapeutic.'"”

/lk Q
Au
Q( /\< P
Figure 1.15. Chemical structure of the gold(l) arthritis medication, auranofin.

The extensive and successful use of transition metal complexes in cancer therapy has
prompted researchers to investigate their potential against other disease areas. Metal

complexes containing vanadium and zinc have been shown to treat insulin resistance,'® and
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many transition metal complexes including zinc, copper, and iron have exhibited antimicrobial
activity against both gram-positive and gram-negative strains.'® Iridium complexes have
shown anti-inflammatory properties with many metal complexes reducing the harmful effects
of free radicals. Furthermore, Mjos and Orvig provide an extensive review on an array of
metallodrugs and their therapeutic applications in diabetes, gastrointestinal disorders, and
cardiovascular disorders to name a few. Additionally, this review discusses the use of metal
complexes as radiopharmaceuticals and photochemotherapeutic metallodrugs in cancer
therapy.'?' This review also highlights one of the important advantages of using inorganic
chemistry in drug discovery as metallomics can be employed for target validation. However,
most relevant to this thesis is the display of antiparasitic activity by compounds with several

transition metal centers,?2-'2* which is further discussed in Section 1.5.2.

1.5.1. Advantages of metals in medicine

The use of transition metal complexes as therapeutic agents offers several advantages over
its purely organic alternatives. Transition metals have the added advantage of being neutral,
cationic, or anionic species that can easily be changed with ligand coordination. Metals also
have access to several different oxidation states that can influence their ability to interact with
different charged molecules.'?® Additionally, the MoA of metal complexes in living organisms
can differ from that of organic compounds. For example, metal complexes have been shown
to introduce artificial oxidative stress through the production of ROS in cancer cells where they
have also catalyzed redox-related stress.'? Lastly, metal complexes are also able to adopt
several geometries that are not available to organic scaffolds. Depending on the oxidation
state of the metal, these include square planar, square-pyramidal, trigonal-bipyramidal, and
octahedral, compared to organic compound geometries being limited to linear, trigonal planar,
or tetrahedral. Furthermore, with the ability to fine-tune the attached ligands, the
pharmacological properties can often be tweaked without the need for longer synthetic

protocols.'?’

1.5.2. Metalloantimalarials

Considering the substantial success exhibited by CQ and its analogs, the derivatization of
metalloantimalarials naturally began with CQ as an organic scaffold. This was not only due to
the high potency of the quinoline scaffold, but also to investigate if complexation would result

in compounds that do not share cross-resistance with CQ.
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Sanchez-Delgado et al. were among the first groups to synthesize transition metal (Rh and
Ru) complexes using a CQ scaffold. These complexes, shown in Figure 1.16 exhibited
comparable in vitro antiplasmodium activity to CQ (ICsp = 72 = 9 nM) in the P. berghei species
with 1Cso values of 73 £+ 33 nM and 18 + 7 nM for [Rh(COD)CI]. and [RuCl(CQ)]2,
respectively.'?® Additionally, these complexes were assayed against Balb/C mice infected with
P. berghei (tested at a dose of 2.8 mg/kg/day) in which a reduction in parasitemia of 73% and
94% was observed for the [Rh(COD)CI]; and [RuClx(CQ)]. complexes, respectively.
Furthermore, [RuCl>(CQ)]. exhibited a five-fold increase in activity in vitro compared to CQ
when tested against the FCB1 strain of P. falciparum.?® Further work done by the same group,
attempted to synthesize ruthenium complexes of higher potency as shown in Figure 1.16, [(p-
cymene)Ru(INCl(CQ)]CI, [(benzene)Ru(I)(CI)(H20)(CQ)]CI. Therefore, the ancillary ligand
was changed from 1,5-cyclooctadiene (COD) to varying arenes.'?® These Ru'(nf-arene) CQ
derivatives displayed appreciable antiplasmodium activity in the CQS strains FcB1, PFB, and
F32 but, most notably, they showed enhanced activity against the Dd2, K1, and W2 CQR

strains of P. falciparum.3°

Cly, |
AN ‘Ru =z |
Z / N
cl N Cl ‘ cl N
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/\h HN | \Cl
[Rh(COD)CI], [RuClI2(CQ)J2

Cl
CII””"RJU .
N
HZO/
[(p-Cymene)Ru(I)Cl,(CQ)] [(benzene)Ru(ll)(Cl)(H,0)(CQ)ICI

Figure 1.16. Chemical structures of some of the very first CQ-derived metal complexes

synthesized by Sanchez-Delgado et al.'?®
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From here, scientists were inspired by the improved activity of metal complexes, leading to
the development of other quinoline-based metal complexes including the complexation of

gold, ! iridium,*3? and platinum*33 to CQ.

However, most significant to the metalloantimalarial field was the discovery that ferrocene
metal complexes exhibited promising medicinal properties.'3* This led to the derivatization of
CQ to a ferrocenyl-containing complex, ferroquine (FQ, Figure 1.17).1%° FQ was designed to
overcome CQR,** and showed whole-cell potency against both CQS and CQR strains of P.
falciparum. Despite the extensive structure-activity relationship (SAR) studies carried out with
120 of its derivatives, FQ has remained the lead ferrocenyl-containing CQ derivative,*’ as a
more potent analog is yet to be found. Furthermore, FQ is currently in phase llb clinical trials

in combination with artefenomel (an antiparasitic trioxolane agent).!38

The derivatization of CQ with a metallic moiety such as the ferrocenyl scaffold has contributed
to the superior antimalarial properties displayed by FQ. This has in part been attributed to its
difference in basicity, lipophilicity, and pKa values compared to its organic parent. The pKa of
FQ at vacuole pH results in a ten-fold increase in its DV accumulation compared to CQ, where
it acts partially via hemozoin inhibition.**® Reports have also suggested that the lipophilicity of
FQ is 100 times that of CQ at cytosolic pH where at pH 5, it accumulates fifty-fold more than
CQ in the DV. It has therefore been hypothesized that the increased activity of FQ may be
attributed to its ability to target hemozoin lipid sites more proficiently than CQ.**° It has been
suggested that the increased lipophilicity of FQ can be attributed to an intramolecular
hydrogen bond between the tertiary amine and the 4-amino moiety in the quinoline ring.**®

This results in a folded conformation that increases transport of FQ through cell membranes.**’

/
N
HN“d‘ \
N Fle
Cl N/ @

Figure 1.17. Structure of FQ.

The second MoA of FQ involves the formation of hydroxyl radicals under the oxidizing
conditions of the parasite DV, as shown below by Equation 1.1, preventing the formation of

merozoites.'3%14% Thus, FQ inhibits the formation of hemozoin, produces ROS, and results in
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lipid peroxidation, ultimately leading to the death of the malaria parasites.
Fe(ll) + H.O, — FQ(lll) + HO  + HO Equation 1.1

Another study conducted by Salas et al. reports on the antiplasmodium activity of a series a
chloroquine-bridged ferrocenyl derivatives in which the complexes shown in Figure 1.18
retained whole-cell potency in the Pf-Dd2 and Pf-K1 CQR strains.#

R R \CQID
N
~
cl N a.n=0,R'=H

b.n=1,R=HR'=H
c.n=0,R"=CH,
d.n=1R=CHzR'=H

Figure 1.18. Chloroquine-bridged ferrocenyl derivative synthesized by Salas et al. with
retained activity in the Pf-Dd2 and Pf-K1 strains.#

However, FQ has been the gold standard of metalloantimalarials for many years. Among the
other quinoline organic frameworks used in attempts to synthesize metal complexes include
mefloquine'*?1%® and amodiaquine, although CQ derivatives dominate the literature.44-147
However, other organic scaffolds have also been used in the development of transition metal

complexes that exhibit antiplasmodium activity and will be discussed in the following section.

1.5.3. Metalloantimalarials based on non-quinoline scaffolds

Among the non-quinoline metalloantimalarials are those derived from ART. Delhaes et al.
synthesized four ART ferrocene derivatives shown in Figure 1.19. The compounds were
synthesized as isomers and their in vitro antiplasmodium activity was tested as a mixture
against strains PfHB3 (CQS), PfSGE2 (CQS), and Pf-Dd2 (CQR). However, the
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complexation of ART or DHA did not improve their pharmacological profile compared to ART

or DHA in either of the strains tested.'*®

Figure 1.19. Artemisinin ferrocene derivatives synthesized by Delhaes et al.'*®

A very recent study done by Albertyn et al. reports on ruthenium-containing ART derivatives
as shown in Figure 1.20. For this, the ART scaffold was derivatized with an N,N-coordinated
ruthenium p-cymene or a ferrocene complex. The novel ligands were therefore either an
artemisinyl-triazole pyridine or a pyridyl amido artesunate.’® These ruthenium complexes

were synthesized as isomers and their whole-cell potency was tested as a mixture.
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Figure 1.20. Artemisinin-derived metal complexes were synthesized by Albertyn et al. and

evaluated for their antiplasmodium activity.'#°

The ruthenium complexes (C5.a-b and C7a-b) displayed antiplasmodium potency in the
nanomolar range (14-245 nM) but were all less potent than the ART ligands. The ferrocenyl-
containing compounds (C6 and C8) did, however, exhibit higher in vitro potency than ART and
DHA.

Among the scaffolds that have been used in the investigation of metalloantimalarials include
the benzimidazoles, synthesized by Rylands et al.’ In their study, the metal complexes
displayed sub-micromolar potency against the Pf-NF54 and Pf-K1 strains with the most potent
analogs shown in Figure 1.21. It can also be seen that the metal complexes exhibited
enhanced activity compared to their organic ligands L1 and L2. However, these complexes
did not inhibit the formation of -hematin, and it was proposed to have a novel MoA, although

this was not evaluated further.'®
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Figure 1.21. Ruthenium and iridium benzimidazole derivatives synthesized by Rylands et al.

were shown to exhibit potent antiplasmodium activity and were proposed to have a novel

MoA. %0

Additionally, Chellan et al. synthesized a series of rhodium(lll), ruthenium(ll), and iridium (l11)

metal complexes containing ligands derived from sulfadoxine.'® These complexes exhibited
sub-micromolar potency against the Pf-3D7 and Pf-Dd2 strains of the parasite with the most
active complexes shown in Figure 1.22. These complexes also showed dual-stage activity

with potency against the ABS and LG stage of the malaria parasite whereas sulfadoxine was

inactive.
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Figure 1.22. The most potent rhodium(lll) and iridium(lll) sulfadoxine derivatives

synthesized by Chellan et al. that exhibited dual-stage antiplasmodium activity.®’

Furthermore, several other organic scaffolds have been employed in the investigation of novel
metalloantimalarials, including Schiff-base phenolates,’> amine phenols,'? ferrocenyl

sugars,'* ferrocenyl chalcones,'® flavones,'®® and pyridyl esters,’” to name a few.

As mentioned in Section 1.4.1, one of the advantages of complexation chemistry is the ability
to easily alter the attached ligand for a desired pharmaceutical outcome. Medicinal inorganic
chemistry is not only limited to the use of well-known pharmacophores in the field of study, but
organic scaffolds can be selected based on other favorable chemical properties as will be

discussed for bipyridines.
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1.5.4. Bipyridine and their metal complexes with antiplasmodium activity

Although bipyridine has largely been considered a biologically inactive scaffold until recently,
more details on it will be provided in the subsequent discussion on bipyridine metals. It should,
however, be mentioned here that despite the bipyridines not being extensively studied for their
pharmaceutical properties, there are a few reports in the literature, two of which are discussed

here.

A study done by Cabrera et al. reports on the antiplasmodium activity of a series of 3,5-
substituted 2-aminopyridines.'®® The R substituent was varied between several different aryl
moieties, of which the most active analogs are shown in Figure 1.23 with their respective ICso
values. These bipyridine analogs therefore exhibit high potency against the multidrug-resistant

Pf-K1 and drug-sensitive Pf-NF54 strains of malaria.'®®
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PfK1-ICsy = 15nM PEK1-ICs, = 15nM PEK1-ICs, = 11 nM

Figure 1.23. Analogs of bipyridine reported by Cabrera et al. that exhibit promising

antiplasmodium activity.'®®

In another study, Liang et al. synthesized a series of bipyridine-sulfonamide compounds
shown in Figure 1.24.**° This series of compounds had over 20 analogs where the R! and R?
substituents varied between aromatic carboxamides and phenyl sulfonamides. Many of the
compounds exhibited nhanomolar potency against Pf-3D7 (ICso = 39 nM to 5880 nM) and
inhibited phosphatidylinositol 4-kinase (P14K) which is an essential enzyme during all stages

of the Plasmodium life cycle.*®®
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Figure 1.24. Analogs of bipyridine reported by Liang et al. that exhibit promising

antiplasmodium activity and were found to be PI4K inhibitors."®®

Concerning inorganic chemistry, bipyridine is one of the most widely used ligands in
complexation chemistry. This is in part attributed to their redox stability as chelating ligands
and neutrality that allows them to coordinate with cationic metals, without changing the
charge.'® Furthermore, the incorporation of bipyridine into metal complexes has been
essential in understanding the thermodynamics and kinetics of coordination, bonding,
photochemistry, photophysics, and electrochemistry of metal complexes.'®" There are a large
number of reported bipyridine-containing metal complexes in the literature with a wide range
of applications. However, only their pharmaceutical properties and more importantly their

antiplasmodium properties are discussed here.

Shaik et al. synthesized mixed-ligand mononuclear Zn(ll) complexes with a 2,2’-bipyridine
ancillary ligand as shown in Figure 1.25.'%2 These complexes exhibited promising

antiplasmodium activity with sub-micromolar ICs values between 0.011 uM and 0.140 uM.62
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Figure 1.25. Mixed-ligand mononuclear Zn(ll) complexes with 2,2’-pyridine as an ancillary

ligand synthesized by Shaik, Jadeja, and Patel.®2
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Additionally, Kumari et al. recently synthesized a series of cyclometallated bipyridine iridium
complexes shown in Figure 1.26.'®® The most active complex had a pg, (C*N). chelator and
an L3, NAN chelating ligand with ICso values of 9.7 £ 1.5 nM, 12.2 + 0.4 nM and 12.1 £ 0.9 nM
against the PFf-3D7 (CQS), PFRKL9 (CQR), and PFfR539T (ART-resistant) strains,
respectively. These complexes also exhibited dual-stage activity, with promising in vivo
gametocyte potency against P. berghei parasites. Furthermore, mechanistic studies indicated

that these iridium complexes produce ROS which disrupts the mitochondrial membrane of the

parasite.'®3
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Figure 1.26. Cyclometallated bipyridine iridium complexes that were synthesized by Kumari

et al. and exhibited antiplasmodium activity.'6

In another study, Chellan et al. report on a series of half-sandwich rhodium and iridium bipyridyl
complexes containing an ART pharmacophore shown in Figure 1.27.'%* These complexes

exhibited whole-cell potency in the nanomolar range with enhanced activity compared to CQ
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and ART. Furthermore, they were also active against LGs with I1Cso values as low as 8 nM for

an iridium analog with the Cp*®"ancillary ligand.'%4
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Figure 1.27. Half-sandwich rhodium and iridium bipyridyl complexes synthesized by Chellan

et al. containing an artemisinin pharmacophore.'64

1.5.5. Platinum antiplasmodium compounds

Platinum forms one of the six platinum group metals (PGMs) which also includes palladium,
rhodium, ruthenium, iridium, and osmium. While iridium is among the most frequently studied
elements among the PGMs for whole-cell potency, the above examples also highlight the
extensive use of rhodium and ruthenium in antiplasmodium activity studies. On the other hand,
the use of platinum in its medicinal capacity began with cisplatin as an anticancer agent as

previously discussed.

However, in terms of its antiparasitic activity, platinum antiplasmodium agents have often been
synthesized with a quinoline organic scaffold. One example is the platinum(ll)-chloroquine
phosphine complexes synthesized by Macedo et al. shown in Figure 1.28."%° These
complexes exhibited lower potency than CQ against the CQS-3D7 strain but displayed
comparable activity against the CQR-W2 strain. However, unlike CQ these complexes
displayed potency against the hepatic stage of P. berghei and reduced mitochondrial

activity. 6
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Figure 1.28. Platinum(ll)-chloroquine phosphine complexes synthesized by Macedo et al.

with antiplasmodium activity.'6®

Another study conducted by De Souza et al.’®® shows that a series of 7-aminochloroquinoline

platinum(ll) derivatives (Figure 1.29) inhibit parasite growth between 50% to 80% in mice

infected with P. berghei. Furthermore, these complexes were found to be non-cytotoxic against

mammalian macrophage cells.'®
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Figure 1.29. A series of 7-aminochloroquinoline platinum(ll) complexes that were
synthesized by De Souza et al. and were found to inhibit parasite growth in vivo up to 80% in

the P. berghei species.'%®

Furthermore, a very recent study by Liu et al. reports on a series of platinum(lV)-artesunate
complexes, in which the analog in Figure 1.30 exhibited high in vivo antimalarial potency
against the P. berghei ANKA model.’®” A parasitemia of approximately 16% was observed ten
days after the mice were treated with this platinum(lVV) complex compared to a 36%

parasitemia seen for the model."®”
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Figure 1.30. The most active platinum(IV)-artesunate complex synthesized by Chuyi Yu et

)12CH3

al. exhibited in vivo antimalarial activity against the P. berghei ANKA model."®”

The pharmaceutical properties of acyl thioureas are briefly discussed next, as it is an important

scaffold used herein and in the work that has influenced this thesis.
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1.6. The pharmaceutical application of acyl-thioureas

Thioureas have gained recognition for their potential medicinal application, showing
antifungal,’®® antibacterial,’®® antioxidant,'’® and anti-epileptic properties.}’* The thiourea
moiety has also been used to treat co-infections such as human immunodeficiency virus (HIV)
and tuberculosis (TB),'”2 among other medicinal applications.'”® To this end, Zahra et al.
published a recent review article highlighting the pharmaceutical properties of several acyl-
thiourea compounds.*’ This article brings to light the extensive investigation of thioureas in
cancer research and the scarcity in the investigation of this scaffold as an antiplasmodium
agent.

However, Verlinden et al.l’”® reported on a series of alkylated (bis)urea and (bis)thiourea
polyamine analogs that exhibit in vitro antiplasmodium activity against both drug-resistant (W2
and HB3) and drug-sensitive (3D7) strains of P. falciparum. In another study, Pingaew et al.1"®
reported the bis-thiourea compound shown in Figure 1.31 that exhibited antiplasmodium

activity against the Pf-K1 strain with an ICso value in the low micromolar range (1.92 uyM).

S NH HN S
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Figure 1.31. The bis-thiourea compound was synthesized by Pingaew et al. and evaluated

3

for in vitro antiplasmodium activity.'’®

Additionally, Bissati et al. synthesized a series of oligoamine thioureas shown in Figure 1.32
which exhibited whole-cell potency against the P-3D7 and Pf-Dd2 strains of malaria.'”” Most
of these analogs had nanomolar potency with ICso values between 150 nM and 650 nM. It was
hypothesized that these compounds exert their potency via the inhibition of P. falciparum
spermidine synthase.'” Spermidine is a polyamine that is involved in several cellular

processes and is essential for cell proliferation and differentiation in the parasite.'”
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Figure 1.32. The general structure of the oligoamines synthesized by Bisatti et al. with

antiplasmodium activity in the nanomolar range.*”’

Finally, the above summary of some of the metal complexes and ligands developed and
studied for their antiplasmodium activity highlights the advantages of metal complexes in
medicinal chemistry. Some of the complexes were found to be more potent against drug-
resistant strains of Plasmodium with dual-stage activity and elicit their potency via novel MoAs.
These data therefore show the scope and potential of metal complexes for development as

antimalarials.

1.7.  Prior research and motivation

As seen from the above examples, platinum complexes with antiplasmodium activity are often
derived from known pharmacophore scaffolds. However, Egan and coworkers synthesized a
series of 2,2'-bipyridine and 1,10-phenanthroline platinum(ll) complexes,'” in which the
ligands exhibited no whole-cell potency. The design of the Egan et al. series was influenced
by previous work conducted by Koch et al. who synthesized the series of platinum(ll)
complexes shown in Figure 1.33."8 Koch and coworkers found that these acyl-thiourea-
containing platinum(ll) complexes were able to undergo concentration-dependent self-
association in acetonitrile. It was proposed that the self-association occurred through T-11

stacking interactions between dimers.'®
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Figure 1.33. The series of 2,2-bipyridine and 1,10-phenanthroline platinum(ll) complexes

synthesized by Koch et al. to investigate their self-association properties in solution. '8

From here, Egan and coworkers hypothesized that the self-stacking capacity of the planar
platinum complexes was similar to that of porphyrins. Thus, it was suggested that the
complexes could associate with the heme porphyrin, Fe(lll)PPIX, to inhibit the formation of B-
hematin. The group then synthesized a similar series of platinum(ll) complexes to the Koch
study as shown in Figure 1.34 and evaluated their whole-cell potency and capacity to inhibit

B-hematin formation.'"®
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Figure 1.34. The series of mixed-ligand platinum(ll) complexes that were synthesized by
Egan and coworkers to evaluate their whole-cell potency against the malaria parasite and

their capacity to inhibit the formation of B-hematin.'”®

As seen by the comparison of Figures 1.33 and 1.34, the bipyridine ligand substitutions in the
two studies were identical, but the substitutions on the phenanthroline ligand differed.
Additionally, the side chains in the two studies were also different as the Koch complexes had
a dibutylamine chain on the acyl-thiourea ligand whereas the Egan complexes contained a
diethanolamine chain. The Koch complexes also had hexafluorophosphate counterions

compared to chloro counterions used in the Egan study.

Complexes C24.a to C26 were evaluated for their in vitro antiplasmodium activity against the
CQS (D10) and CQR (K1) strains of P. falciparum with their ICso values listed in Table 1.1.17°
Egan et al. found that within their series of complexes, C24.c was the most active with a 4,4’-
di-tert-butyl substituent on the bipyridine moiety."”® However complex C24.c exhibited weak
inhibition of B-hematin formation in their infrared (IR)-based assay and the MoA of the most
active complex has since been unknown. It should be noted that the IR-based method relies
on the detection of the sharp BH bands at 1660 and 1207 cm™ in the IR spectrum when an
inhibitor is not present (Figure 1.35). The results are represented as “+” (BH formation

inhibitor) or “-” (not a BH formation inhibitor).'8!
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Table 1.1. The ICso values obtained in the Egan study where there were four independent
repeats and two technical repeats (N, n = 4, 2). The inhibition of B-hematin formation activity

of the complexes is also indicated.

Complex Pf-D10-ICs5 (nM) Pf-K1-1C5, (nM) Inhibition of
B-hematin formation

C24.a 336 £ 76 295 + 56 +
C24.b 295 + 42 824 + 102 -
C24.c 141 + 29 119 + 33 -
C25.a 282 + 45 488 + 130 +
C25.b 308 + 64 557 + 89 +
C25.c 602 + 44 706 £ 95 +
C25.d 594 + 93 666 + 79 +
C25.e 2927 £ 736 1925 + 309 +

C26 1958 + 85 2378 £ 513 -

+: good inhibition activity, -: weak inhibition

No drug
100 3 T
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b. 1.0 M HCI + 12.9 M acetic acid ™
80 + \
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2.
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20 + f
c. 60 °C, 30 minutes 16601 12074
o +
c
a. Hemin + 0.1 M NaOH
b. Add drug, such as chloroquine 80 T
c. 1.0 M HCI + 12.9 M acetic acid
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e. Filter + wash with H,0 * *
" f. Dry at 37 °C for 48 hours 20 + 13
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2000 1600 1200

Wavenumber (cm)

Figure 1.35. The summarized protocol for the infrared-based method of detecting B-hematin
inhibition. The top panel illustrates the method for when no drug is added and the obtained
infrared spectrum in which the bands at 1660 cm™ and 1207 cm™ for BH are observed. The

bottom panel illustrates the instance in which CQ (a known inhibitor) is added and the bands

corresponding to BH cannot be seen.
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The disadvantages of the infrared (IR)-based assay are that it is qualitative, as BH cannot be
quantified, and it requires a long drying period of 48 hours before obtaining the IR spectrum.'8?
Additionally, another disadvantage to this method is the possible overlap of the functional
group stretching bands of the tested compound with that of BH in the IR spectrum. This
increases the susceptibility of the assay to produce false negative and positive results. Thus,
Ncokazi and Egan developed a more robust method to identify B-hematin formation inhibitors
that makes use of the ferrihemochrome method.'®? In this method, pyridine is added after
incubation to a mixture of the test compound with hemin, NaOH, and sodium acetate. Pyridine
then selectively binds to free hematin that has not formed BH. To identify whether a compound
is indeed an inhibitor of B-hematin formation or not, the resulting heme pyridine, which is
orange in color is spectroscopically quantified at 405 nm. However, since it was suggested
that hemozoin formation is mediated through neutral lipids,'® Carter et al.?® developed an HTS
assay that combines the use of lipid-mediated B-hematin formation, and the colorimetric
detection described in the Ncokazi method above.?® This is known as the NP-40 (Nonidet P-
40) detergent-mediated assay and is considered more reliable than the formerly used infrared-
based assay. For this assay, the detergent, NP-40 is used to mimic the lipid-water interface
at which hemozoin is synthesized in vivo.?® The NP-40 therefore promotes heme stacking and
BH formation.® The assay conditions further mimic physiological conditions as compounds are
incubated at 37 °C in pH ~4.9, making this method a robust way of screening for potential
inhibitors of hemozoin formation. This has been demonstrated for the well-known clinical

drugs, CQ and amodiaquine.®

1.8. Techniques for deconvolution of mechanisms of action and resistance

In addition to the NP-40 detergent-mediated BH inhibition assay described above, several
other techniques have been developed to identify the possible MoA(s) and MoR(s) of
experimental antiplasmodium compounds. A brief background to two of these assays, relevant

for this thesis, is provided in the following sections.

1.8.1. Cellular heme fractionation assay

Identified BH inhibitors from the extracellular H inhibition assay can be validated as bone fide
hemozoin inhibitors in a cellular heme fractionation assay. This assay evaluates potential
inhibition of hemozoin formation within the parasite using the method developed by Combrinck
et al.!* This whole-cell assay differs from the BH inhibition assay in that it quantifies the amount

of three heme species (hemoglobin, free heme, and hemozoin) within the parasite after
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incubation with the test compounds. However, the quantification technique is similar to that
described for the BH inhibition assay above (the so-called hemochrome method) as its
underlying principle is the binding of pyridine to unsequestered heme. The assay is conducted
over four days and involves several steps as summarized in Figure 1.36.

The assay begins with treating synchronous rings of Pf with the test compound at
concentrations below and above its ICso value to elicit a dose-dependent effect. The cells are
incubated for 24 to 39 hours, allowing the surviving parasites to progress to trophozoites after
which they are harvested using saponin lysis. On day 3, the number of surviving parasites is
counted using flow cytometry from which the concentration of heme iron in heme, hemoglobin,
and hemozoin are quantified. On day 4, the three heme species are extracted from the
trophozoites during a fractionation process that isolates each species via the stepwise addition
of several buffers and reagents. Pyridine is added as part of the fractionation step and the
absorbance of the pyridine-heme complex is measured on a multi-well plate reader. The
absorbance maxima are used to calculate the percentage of each heme species in the wells.
Due to its lengthy protocol and the limitation of testing only one compound per 24-well plate,
the assay is not considered to be high throughput and usually only a subset of compounds

are prioritized for this assay.
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Figure 1.36. Schematic representation of the heme fractionation assay. Reproduced from

Combrinck et al.18

In the study by Combrinck et al., the above-described cellular heme fractionation assay was
validated using the known inhibitors of hemozoin formation, CQ and amodiaquine.'®
Additionally, this method has been used to validate the inhibition of hemozoin formation as a
MoA of other series including benzimidazoles,'® ferroquine-derived polyamines,'® a 3-
trifluoromethyl-1,2,4-oxadiazole analog,*®” and tetrazole-based compounds,*® to name a few.
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1.8.2. Resistance selection
The emergence of drug resistance is a common natural and clinical phenomenon that occurs

for most anti-infective agents. It is defined as the reduced susceptibility of the specific
organism to the test compound, often caused by a genetic mutation.'® With the development
of a reliable continuous cell culture method by Trager and Jensen,'® measuring drug
resistance in vitro became possible under laboratory conditions, as was described by Nguyen-
Dinh and Trager for CQ using the petri-dish method (Figure 1.37)."%' Resistance selections,
coupled with genetic approaches, are beneficial as they can identify the resistance mechanism
of a compound in vitro. Furthermore, they can also be used as a tool to identify the MoR of a

compound, which is often related to the MoA

constant drug
. pressure parasitemia below
parasite (~ICq0) detection limit recrudescence MIR
inoculum -
9
2 é ICso
fold
108 @ 108 increase
108

Day 0 Day 60

Figure 1.37. Standard protocol for in vitro resistance selection using various inoculum sizes
in a petri dish. The minimal inoculum for resistance (MIR) represents the frequency of
resistance and the ICs fold increase indicates the extent of resistance. Republished from

Ding et al.'® under the Creative Commons Attribution 2.0 Generic.

During a resistance selection, parasites are cultured under sub-lethal concentrations of the
test compound for a prolonged period, eliminating all sensitive parasites and allowing for the
possible selection of resistant mutants. Additionally, parasites of varying inoculum sizes (10°
to 10°) can be cultured under drug pressure to determine the minimum inoculum for resistance
(MIR) which ultimately identifies the frequency of resistance.'® To optimize the chances of
selecting for a resistant mutant, in vitro drug-resistant selections can be conducted either as

a single step, stepwise, or using a pulse method.'? The resistant selection process produces
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a bulk culture of polyclonal cells; therefore, to isolate monoclonal populations, the bulk culture
is cloned by limiting dilution. This dilution is based on a Poisson distribution in which the bulk
culture is drastically diluted through serial dilution based on a statistical distribution of the cells
in a suspension.'? The diluted suspension is spread over a 96-well plate such that no more
than half of the wells contain an individual parasite at the time of setup. Lastly, the gDNA of
each clone and the parent strain (typically P-Dd2) is extracted from harvested trophozoites

and whole-genome sequencing (WGS) is carried out.

As mentioned previously, the combined use of resistance selection and WGS can be a tool for
identifying the target of a compound.'®* This is shown in a study conducted by Gilson et al. in
which a series of 4-cyano-3-methylisoquinoline compounds were synthesized with
antiplasmodium activity.'®> Selections using their most active compound and WGS of the
isolated clones identified a single-point S374R mutation in the sodium efflux transporter gene,
Plasmodium falciparum P-type ATPase 4 (pfatp4). This mutation was common to all clones
and was identified as the target of the selection drug using additional target validation assays.
In another study, Sonoiki et al. used resistance selections to identify Plasmodium falciparum
cleavage and polyadenylation specificity factor subunit 3 (PfCPSF3, which plays a role in

endonuclease activity) as the target of one of their synthesized benzoxaborole compounds. '

1.9. Thesis rationale

The ongoing challenges of malaria on the global health system calls for a significant shift in
research efforts. Many existing antimalarial compounds have single-stage activity and only act
against the ABS of the parasite life cycle. Despite the remarkable progress made in malaria
drug discovery over the years, a large portion of the research has focussed on organic
scaffolds with well-defined MoAs. This has left a critical gap in the field which can be filled by
metal complexes. The use of metals in antimalarial therapy has not only shown to improve the
whole-cell potency of known pharmacophores but also to present novel MoA with the ability to
withstand resistance (as highlighted in the discussion of FQ). As such, the rationale of this
thesis is to fill the gap between malaria drug discovery and inorganic chemistry to further
emphasize the advantages of metalloantimalarials. Furthermore, the work previously
conducted in the Egan group has presented an inorganic scaffold with proven whole-cell
potency against both the CQS and CQR strains of P. falciparum in which the compounds were
rationally designed, considering a well-defined target (hemozoin formation inhibition). Thus,
there is a need to expand on the previously synthesized metal-based chemical series towards

a deeper understanding of SARs and structure-property relationships (SPRs) of this scaffold.
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Additionally, their MoA can be further investigated using more advanced assays and

approaches compared to the prior work.

1.10. Aims and objectives

The overall aim of this thesis was to design and synthesize new chemical matter with potential
dual-stage antiplasmodium activity that can withstand resistance. Additionally, given the
previous study from the Egan group, the work in this thesis aimed to resynthesize the mixed-
ligand acyl-thiourea-bipyridine platinum(ll) complexes. This was done to reevaluate their
whole-cell potency and their capacity to inhibit f-hematin formation using the detergent-based
assay. From here, several chemical modifications were made to further evaluate their SARs
and SPRs to identify the most potent compounds with favorable drug-like properties. The MoA
and MoR of these complexes were probed through several extracellular and whole-cell

experiments, using phenotypic and genomic approaches.

1.10.1. Specific objectives
To accomplish the aims mentioned in Section 1.10.1, the specific objectives of this work were:

1. To resynthesize the three substituted bipyridine complexes from the Egan study and
reevaluate their whole-cell potency and capacity to inhibit B-hematin formation.

2. To rationally design compounds based on structural modifications to enhance whole-
cell potency and drug-like properties.

3. To synthesize a fluorescent probe of the mixed-ligand platinum(ll) complexes to
investigate its intracellular localization.
To determine the SAR and SPR profiles of the chemical series.
To probe the MoA of the complexes using a cellular heme fractionation assay to
determine if they inhibit hemozoin formation within the P. falciparum parasite.

6. To analyze the ability of selected complexes to accumulate within the parasitic
digestive vacuole via inoculum effect experiments.

7. To evaluate the photophysical properties of the fluorescent probe and its cellular
localization using fluorescent microscopy studies.

8. To determine the electrochemical properties of the complexes and identify if they
correlate to a possible MoA via oxidative stress.

9. To investigate the MoR of selected complexes using resistance selections and whole-

genome sequencing of mutants.
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Chapter 2: Design, Synthesis, and
Characterization of Mixed-ligand
Platinum(ll) and Gold(lll) Complexes

2.1. Introduction

This chapter describes the design, chemical synthesis, and characterization of the mixed-
ligand platinum(ll) and gold(lll) complexes and their precursors. The synthesis started with
previously reported complexes,’” as described in Section 1.7 and, from there, chemical
modifications were explored based on the Craig plot to rationally design a series of compounds
that allowed for subsequent evaluation of structure-activity relationships (SARs) and structure-
property relationships (SPRs) arising from six sites of chemical modification. Certain
mechanistic details of many reported synthetic reactions are well-known and have been
referenced in this thesis. Selected compounds have been chosen as representatives for
characterization and their '"H-NMR spectra and HPLC-MS chromatograms are annotated

herein.

2.2. Design

Since the primary design of the metal complexes synthesized herein stems from those
previously reported.,'”® changes to six chemical regions on the original scaffold were explored

and are numbered accordingly in Figure 2.1.

The substituent in the 4,4-position on the bipyridine ligand was varied (1), a substituent was
added in the para-position of the acyl thiourea ligand (2), the position of the substituent on the
bipyridine was changed from a position of 4,4’-dimethyl to 5,5- and 6,6’-dimethyl (3), the
chloride counterion was exchanged for nitrate and hexafluorophosphate (4), replacement of
diethanolamine chain with N-amino-ethyl-ethanolamine (5) and, lastly, the platinum(ll) metal
center was changed to gold(lll) (6). Several other metal centers have been employed in the
development of metalloantimalarials'®’ but, to keep the geometry around the metal center
constant (square planar), a gold(lll) replacement was chosen for this section of work. Gold
has often been used as a therapeutic agent in other disease areas such as arthritis therapy,*®
cancer,'® and malaria.?®® Furthermore, only one structural modification was conducted per

numbered change to the chemical space, e.g. the 4,4’-di-tert-butyl remained constant for
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change-2 and change-3 and the para-H constant for change-4. This was done so that the

SARs and SPRs could be more accurately evaluated by referring to matched pairs.

1. Substituent varied in 4,4-position
tert-butyl, Me, H, MeO, OH, NH,, CI,
CF3;, CONMe, COOMe
R1 R1 X-
4. Counterion exchange

; from CI" to PFg"and NO5”

7 \\_2/ \

— -/5

N\ /N 6 3. Change position of

6. Change metal Me substituent to 5,5-
center to Au(III)

and 6,6-position

@)\/’\/\/OH

2. Substituent added to
phenyl ring:
H, Me, MeO, CI

Figure 2.1. The six chemical modifications used to explore the SARs and SPRs of this

series of metal complexes.

The Rand R? substituents (Figure 2.1) were selected from the four quadrants of the Craig
plot (Figure 2.2). Two or more substituents per quadrant were prioritized to produce a
chemical series that had sufficiently contrasting electronic and hydrophobic properties to span
a range of potential physiochemical and biological properties. The Craig plot describes two
physiochemical properties of a substituent, viz. the Hammett o constant (electron-donating
properties) and the Hansch—Fujita m parameter (hydrophobicity).?’" Silver nitrate and
potassium hexafluorophosphate were selected for the counterion exchanges based on
reagent availability and ease of synthesis. For chemical maodification 3 (substitution on
bipyridine), the methyl substituent was selected owing to the commercial availability of the

necessary synthetic starting materials to evaluate the regio-specific biological activity.
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Figure 2.2. An illustration of a Craig plot?°? with the substituents used for the SAR studies in
this work highlighted in green. A Craig plot allows for the visualization, analysis, and

bioisosteric selection of substituents for drug design.2°2
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2.3. Chemistry

The synthetic procedures for complexes 4a-4k and their precursors follow methods reported

in the literature and were adapted for the different analogs accordingly.”

2.3.1. Synthesis and characterization of thiourea ligands

For the synthesis of the acyl-thiourea ligands la-1d, the respective benzoyl isothiocyanate
was reacted with diethanolamine, resulting in the formation of compounds la-1d with high
yields (Scheme 2.1). The chemical structures of the ligands 1a-1d were confirmed using *H-
NMR spectroscopy (Figure 2.3) and HPLC-MS ESI. Compound 1d was used without further
purification in the subsequent reaction.

0}
(0] H Anhydrous DCM, argon,
—~= 0-20°C,4-20h NH
/@XN—C-S * HO/\/N\/\OH L 2 SJ\N/\/OH
R

OH
R2=H (1a, 83%), Me (1b, 75%),
MeO (1c, 76%), Cl (1d, 92%*)

RZ

Scheme 2.1. Synthesis of acyl-thiourea ligands (compounds 1a-1d) with varying R?
substituents in the para position of the phenyl ring. Compound 1d was isolated as a crude
product (*) with a 92% yield and was taken forward to subsequent reactions without further

purification.
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The *H-NMR spectra of compounds 1a-1c are consistent with the proposed structures in which
all proton signals display the expected integration and multiplicities, as shown in Figure 2.3.
The alkyl chain of compounds 1a-1c gives rise to two sets of resonances due to the restricted
rotation around the amine/thiocarbonyl bond. The proton signals of H-3,3" and H-4,4’ in
compound la appear as a doublet and triplet at 7.9 ppm and 7.5 ppm, respectively, and the
proton resonance of H-5 appears at 7.6 ppm. The increased electron density from the methyl
and methoxy substituents in compounds 1b and 1c, respectively, gives rise to aromatic proton
resonances that are further upfield compared to those in compound 1a. Furthermore, the CHs
proton resonances of 1c (2.4 ppm) are more upfield than that of 1b (3.8 ppm) due to the

increased electron-donating ability of the methoxy relative to the methyl substituent.
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Figure 2.3. Stacked *H-NMR spectra of the acyl-thiourea ligands 1a-1c in methanol-da,
showing the proton chemical shifts in the different para-substituted analogs. The chemical
shifts (in ppm) and peak multiplicities are displayed in blue, the integration values in black,

and the proton assignments are displayed in red.
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2.3.2. 4,4'-R'-2,2'-bipyridine

Substituted bipyridine analogs from the top left side of the Craig plot (electron-withdrawing,
more lipophilic substituents) were also included in the series of synthesized compounds via
[2,2'-bipyridine]-4,4'-dicarboxylic acid in a condensation reaction, giving rise to compounds
N* N*-dimethyl-[2,2'-bipyridine]-4,4'-dicarboxamide (2a) and dimethyl [2,2'-bipyridine]-4,4'-
dicarboxylate (2b).(Scheme 2.2.). Triethylamine (EtsN) was used as the base in combination
with hexafluorophosphate azabenzotriazole tetramethyl uronium (HATU) as the coupling
reagent. Compound 2a was synthesized in the aprotic solvent dimethyl formamide (DMF),
whereas compound 2b was synthesized using methanol (MeOH) as the solvent and alcohol
source for esterification.

\ \ /
OH HO, ) . NH HN o) o
o o 2a: DMF, Et3N, HATU, 27 °C, 2 h ~ 0o o o o
- - 2b: MeOH, EtzN, HATU, 50 °C, 24 h - - - -
/ \Y Y \ /) \Y
\ N N 4 \ NERY / or N\ NERY /
2a 2b
90% 84%

Scheme 2.2. Synthetic method for the methyl amide (2a) and methyl ester (2b).
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The *H-NMR spectra of compounds 2a and 2b (Figure 2.4) both show a doublet, a doublet of
doublets (H-a,a’ and H-b,b’) and a singlet (H-d,d’) in the aromatic region, each integrating for
two protons. The methyl proton signals appear at 2.85 ppm and 3.30 ppm (overlapping with
the water peak) for the methyl amide (2a) and ester (2b), respectively, both integrating for six
protons as expected. Additionally, the H-NMR spectrum of 2a has a doublet at 8.9 ppm,
integrating for the two amide protons of the compound on each pyridyl ring, confirming
successful amide coupling.

a,a' dd
Y \NH HN/
NH
(d) (o] (o]
8.9 CHs c d d_¢
(@) (dd) . @ bl e
8.9 7.8 , a4 2.8 °N 7N P
a,a By N N—%
S
= /\/L 2a
DMSO-ds
: 8.93 891 8.89 8.87 8.85 883 88l 879 8.77
” b,b f1 (ppm)
Nl .\ L
T SN J
(s) (o) 0
8.9 C_de,ed —
(d) (dd) (s) N 7\ b
8.9 7.9 3.3 N N5
CHs, H,0 2b
Jl bb
oo o
AN N
100 96 92 88 84 80 7.6 72 68 64 60 56 52 48 44 40 36 32 28 24 20 16 12 08 O.
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Figure 2.4. Stacked *H-NMR spectra of compounds 2a (top) and 2b (bottom) obtained in
DMSO-ds show the aromatic protons of the two compounds in similar chemical
environments as their chemical shifts are comparable. The methyl protons appear more
downfield for compound 2b, owing to the bonding of its carbon to the more electronegative
oxygen, compared to nitrogen in 2a, which results in a deshielding effect on the attached
protons. The chemical shifts (in ppm) and peak multiplicities are displayed in blue, the

integration values in black, and the proton assignments are displayed in red.
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2.3.3. [PtCl;(diimine)] complexes

The [PtClx(diimine)] precursor complexes (3a - 3j) were synthesized according to the method
described by Morgan et al.2°® which involves the addition of the relevant bipyridine to a solution
of potassium tetrachloroplatinate in either acidified distilled water or neutral distilled water at
95 °C. The addition of 4 M HCl reduces the aquation of the [PtCl,] species, improving the yield
of the complex formed. Where R! = NH, and COOMe, HCI was omitted due to the likely
protonation of NH> and hydrolysis of COOMe under acidic conditions, respectively. The
[PtCl>(diimine)] complexes were isolated as yellow or brown solids in moderate to high yields
(Scheme 2.3). The poor solubility of complex 3c in the available deuterated-NMR solvents
(dimethyl sulfoxide-ds, methanol-da, chloroform-d., acetone-ds, and acetonitrile-ds) prevented
its complete characterization using NMR spectroscopy, but the compound was progressed to
the next synthetic step. The crude products of complexes 3f and 3j were taken forward into
the next synthetic step without further purification. Complex 3a is used as a representative for

the 'H-NMR spectral analysis discussion of these precursor complexes (Figure 2.5.).

R1

— —\ R
RlY— —R'  Distilled H,O, 4 M HCI/ H,O X > < P
N 7 ’ ’ S 72—\ 7
K,PtCl, + <\ 77—\ /> > \ N N %
N N 95°C, 2-18 h \Pt/
CI/ \CI

R'= 4,4 -di-tert-butyl (3a, 47%), -Me (3b.1, 63%), -H (3¢, 92%), -MeO (3d, 84%), -OH (3e, 89%),
-NH, (3f, 53%*), -Cl (39, 88%), -CF3 (3h, 56%), -CONHMe (3i, 75%), -COOMe (3j, 66%*),

5,5'-dimethyl (3b.2, 64%) or 6,6'-dimethyl (3b.3, 41%)

Scheme 2.3. Synthetic scheme for the [PtCly(diimine)] complexes. The asterisk represents

compounds isolated as crude products.
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In the *H-NMR spectrum of 3a, platinum satellites are seen next to the proton signal of H-a,a’,
as indicated by the arrows in Figure 2.5. %Pt is NMR-active, caused by the spinning of its
charged nucleus around an axis that generates a dipole moment that can be recorded by an
NMR spectrometer. These satellites are not a result of proton-proton coupling but rather
appear due to the coupling of H-a and H-a’ to platinum. However, these satellites are not
always visible and are not apparent in the spectra of the remaining [PtCl>(diimine)] precursor
complexes (compounds 3b - 3j), some of which are shown in Figure 2.6. In the *H-NMR
spectrum of 3a, two doublets corresponding to H-a,a’ and H-d,d’ are seen at 9.5 ppm and 7.9
ppm, respectively. A doublet of doublets is seen at 7.6 ppm corresponding to H-b,b’ as they
couple to H-a,a’ and H-d,d’ with coupling constants J = 6.0 Hz and 3.0 Hz, respectively. Each
of these aromatic signals integrates for the expected two protons. There is an intense singlet

in the aliphatic region at 1.4 ppm, integrating for the eighteen CHs protons.

Dichloromethane-d» 3
"9.65 9.60 9.55 9.50 9.45 9.40 9.35 9.30
- o) (dd) (CHa)s,
7.6 (CHa)'
(d) (d) (s)
9.5 7.9 14
d,d'
a,a' :
b,b
J Pt satellites i
[ ' " =%
© N ™ 2]
100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05

1 (ppm)
Figure 2.5.*H-NMR spectrum of the [PtCl,(diimine)] compound 3a in dichloromethane-d,
shows platinum satellites next to H-a,a’. The chemical shifts (in ppm) and peak multiplicities
are displayed in blue, the integration values in black, and the proton assignments are

displayed in red.
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The 'H-NMR spectra of the remaining 4,4-di-substituted [PtClx(diimine)] precursor complexes
are shown in Figure 2.6. The [PtClx(diimine)] complexes with the more electron-withdrawing
substituents have more deshielded proton signals than the analog containing the electron-
donating OH substituent (3e). For all the [PtClx(diimine)] precursor complexes, each proton
signal integrates for the two chemically equivalent protons on each pyridyl ring. In the *H-NMR
spectrum of compound 3j, the proton signals of unreacted precursor compound 2b are
indicated with an asterisk. Compound 3] was therefore used as a crude mixture for the

subsequent reaction to synthesize compound 4j where impurities were removed using column

chromatography.
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Figure 2.6. Stacked *H-NMR spectra of the [PtClx(diimine)] compounds in DMSO-ds showing
the variation in the chemical shifts of analogs containing different substituents in the 4,4’-
position of bipyridine. The asterisk indicates signals belonging to impurities from the ligand
2b. The chemical shifts (in ppm) and peak multiplicities are displayed in blue, the integration

values in black, and the proton assignments are displayed in red.
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General spectroscopic analysis of metal complexes compared to their parent ligand shows
that the resonance of protons on the carbon adjacent to the nitrogen undergo upfield shifts
upon complexation. This is caused by a synergic effect which results in electrons from a filled
m-orbital on the ligand being donated to an empty metal orbital. Subsequently, electrons from
a filled d-orbital on the metal center are synergistically back-donated to an empty 1*-
antibonding orbital on the ligand.?®* This back-donation shields the surrounding aromatic
protons, resulting in an upfield shift of their proton resonances. However, upon complexation
of the 4,4'-di-substituted-2,2'-dipyridyls to the platinum metal center, all the aromatic protons
shift downfield as represented in Figure 2.7 by the dichloro analog, 3g. This downfield shift is
due to the electron-deficient metal center, likely caused by the inductive electron-withdrawing
effect from the platinum-bound chloride ancillary ligands. The chloride ligands attract electrons
more strongly than the pyridyl nitrogen atoms, deshielding the bipyridine protons and resulting

in a downfield shift of their proton resonances.
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Figure 2.7. Stacked *H-NMR spectra of compound 3g (top) and commercially purchased
4,4’-dichloro-2,2’-bipyridyldichloroplatinum(ll) (bottom) in DMSO-ds, showing the downfield
shifts of the aromatic protons upon complexation of the bipyridine to the platinum(ll) center.

The chemical shifts (in ppm) and peak multiplicities are displayed in blue, the integration

values in black, and the proton assignments are displayed in red.
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When the position of the disubstituted methyl substituents was changed from the 4,4’- to the
5,5’-positions, there were no significant shifts in the proton resonances of H-a,a’ and H-d,d’
(Figure 2.8). However, moving the methyl to the 6,6’-position shifted the aromatic proton
resonances upfield. This is likely caused by the methyl substituents being proximally closer to
the platinum center in the 6,6’-position. Consequently, the electron-donating nature of the
closer methyl substituent causes more backdonation and subsequently more shielding to the
surrounding protons. The proton chemical shifts of the methyl group show a negligible shift

across all three analogs and are observed next to the DMSO-ds solvent peak at 2.6 ppm.
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Figure 2.8. Stacked *H-NMR spectra of the methyl [PtCl,(diimine)] compounds 3b.1, 3b.2,
and 3b.3, showing that moving the methyl groups to the 6,6’-position causes an upfield shift
in the aromatic proton resonances. The CHs protons show a negligible difference in chemical
shifts across all three analogs with its signal residing to the left of the DMSO-ds solvent
signal at 2.6 ppm. The chemical shifts (in ppm) and peak multiplicities are displayed in blue,

the integration values in black, and the proton assignments are displayed in red.
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2.3.4. [Pt(diimine)(L-O,S)]" complexes

The [Pt(diimine)(L-O,S)]* complexes 4a-4j were synthesized using methods previously
described for analogs 4a-4c.'”® The reaction proceeds with the dropwise addition of the
relevant acyl-thiourea and EtsN in either DMF, acetone, or MeCN to a suspension of the
respective PtCly(diimine)] complex in the same solvents (Scheme 2.4, A). According to the
hard and soft acids and base (HSAB) theory, platinum(ll) is a soft acid and first reacts with the
‘softer’ sulfur before binding to the ‘harder’ oxygen atom upon deprotonation of the amine
nitrogen (Scheme 2.4, B). Complexes 4a-4j were isolated as yellow or brown solids in low to
high yields.
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Scheme 2.4. A: Synthetic scheme for [Pt(diimine)(L-O,S)]* complexes, showing three of the

six chemical modifications. B: Reaction mechanism highlighting the HSAB theory, in which

the soft platinum(ll) binds to the softer sulfur atom first before the harder oxygen atom.
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Spectroscopic analyses of complexes 4a - 4j show all proton signals from both the bipyridine
and acyl-thiourea moiety present with the correct integrations and multiplicities (Chapter 7,
Section 7.2.3.4). Due to similar shifts being observed in the proton resonances of all the
complexes, 4d was selected for the characterization discussion of these [Pt(diimine)(L-O,S)]*
complexes. The *H-NMR and **C-NMR spectra of 4d (Figures 2.9 and 2.10) are presented
as representatives for this discussion. Upon complexation of the acyl-thiourea ligand (1a) to
the precursor complex (3d), the bipyridine aromatic proton signals (H-a,d,b) split into two sets
(not observed in the precursor complexes (3a - 3l). This arises due to the loss of symmetry
upon complexation, caused by the asymmetric acyl-thiourea moiety. Two triplets are seen at
5.2 ppm and 5.1 ppm, respectively, each integrating for one hydroxyl proton of the
ethanolamine chain (Figure 2.9). These triplets are not seen in the 'H-NMR spectra of the
complexes obtained in methanol-ds (49, 4h, and 4a.2) as these protons are exchangeable
(Section 7.2.3.4).
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Figure 2.9. Stacked *H-NMR spectra of compounds 1a (middle), 3d (top), and complex 4d
(bottom) in DMSO-ds, showing the change in chemical shift upon complexation. The
chemical shifts (in ppm) and peak multiplicities are displayed in blue, the integration values

in black, and the proton assignments are displayed in red.
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Furthermore, analysis of the C-NMR spectrum of 4d (Figure 2.10) shows signals
corresponding to the expected 24 carbon atoms, further confirming the presence of the
suggested complex. Additionally, HPLC-MS analysis confirmed the presence of the parent ion
with [M-CI]* with a m/z 678.1 and a calculated value of 678.65.
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Figure 2.10.2*C-NMR spectrum of complex 4d in DMSO-ds shows all the signals for the 24
expected carbon atoms. The chemical shifts are shown in black on top of the spectrum and

carbon atom assignments in red.
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In the *H-NMR spectra of complexes 4b.1 (2D-COSY NMR spectrum shown in Figure 2.11),
4d (Figure 2.10), 4a.3 (not shown), and 4b.2 (not shown) the proton signals for H-7,7’ appears
as an intense “singlet”, integrating for four protons as opposed to the expected triplet seen for
the other complexes. This likely occurs because the proton resonances of these two sets of
protons are indistinguishable at this resolution and cause an increase in intensity at 3.92 ppm.
A representative 2D-COSY NMR spectrum of 4b.1 was obtained and is shown in Figure 2.11.
The 2D-COSY NMR spectrum of 4b.1 attests to its structural integrity and confirms the correct

assignment of protons H-7,7’, as seen by the cross-peaks from H-7,7’ to H-8 and H-8'.
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Figure 2.11.2D-COSY NMR spectrum of complex 4b.1 shows the cross-peaks between
protons H-8,8 and H-7,7’ (shown by the blue arrows), demonstrating that protons H-7 and
H-7’ have been correctly assigned to the intense “singlet” at 3.92 ppm. The circles represent
regions of the spectrum containing no signals that were cut. The proton assignments are

shown in red.
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Complex 4j (R* = COOMe) was poorly soluble in the available deuterated solvents, viz.
dimethyl sulfoxide-ds, methanol-d4, acetone-ds, acetonitrile-ds, chloroform-d2, deuterium oxide
and a mixture of acetonitrile-ds/deuterium oxide (1:1, v/v). Consequently, a comprehensive H-
NMR spectrum of annotatable resolution could not be obtained. The synthesis of 4j could,
therefore, only be supported using HPLC-MS which shows a peak with a retention time of 2.4
minutes and a m/z of 734.1 corresponding to [M-CI]* (Figure 2.12).
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Figure 2.12 Chromatogram (top) and mass spectrum (right) of complex 4j, showing that the

mass of complex 4j matches its calculated m/z of 734.6 in the positive ionization mode.

2.3.5. Counterion exchange

To improve a drug's solubility, stability, and overall pharmaceutical properties, a salt form of
the drug/compound is often produced rather than the free base.? In this study, the series of
complexes were synthesized as salts, presenting the opportunity to evaluate the biological
effect of different counterions. The chloride counterion used as the standard for all the
complexes was exchanged for different anions in a selected complex using simple salt
metathesis reactions. The effects of this change on the pharmacological properties were
evaluated. Although several salts are commercially available, NHsPFs and AgNO; were
selected due to their variability in both size and hydrophobicity (Scheme 2.5). Complex 4a.1
was reacted with either ammonium hexafluorophosphate (NH4PFs) or silver nitrate (AgNO3) in

a mixture of DCM:MeOH (1:1) or anhydrous MeOH, respectively. The resulting NH4Cl and
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AgCl salts were both insoluble in the organic solvents and precipitated out. These salts were

filtered on celite, resulting in the isolation of the desired products 4a.5 and 4a.6 in the filtrate.

N/
Pt

NH4PFg, DCM:EtOH (1:1), 25 °C, 2 h

+ -
PFg/ NO3
4a.5/ 4a.6

o

4a1 OH

Y g OH S
Lol J/ AgNOg;, anhydrous MeOH (1:1), 27 °C, 3 h LS /r
N HN N |)N

o
- S N\,

OH

Scheme 2.5. Synthetic scheme for the counterion exchanges between Cl and PFe¢ or NO3'.

In the stacked *H-NMR spectra (Figure 2.13) of complexes 4a.1, 4a.5 and 4a.6, small shifts

were observed for the aromatic protons compared to those seen for 4a.1 (Table 2.1.).

Although these shifts were not very pronounced, they did support the exchange between

counterions. Figure 2.13 also confirms that the correct integrations and multiplicities were

maintained across the analogs.

Table 2.1. *H-NMR chemical shifts between complexes with a CI- (4a.1), PFs (4a.5) and NO3

(4a.6) counterion.

Complex
Proton identity
a
d
d
2’
3,3

b’

4,4

4a.1 4a.5 4a.6
Chemical shift (ppm)
8.93 8.88 8.93
8.79 8.77 8.80
8.69 8.66 8.69
8.57 8.51 8.55
8.15 8.11 8.15
8.11 8.08 7.77
7.77 7.74 7.71
7.70 7.69 7.71
7.55 7.55 7.56
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Figure 2.13. Stacked *H-NMR spectra of complexes 4a.1 (top), 4a.5 (middle), and 4a.6
(bottom) in DMSO-ds, highlighting the aromatic chemical shifts that occurred due to the
counterion exchanges between chloride and hexafluorophosphate and nitrate. The chemical
shifts (in ppm) and peak multiplicities are displayed in blue, the integration values in black,

and the proton assignments are displayed in red.
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Additionally, a °F-NMR spectrum of 4a.5 was obtained (Figure 2.14) which further
demonstrates the successful exchange between CI and PFs". Fluorine and phosphorus are
both spin-active and all six fluorine atoms are equivalent. The doublet seen at -70.12 ppm is
due to the coupling of fluorine to the 3P nuclei.

~-69.17
~-71.06
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-125
f1 (ppm)

Figure 2.14.°F-NMR spectrum of complex 4a.5 shows that the CI- was successfully
exchanged for the PF¢ counterion. Chemical shifts (in ppm) and multiplicities are shown in

blue.
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The success of the counterion exchanges was further confirmed using attenuated total
reflection Fourier transform infrared (ATR-FTIR) spectroscopy. The IR spectra of complexes
4a.1, 4a.5, and 4a.6 are displayed in Figure 2.15 and the respective wavenumbers of the
functional groups are reported in Table 2.2. The OH stretching band appears at 3325 cm™ for
complex 4a.1 and shifts to higher wavenumbers of 3601 cm™ and 3392 cm™in the spectra of
complexes 4a.5 and 4a.6, respectively. The pyridyl C=N band shifts from 1614 cm™in 4a.1 to
1619 cm™ and 1621 cm™ in complexes 4a.5 and 4a.6, respectively. The aromatic C=C
stretching bands shift slightly from 1500 cm™, 1512 cm™ and 1482 cm™ in 4a.1 to 1494 cm™,
1496 cm™ and 1520 cm™ in both 4a.5 and 4a.6. These shifts in wavenumbers attest to the
successful exchange of counterions. The exchange from Cl to PFg is further suggested by
the presence of the PF¢ strong stretching band at 833 cm™ for 4a.5. The NOs stretching band
for 4a.6 appears at 1396 cm™ as a “shoulder” of the C-H bending band at 1408 cm™. This
“shoulder” on the band at 1396 cm™is only seen in the spectrum of complex 4a.6, whereas
the C-H bending bands of complexes 4a.1 and 4a.5 are identical in character (sharp and
strong). The correct assignment of the NOs'is further corroborated by reports in the literature

in which the IR vibrational band of NO3™ counterions are reported for metal complexes at 1383
Cm—1_206,207

Table 2.2. Reported IR wavenumbers (cm™?) of various functional groups of compounds 4a.1,

4a.5, and 4a.6 to confirm successful counterion exchange.

Functional group 4a.1 (x=CI") 4a.5 (x=PFs) 4a.6 (x=NO3)
Band wavenumber (cm)

OH 3325 3601 3392

N=C=0 2957 2960 2965

N=C=S 2866 2874 2872

C=N 1614 1619 1621

c=C 1500, 1512, 1482 1520, 1496, 1494 1520, 1496, 1494

C-H 1411 1411 1808

PFe - 833 -

NOs - - 1396
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Figure 2.15. Infrared spectra of complexes 4a.1, 4a.5, and 4a.6. Stretching region 1600-

3600 cm? (bottom) and stretching range 400-2000 cm™ (top). 4a.1 (x= CI), 4a.5 (x=PFs),
4a.6 (x=NO3).
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2.3.6. Synthesis of [Au(diimine)(L-O,S)]** analog

The use of complexation chemistry presents another advantageous opportunity to alter the
metal center and the oxidation state of the metal to evaluate SARs and SPRs. For the
consistency of changing only one chemical space at a time, 4,4’-di-tert-butyl-2,2’-bipyridine
was selected as the bipyridine ligand, and compound la as the acyl-thiourea ancillary ligand.
For this, potassium tetrachloroaurate(lll) was reacted with 4,4’-di-tert-butyl-2,2’bipyridine in
H,O:MeOH (1:1) with potassium hexafluorophosphate (compound 3k, Scheme 2.6) using a
reported method with minor modification.?°® For complex 4k, the reaction conditions used in
the synthesis of the platinum(ll) analog (4a.1) was first attempted with EtsN and KPFs in

acetone at 60 °C. However, these reaction conditions did not yield the desired complex.

Compound 3k was subsequently reacted with compound l1a in acetonitrile at 22 °C using
caesium carbonate as the base and potassium hexafluorophosphate as the counterion salt.
Unlike the platinum(ll) analogs, gold(lll) yields a charged [AuClx(diimine)]" species with one
hexafluorophosphate counterion. Additional potassium hexafluorophosphate is thus added in
the synthesis of 4k, to further stabilize the formation of the desired square planar
[Au(diimine)(L-O,S)]** complex.

2+
+ PFq 2PFg
. H,0: MeOH (1:1), Y= /= MeCN, CsC0s N\ /7
> > %
N\ 7\ 7 *+ K[AuClj] >\ 7\ j N
NN KPF,, 25°C, 18 h N, N KPFg, 25 °C, 18 h AN OH
Al L L J/
CI” Cli N7 N
3k
4k
* OH
Y
©)‘\N N/\/OH
"N
1a OH

Scheme 2.6. Synthetic scheme of precursor complexes 3k and the final gold(lIl) complex
4k.
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The *H-NMR spectrum of compound 3k (Figure 2.16) shows a downfield shift in all the proton
resonances due to the electron-poor gold metal center. Protons H-a,a’, H-d,d’ and H-b,b’
appear as two doublets and a doublet of doublets at 9.3 ppm, 8.9 ppm, and 8.1 ppm,
respectively, each integrating for two protons. The methyl protons appear as an intense singlet
at 1.5 ppm, integrating for 18 protons.
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Figure 2.16. Stacked 'H-NMR spectra of 4,4’-di-tert-butyl-2,2’bipyridine (top) and compound
3k (bottom) in DMSO-ds, showing the downfield shifts in the aromatic protons upon
complexation caused by the positively charged gold(lll) center. The chemical shifts (in ppm)
and peak multiplicities are displayed in blue, the integration values in black, and the proton

assignments are displayed in red.

The 'H-NMR spectrum of 4k (Figure 2.17) shows doublets for protons H-a,a’, H-d, and H-3,3’
at 8.74 ppm, 8.58 ppm and 8.05 ppm, respectively. Protons H-5 and H-4,4’ appear as triplets
at 7.56 ppm and 7.48 ppm, respectively, correlating to the expected integrations of one and
two protons. The signals for the eight aliphatic protons appear as four triplets between 4.14-
3.80 ppm, each integrating for the expected two protons. In the "H-NMR spectra of the
platinum analogs of this series, each “equivalent” pyridyl proton appears as two separate

signals, i.e. proton H-a appears as a separate signal from H-a’. However, in the 'H-NMR

70



Chapter 2: Design, Synthesis, and Characterization of Mixed-ligand Platinum(ll) and
Gold(lll) Complexes

spectrum of the gold(lll) analog (4k), the aromatic protons on each pyridyl ring only appear as
one signal, integrating for two protons. The CHssignal at 1.41 ppm also presents as one singlet
instead of two, as was seen in the platinum analogs. The presence of two PFg counterions
(4k) as opposed to one CI" counterion (4a.1) could explain this difference in the splitting of the
aromatic signals in the different analogs.
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Figure 2.17. The *H-NMR spectrum of the [Au(diimine)(L-O,S)]** analog, complex 4k, in
DMSO-ds showing the annotated signals. A downfield shift in the proton resonance of H20 is
observed from the expected 3.33 ppm (in DMSO) to 3.61 ppm, emphasizing its coordination

to the complex in solution. The chemical shifts (in ppm) and peak multiplicities are displayed

1.0 05

in blue, the integration values in black, and the proton assignments are displayed in red.

The *C-NMR spectrum was assigned using the 2D-NMR experiments, heteronuclear single
quantum coherence (HSQC) and heteronuclear multiple bond correlation (HMBC) (Figure
2.18). HSQC was first used to accurately assign the carbon signals to their corresponding
proton signals. HMBC was then used to annotate the remaining quaternary carbons either

through strong three-bond correlations or weak two-bondcorrelations. The HMBC spectrum
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for 4k seen in Figure 2.18 shows a strong three-bond correlation {8.04, 175.85} between

proton H-3 and carbon C-1. The assignment of C-1 is further confirmed by the weak five-bond

correlation {7.48, 175.85} seen for H-4 and C-1. C-2 was assigned by the presence of a strong
bond correlation {7.48, 134.39} to H-4 and a weak four-bond correlation {7.55, 134. 64} to H-
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Figure 2.18. HMBC-NMR spectrum of complex 4k showing strong three-bond and weak

two-bond correlations used to assign quaternary carbons (purple), demonstrating that all 30

carbons are accounted for.
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The assignment of C-6 was confirmed by the presence of strong three-bond correlations to
both H-7 {3.80, 176.36} and H-7’ {7.96, 176.10}. The intensity of the assigned C-c carbon is
low, but the correct assignment is confirmed by the strong three-bond correlation to H-a {8.74,
165.49} and to the tert-butyl CHs protons {1.41, 165.49}. Carbon C-c’ appears as a separate
signal to C-c and is confirmed by another strong three-bond correlation to H-a’{8.75, 150.57}
and a weak two-bond correlation to H-d {8.58, 150.57}. The fully assigned **C-NMR spectrum
is shown in Figure 2.19 and further attests to the correct structure of 4k, as all 30 carbon

atoms are accounted for.
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Figure 2.19. The *C-NMR spectrum of complex 4k in DMSO-ds, showing the assigned

carbon signals which represent the 30 carbon atoms.

Despite the NMR data supporting the proposed structure of compound 4k, two peaks were
observed in the HPLC-MS chromatogram (Figure 2.20), irrespective of the mode (positive
and negative) used to run the sample. Neither peak corresponded to the mass of the parent
ion of 4k ([M-2PFe]", calculated to be 732.69). In positive ionization mode, the peaks were
seen at retention times of 0.885 minutes and 1.018 minutes, correlating to the m/z values of
804.7 and 809.0, respectively. Compounds were dissolved in either HPLC-grade DMSO or
MeOH to obtain the HPLC-MS spectra and injected through a column using a combination of
water, MeCN, and formic acid as its mobile phase. These are all coordinating solvents and
have the potential to either explicitly or partially bind to the metal center while it is in solution.

To eliminate possible coordination by DMSO, the complex was dissolved in MeOH before
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obtaining a chromatogram. Identical chromatograms were obtained, regardless of the
dissolving solvent, one of which is shown in Figure 2.20 (top). This suggested the coordination
of one of the mobile phase solvents instead.
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Figure 2.20. HPLC-MS chromatograms and mass spectrum of complex 4k in positive (top)

and negative (bottom) mode, respectively.
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Upon further analysis of the observed m/z values (positive mode), it was apparent that each

mass corresponded to one of two scenarios where either four water molecules or two water

molecules and one MeCN molecule were coordinated to the gold(lll) (Figure 2.21). In the

negative mode (Figure 2

.20, bottom), a peak at a retention time of 0.862 min. corresponds to

the ion fragment (75%) with a m/z of 895.6. This mass corresponds to complex 4k with four

MeCN molecules co-ordi

nated, minus hydrogen ((M+4MeCN-H)*). The peak with a retention

time of 0.977 minutes, does not ionize in the negative mode and therefore its m/z value could

not be determined.
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Figure 2.21. Possible

chemical structures of 4k when run through the HPLC-MS column

using H-O and MeCN as the mobile phase.
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To further confirm that coordination occurred only in solution during the HPLC-MS run, ATR-
FTIR was obtained for complex 4k (Figure 2.22). Were complex 4k isolated as a solid aqua
species (Figure 2.21, A), a strong broad band in the O-H stretch region around 3400 cm
would have been seen. The absence of such a band confirms that no water molecules are
explicitly bound to the metal center. Furthermore, no stretching band for acetonitrile is seen in
the 2200-2300 cm-* region either. The IR data, therefore, reiterates that there are no water or
acetonitrile molecules ligated to the metal center and complex 4k was isolated as shown in
Scheme 2.6. Furthermore, the PFs stretching band is seen at 826 cm™, the C=N stretching
band at 1632 cm™', C=C stretching band at 1585 cm™', and the aliphatic stretching band at
3415 cm™. These bands, corresponding to their respective functional groups, all appear in the
same region as they do in the platinum analogs (4a.1-3). Although a square-planar geometry
is preferred in gold(lll) complexes, five-coordinate and six-coordinate gold((lll) complexes in
solution have been reported in the literature, suggesting that the phenomenon observed for

4k in water/acetonitrile is feasible.2%°
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Figure 2.22. IR spectrum obtained for complex 4k, showing that no bands corresponding to
H-O or MeCN are seen in the circled regions, indicative that neither of these molecules are

ligated to 4k in a solid state.

76



Chapter 2: Design, Synthesis, and Characterization of Mixed-ligand Platinum(ll) and
Gold(lll) Complexes

2.3.7. Fluorescent analogs and their precursors

One approach to studying the MoA of a compound is to investigate the cellular localization of
that compound or a related analog. This can reveal crucial information on where within the
studied organism the compound (or analog) accumulates and potentially acts.?!° One strategy
to study cellular localization is to employ an extrinsic fluorescent reporter. There is an
abundance of fluorescent reporters commercially available but selecting a reporter with
suitable photochemical properties (good photostability, good fluorescence signal, and a good
Stokes shift) is a critical decision to ensure that the subsequent biological analysis is
worthwhile. The Stokes shift of a fluorophore refers to the difference between Anax and Aem and
serves as an important parameter, as fluorophores with a small Stokes shift are susceptible
to self-quenching.2' The four fluorophores discussed in this section are shown in Figure 2.23

with their reported excitation wavelengths.?12-215

SN
Cl
940
>~ IO
N 0=5=0
NO, &
Nitrobenzoxadiazole (NBD) chloride Dansyl chloride
Excitation wavelength: ~ 480 nm Excitation wavelength: ~ 330 nm
Fluorescence region: 520-550 nm Fluorescence region: ~ 518 nm

)
HO 0 O O OH
Fluorescein Rhodamine 110 chloride (Rh110)
Excitation wavelength: ~ 480 nm Excitation wavelength: = 497 nm
Fluorescence region: 545-555 nm Fluorescence region: 505-523 nm

Figure 2.23. The chemical structures of fluorescent reporter starting materials with their

reported approximate excitation wavelengths.?16-219
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Initially, 4-nitrobenzo-2-oxa-1,3-diazole (NBD), which has a large Stoke shift but is a very small
compound, was selected as the fluorescent probe. NBD is an attractive fluorophore as its
chemical labeling can often be done under mild conditions,?®® and it has an emission
wavelength in the visible range.??! NBD has also previously been used in the synthesis of
fluorescent platinum compounds in cancer studies,??>22* and has been studied in cellular
localization experiments in P. falciparum.??%226 Attachment of the NBD probe to an N-amino-
ethyl-ethanolamine (AEEA) chain (compound 5) was first attempted to subsequently attach

this NBD-containing chain to the acyl-thiourea ligand (1a) and precursor complex (3a).

Several synthetic routes and reaction conditions were unsuccessfully attempted (Scheme
2.7). These reaction conditions were adapted from the literature where similar products were
synthesized.??’-22% However, low-yield crude products were either isolated, where purification
was not possible, or the starting materials were recovered. In route A, AEEA was reacted with
NBD first in THF and then a second attempt in MeCN. Purification of 5a-A was attempted
using both normal-phase column chromatography (dichloromethane/methanol) and reverse-
phase column chromatography (water/acetonitrile or water/methanol). This resulted in the

isolation of a crude product with a 1.2% vield.
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A HO N~ NH, + K;Lm > &Y NN~on
N J N H
oM b. MeCN Et3N, reflux, 18 h 0 5aA
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R Q 0
B Br~NH2 O'+O\ Ethanol, NaOH, oN MeCN Et3N, reflux, s H
N_’ ) Cl . NS N/\,Br —_— N// N’\/N\/\OH
ou 2h o-N H 18h o4 H
5a-B
6 crude yield= 6%
0 B
oN a. MeCN, K,COg, reflux, 18 h  ©+ H
C OH AV4 - AN~
OS2 SN ~NH2 + o™ ZAY NN OH
o H b. DMF, K,COs, 25°C, 18 h o] H5a c
MM3-115
c. Ethanol NaOH, 26 °C, 1 h 0
R 0 o H
_rN o
o\ 0 a. MeCN,K,COj, 50 °C, 72 h );j\ N~
D _ OH \/ - N” N OH
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oN H o b. DMF,K,CO3, 50 °C, 72 h 5o
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Scheme 2.7. Attempted synthesis of an NBD-containing diamino-ethanol compound 5a
using several reaction routes and conditions (A-D). Conditions a-c represent the different

solvents and reagents used within synthetic routes A-D.
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As an alternative, route B was explored, in which 2-bromo-ethylamine was reacted with NBD
in ethanol to yield compound 6 which was confirmed solely with HPLC-MS. A peak at a
retention time of 2.43 min, corresponding to a m/z of 289 ([M+2H]*), confirmed the synthesis
of compound 6 which has a calculated m/z of 287.1. Compound 6 was taken forward without
further purification and was reacted with ethyl-ethanolamine to synthesize compound 5a-B.
However, a crude product of 5a-B was isolated in low yield and could not be purified following

several attempts at recrystallization and column chromatography.

Subsequently, routes C and D were attempted using the precursor compounds previously
utilized in our laboratory. For each route, more than one set of reaction conditions was
attempted, neither of which successfully produced the desired products 5a-C and 5a-D. These

reaction routes resulted in the recovery of the starting materials.

Due to the difficulty in isolating the NBD analogs, efforts were shifted to exploring dansyl as
an alternative fluorophore. Dansyl has an intense absorption band in the near-UV (310 — 350
nm), a strong fluorescence signal in the visible region, and a large Stokes shift.?*' Drug-like
compounds tagged with the dansyl fluorophore have also been studied for their cellular
localization in P.falciparum.?®2233 For the synthesis of the dansyl-labeled probe, dansyl
chloride was reacted with N-amino-ethyl-ethanolamine in a mixture of THF and MeCN.
Compound 7 was reacted with benzoyl isothiocyanate under inert conditions to form
intermediate compound 8 which was subsequently reacted with the metal precursor,

compound 3a, to form complex 4a.7 (Scheme 2.8).

ci

HN—" )
S o—('s? N H)LN/\/OH =N, N
_/NH e==El THE. MeCN. anhydrous DCM, ICI) o Acetone, Et;N, Pt
LA & ¢ Rassssall & & o _Aoene BN, Pl
HO 0 °C, 30 min <5°C,1h reflux, 1.5 h ©A’N'*N«/OH
X ;A Wee c
HN.L-0

NQ 4a.7 S”

+ +
@A cs NN N,

1a 3a

Scheme 2.8. Synthetic scheme for preparing the fluorescent analog 4a.7 containing a
dansyl moiety.
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The successful synthesis of compound 7 was confirmed by analysis of the *H-NMR spectrum
shown in Figure 2.24. The diagnostic peaks are the intense multiplet at 3.3 ppm, integrating
for the four aliphatic H-11,11" protons, and the two triplets at 2.5 ppm and 2.4 ppm, each
integrating for two of the H-12 and H-12’ protons, respectively. The intense singlet at 2.8 ppm
integrates for six protons and corresponds to the methyl protons on the dansyl moiety. Each
aromatic proton signal, apart from H-3 and H-7 has the expected doublet multiplicity, each
integrating for one proton. The signal corresponding to protons H-7 and H-3 appears at a
similar chemical shift (7.6 ppm) and overlap being interpreted as a quartet, although these

signals are likely to be two doublets each integrating for one proton.

34 32 30 28 26 24 22
f1 (ppm)

H_/_O 2
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w-+ 6

2 1 0 1 2 3
Figure 2.24. The 'H-NMR spectrum of the dansyl-labeled precursor compound 7 in

DMSO-ds. The chemical shifts (in ppm) and peak multiplicities are displayed in blue, the

integration values in black, and the proton assignments are displayed in red.
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Compound 7 was subsequently reacted with benzoyl isothiocyanate to synthesize 8 via a
substitution reaction. In the *H-NMR spectrum of compound 8 (Figure 2.25), the successful
reaction between the acyl thiourea and compound 7 is confirmed by the presence of the
doublet, multiplet, and triplet corresponding to protons H-16,16’, H-18, and H-17,17" at 7.9
ppm, 7.7-7.6 ppm, and 7.5 ppm, respectively. Upon complexation of compound 8 to 3a, all
the proton resonances of 4a.7 shift downfield (Figure 2.25), owing to the cationic nature of
the platinum metal center. The electron-poor platinum center results in less shielding of the
surrounding protons compared to a neutral metal center. In addition to the downfield shift of
the proton signals, the two doublets and a multiplet of H-d, H-a,a’, and H-d’ are seen at 8.6
ppm, 8.3 ppm, and 8.00 ppm, respectively. These signals confirm successful complexation to

the [PtClx(diimine)] precursor complex.
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Figure 2.25. Stacked *H-NMR spectra of compounds 8 (bottom) and 4a.7 (top) and their
annotated structures (compound 8: left, complex 4a.7: right) in DMSO-ds. Sections of the x-

34 32 30 28 26 248 16 14 06 04 02

axis where no proton signals were observed have been cut to make the annotated signals
easier to distinguish. Cuts in the spectra are indicated by red circles. The chemical shifts (in
ppm) and peak multiplicities are displayed in blue, the integration values in black, and the

proton assignments are displayed in red.
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The HPLC-MS chromatogram and mass spectrum of complex 4a.7 has a peak corresponding
to the parent ion peak [M-CI]* with a m/z of 963.2 and a calculated molecular weight of 963.11.
The data supports the successful synthesis of the dansyl-labeled platinum(ll) complex, 4a.7.

It was subsequently used in localization studies as described in Section 4.8.

Complex 4a.7 varies from the series 1 complexes in the replacement of one terminal hydroxyl
with an amine. This allowed for the synthesis of a derivative with an unlabelled terminal amine
(4a.8a, Figure 2.26) to determine the SAR of this chemical modification as will be outlined in
Chapter 3. Furthermore, due to the subsequent limitations of conducting live-cell imaging
studies with the dansyl probe (discussed in Section 4.8), alternative fluorescent reporters

were selected; namely, rhodamine and fluorescein.

Cl
7 N
— N_/
N N
Pt

d s

©)§~N')\,\§\/NH2

4a.8a On

~

Figure 2.26. The structure of compound 4a.8a that was synthesized to evaluate the SAR of
the chemical modification where one terminal hydroxyl was replaced with an amine moiety.

This complex also served as a precursor for subsequent fluorescent probes.
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Complex 4a.8a was used as the starting reagent in these subsequent reactions using
rhodamine and fluorescein. Rhodamine 110 chloride was selected based on its
photostability,?** long absorption, and emission wavelengths that extend into the visible light
region and a high fluorescent quantum yield.?*®* Rhodamine 110 chloride also has a moderate
Stokes shift of 17 nm.2*52%" Fluorescein and rhodamine are structurally similar, but fluorescein

serves as a more affordable alternative to rhodamine.

To this end, complex 4a.8a was synthesized via a series of steps shown in Scheme 2.9. First,
compound 9 was synthesized via a reductive amination reaction between N-Boc-2-
aminoacetaldehyde and ethanolamine using NaBH4 as the reducing agent (Scheme 2.9).
Compounds 10 and 4a.8a were then synthesized using the same reaction conditions

previously described in Schemes 2.1 and 2.4 and was isolated in low yield (3%).

o i. MeOH, 24 °C, 1 h o H
OH ’ ’ j\
j\OJLN/\n,H +H3N/\/ > OJLN/\/N\/\OH
H o ii. NaBH,, 0 °C, 30 min Ho
iii. 24 °C, 21 h
iv. 1 M HCI o
©)LNCS
. DCM, 0°C, 18 h
cr 7\ \_/
— —N\ /N
7 N P Pt
=N_ N / N\ \
Bt Cl ¢l O s
I\ v. Acetone, 60 °C, 18 h )iy H o
o s - ©)LN N \K
~~N—J\N/\,NH2 vi. DCM:TFA, 25 °C, 2 h H H o
4a.8a QH

Scheme 2.9. Synthetic scheme for compounds 9, 10 and complex 4a.8a. Steps i-iv are

indicative of the order in which the reagents were added.
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Successful reductive amination is confirmed by the presence of the two amine proton signals,
NH-a and NH-b at 3.55 ppm and 2.71 ppm, respectively (Figure 2.27). The N-Boc tert-butyl

CHjs protons appear as an intense singlet at 1.44 ppm, integrating for nine protons.

a (o]
H
AN A )]\ J<
HO™ >N "N o
7 Hb
Methanod-d4
. v 8,8'
b
NHe NH®, 7
(CHs)s
37 36 35 34 33 32 31 30 29 28 27 26
f1 (ppm) (t)
3.57
® (m) (q) s
H20) 3.67 3.19 273 (1‘316
Methanol-d,

j e J,L

1000 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05
f1 (ppm)

Figure 2.27. The *H-NMR spectrum of compound 9 in methanol-d., showing the proton
signals in the aliphatic region. The chemical shifts (in ppm) and peak multiplicities are
displayed in blue, the integration values in black, and the proton assignments are displayed

in red.

The *H-NMR spectrum of compound 10 (Figure 2.28) has poor resolution, but distinct peaks
can be seen and are annotated accordingly. All the aliphatic proton signals are more
deshielded relative to those in compound 9, while the tert-butyl CHs proton resonance does
not shift. To synthesize complex 4a.8a, compound 10 was reacted with the tert-butyl-
substituted PtClx(diimine)] precursor complex in acetone and purified using reverse phase
column chromatography and preparative-scale high-performance liquid chromatography. The
N-Boc group was subsequently removed by stirring the compound in a combination of
DCM:TFA (1:0.5). The chemical shifts of the aromatic protons in the *H-NMR spectrum of
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complex 4a.8a (Figure 2.29) appears in the region 8.00-8.66 ppm and for the most part cannot
be distinguished. The broad signal at 8.66 ppm integrates for the two H-a,a’ protons, and the
multiplet between 8.05-5.23 ppm accounts for seven of the aromatic protons. The triplet at
7.86 ppm integrates for the remaining two H-4,4’ protons. Similarly, to the tert-butyl analogs
(4a.1 and 4a.7), the CHs protons appear as two separate singlets at 2.59 ppm and 2.56 ppm,
collectively integrating for the 18 methyl protons. HPLC-MS analysis further confirmed the
successful synthesis of complex 4a.8a with its parent ion peak [M-CI]* having a retention time
of 0.904 minutes and m/z 730.2 (calculated value 729.83).
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Figure 2.28. The 'H-NMR spectrum of compound 10 in methanol-d,, that can be compared
to that of compound 9 in Figure 2.27 to highlight the changes in chemical shifts upon
bonding to the acyl thiourea ligand. The chemical shifts (in ppm) and peak multiplicities are
displayed in blue, the integration values in black, and the proton assignments are displayed

in red.

86



Chapter 2: Design, Synthesis, and Characterization of Mixed-ligand Platinum(ll) and
Gold(lll) Complexes

Cl
(s) (s)
259 2.56
(CHs)s, (CHs)s'
(brs) (m) (t)
8.66 8.15 7.86
Ar ,
3 2 3 55 =
88 87 86 85 84 83 82 81 80 79 78 7.7 44 42 40 38 3.6 3.4 3.2 3.0 28 26 2.4
f1 (ppm) f1 (ppm)
Acetonitrile-d
D.0 2
%
L
[e0]
~
100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05

f1 (ppm)

Figure 2.29.'H-NMR spectrum of complex 4a.8a in D.O:acetonitrile-ds (1:1), showing a
broad signal and triplet at 8.66 ppm and 7.86 ppm, respectively, each integrating for the two
H-a,a’ and H-4,4’ protons, respectively. The indistinguishable multiplet at 8.15 ppm
corresponds to the remaining seven aromatic protons. The chemical shifts (in ppm) and
peak multiplicities are displayed in blue, the integration values in black, and the proton

assignments are displayed in red.
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Upon isolation of compound 4a.8a, it was reacted with either rhodamine or fluorescein under
amide coupling conditions (Scheme 2.10). However, limiting amounts of rhodamine 110
chloride were available; therefore, the reaction with 4a.8a was conducted on a small (10 mg)
scale. The reaction was monitored by TLC and HPLC-MS over 18 hours, after which there

was no evidence of formation of the desired product (4a.8b).
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N N HoN O 5Z "NH =N N

/Pt\ * DMF, Et3N, HATU, 50 °C, 18 h )54

QP or X > 4\
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NH,

4a.5

R3=NH, (Rhodamine) 4a.8b
or
OH & O (Fluorescein) 4a.8¢c

Scheme 2.10. Attempted synthesis of a platinum(ll) complex containing either rhodamine or

fluorescein.

Isolation of the formed adducts was attempted using preparative-scale HPLC to identify the
possible products formed. Only 1-2 mg of each fraction was isolated, and a *H-NMR spectrum
with poor resolution was obtained (Figure 2.30). Fractions 5 and 7 show aromatic protons,
summing up to nine to eleven protons as opposed to the expected 21 for complex 4a.8b.
Determining the exact number of protons was not possible given the inability to confidently
annotate the peaks. Additionally, no distinct aliphatic proton signals are seen in the expected
region. Fraction 1 had three distinct aromatic signals suggesting that a small aromatic adduct
was isolated; however, each signal integrates for an equivalent number of protons, suggesting
that it does not belong to the isothiocyanate moiety. Had this adduct been the isothiocyanate,
there would have been two doublets, integrating for two protons and one triplet integrating for
one proton. The H-NMR spectrum of Fraction 1 also had no aliphatic or CHs proton signals

and therefore is unlikely an unbound bipyridine ligand. The isolated adducts did not ionize on
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the HPLC-MS mass spectrum, as it had no parent ion peak. Therefore, without further

comprehensive data, the identity of the obtained products could not be determined.
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Figure 2.30. Stacked *H-NMR spectra of fractions obtained from the preparative HPLC

purification attempt of complex 4a.8b in methanol-ds. The proposed structure of complex

4a.8b is shown above the *H-NMR spectra.
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Alternatively, a similar reaction was attempted between complex 4a.8a and fluorescein to
synthesize a fluorescein-labeled analog 4a.8c (Scheme 2.10). Complex 4a.8a was reacted
with fluorescein under the same reaction conditions previously mentioned in an attempt to
synthesize complex 4a.8c. As with 4a.8b, there was no clear evidence to suggest successful
amide coupling between the carboxylic acid of the fluorescein moiety and the terminal amine
of 4a.8a. In the aromatic region of the obtained *H-NMR spectrum of the isolated fractions of
compound 4a.8c (not shown), the signals integrated for a sum of 15 aromatic protons. As
discussed for complex 4a.8b, assigning these proton signals would not be appropriate without
HPLC-MS data and the inability to determine the multiplicity of the signals to confirm a
proposed compound identity. However, it can be confirmed that the desired fluorescein-
containing compound (4a.8c) was not synthesized. This was to some extent surprising, given
the wealth of fluorescein analogs reported in the literature, including analogs containing a
metal center.?38-240 |t is noteworthy that due to several reports of fluorescent quenching for
fluorescein amines, alternative fluorescent probes such as Bopidy and Oregon Green could

also be explored in the future.

2.4. Conclusion

This chapter discussed the rationale for the design of the acyl-thiourea-bipyridine platinum(ll)
complexes and their precursors. The six chemical modifications to the parent compound 4a.1
were described and selected representative compounds were used for discussing
characterization using mainly 1D *H-NMR, *C-NMR, and HPLC-MS analysis. Where relevant,
2D NMR experiments including COSY, HSQC, and HMBC spectroscopy were also utilized.
ATR-FTIR was used to confirm successful counterion exchanges and the lack of ligated
solvent molecules in the gold(lll) analog. Although only key intermediates and selected final
metal complexes were discussed in this chapter, the full characterization details of the
remaining compounds are described in Chapter 7. The H-NMR data of the intermediates
attest to their successful synthesis and the HPLC-MS data of the final complexes were of the
high purity (>95%) required for further biological testing, including microscopic studies of the
dansyl-labeled analog. The biological evaluation of the complexes is discussed in Chapter 3

with mechanistic studies discussed in Chapters 4 and 5, respectively.
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Chapter 3: Pharmacological Evaluation
and Structure-Activity/Structure-
Property Relationships of
[Pt/Au(diimine)L-O,S]*?* Complexes

3.1. Chapter overview

This chapter describes the pharmacological, physicochemical, and pharmacokinetic
properties of the transition metal complexes that were described and synthesized in Chapter
2. Herein, the structure-activity relationships (SARs) and structure-property relationships
(SPRs) of the six chemical modifications to these complexes were compared within the series
to identify the chemical space for improved whole-cell potency, as well as the substituents that
resulted in favourable, drug-like properties of the complexes. A screening cascade (Figure
3.1) was established and used as a workflow to provide progression criteria to ensure that the

most potent compounds were prioritized for downstream assays.

This chapter begins with the comparison of the asexual blood stage (ABS) and gametocyte
potencies of the synthesized matched-pair complexes containing rationally designed chemical
modifications. The synthesized complexes were tested for their ABS potencies against the
drug-sensitive P-NF54 and multidrug-resistant Pf-K1 strains. Compounds with ABS activity
below 1 uM, selectivity for activity against the Pf parasite relative to mammalian cells
(selectivity index above 10), and aqueous solubility above 10 uM, were tested for their
microsomal metabolic stability. Finally, the pharmacokinetic (PK) parameters, permeability,
and plasma protein binding (PPB) of the frontrunner complex were determined as per the

screening cascade (Figure 3.1).
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| Chemistry | | up | H3D
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\ Synthesis ‘
ICso < 1uM | In vitro activity-
= ‘ Pf-K1 In vitro
Gametocyte In vitro activity- cytotoxicity-
activity- Pf-NF54 ,-Dd2 Kinetic solubility CHO
NF54-PfS1-GFP-Luc (pH 6.5)
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In vitro microsomal metabolic SI>10

stability (HLM, MLM)
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Figure 3.1. The screening cascade which served as a workflow to prioritize the frontrunner
complexes for downstream experiments to determine SARs and SPRs. In brief, the project

started with the design and synthesis of the complexes. This was followed by in vitro
antiplasmodium studies in the P-NF54 and Pf-K1 strains, and subsequently by gametocyte

activity and cytotoxicity studies. Select complexes were prioritized for aqueous solubility and

microsomal metabolic stability studies. One frontrunner complex progressed to PK,

permeability, and plasma protein binding studies. The provided key indicates if these assays

were run by collaborators at the respective institutes (UP, University of Pretoria; H3D,

Holistic Drug Discovery and Development Centre at the University of Cape Town, UCT) or in

the UCT synthetic chemistry lab or cell culture lab.
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3.2. Antiplasmodium activity of platinum(ll) complexes

Many antimalarial drugs that are currently in clinical use act against only the ABS of the
parasite life cycle and cannot be used to prevent parasite transmission.*' Therefore,
discovering compounds that act against the sexual stage (gametocytes) of the parasite life
cycle is essential for controlling the spread and elimination of the disease,?*! as late-stage
gametocytes (LG) are the only form of the parasite that can be transmitted back to the
mosquito vector.?*> The spread of drug-resistant strains further supports the importance of
screening for compounds with multistage activity. A compound that acts against more than
one life cycle stage can elicit its potency through polypharmacology which in turn can assist
in preventing the emergence of drug resistance.?*® Furthermore, the selectivity of the
complexes for the malaria parasite compared to mammalian cells is important to establish.
This is because the cytotoxicity of a compound can flag potential adverse effects that it may

have on non-target cells.?*

To this end, the synthesized [Pt(diimine)L-O,S]* and [Au(diimine)L-O,S]** complexes
(Sections 2.3.4-2.3.6) were evaluated for their in vitro whole-cell potency against the ABS and
gametocyte stages of the Pflife cycle. Complexes were screened against both the early-stage
(EG) and LG gametocytes. In addition, the selectivity of these complexes for the malaria
parasite was determined by testing them against the Chinese hamster ovarian (CHO) cell line.
A summary of the six chemical modifications discussed in Chapter 2 and their respective

compound structures are shown in Figure 3.2.
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Figure 3.2. The summary of the synthesized metal complexes and their six chemical

modifications for SAR and SPR evaluation.

For the evaluation of the ABS activity of the complexes, a SYBR Green | assay was used in
which the test compounds were incubated for 96 hours with either the Pf~-NF54 or Pf-K1
strains, with chloroquine (CQ) as the control. The potency of the test compounds against EGs
and LGs was determined in vitro via a luciferase reporter line-based assay in which the NF54-
PfS16-GFP-Luc (transgenic parasite line) was used for the stage-specific assessment of
gametocyte activity. Once the parasite enters the sexual stage of its life cycle, it progresses
through its five distinct morphological stages over 10-18 days.® Thus, EG (stage I-lll)
experiments were performed on day 5, after parasites enter the sexual stage and LG (stages
IVIV) experiments were performed on day 10, with methylene blue (MB) and MMV 390048
(MMV048) as positive controls. The SARs for whole-cell ABS and gametocyte potencies are
compared and discussed below for each of the six chemical modifications. Where the
complexes did not display inhibition of gametocytes in a dual-point assay of >50% at 1 yM

and >70% at 5 uM, ICso values were not determined.
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3.2.1. Structure-activity relationship of SAR1 [Pt(diimine)L-O,S]* complexes

To evaluate the SAR of compounds from the first series of complexes (SAR1, Figure 3.3,
complexes 4a.1 - 4j), the substituent in the 4,4’-positions of the bipyridine was varied. At the
same time, the acyl-thiourea ligand was unsubstituted in the para-position (R?> = H) and a
chloro counterion was maintained. Their whole-cell potencies against the ABS and

gametocyte stages of the Pf life cycle are listed in Table 3.1.

SAR1-R' = 4 4'di-tert-butyl (4a.1), -Me (4b.1), -H (4c), -MeO (4d), -OH (4e)
-NH, (4f), -Cl (49), -CF3 (4h), -CONHMe (4i), -COOMe (4j)
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Figure 3.3. The structures of SAR1 complexes in which the 4,4-position on the bipyridine
moiety was substituted with varying substituents from the Craig plot to evaluate their

antiplasmodium activities.

Complexes 4a.1 (R" = tert-butyl), 4c (R' = H), 4d (R" = MeQ), and 4f (R" = NH?) exhibited ICso
values below 1 yM against the Pf~NF54 strain, with 4f being the most active within this series
(ICs0 = 36.3 £ 0.6 nM). Complexes 4b.1 and 4d were slightly more potent against the Pf-K1
strain with resistance indices (RIs) below 1. Furthermore, 4a.1, 4c, and 4f were only
moderately more active against the drug-susceptible P-NF54 strain compared with the
multidrug-resistant strain Pf-K1, with Rl values much lower than that of the control drug, CQ.
Therefore, the complexes do not show substantial cross-resistance with CQ. Complexes that
were substituted with electron-withdrawing moieties at R', such as chloro (4g), methyl amide
(4i), methyl ester (4j), and trifluoromethyl (4h) were inactive up to 5 uM in the P-NF54 strain

and were subsequently not tested against the P~K1 strain.
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Table 3.1. Antiplasmodium activity of SAR1 complexes as a measure of their ICso values. SEM
values are reported in which there were three independent repeats (N) and three technical

repeats (n); N, n= 3, 3.

ICs0 (M) ICs0 (NM)
Complex R Pf-NF54 Pf-K1 RI EG/LG

K.Cl4Pt >5000 ND

1a >5000 ND

3a >5000 ND

4a.1 tert-butyl 151+17 43337 2.9 6362/3539 + 1639
4b.1 Me 1415+ 276 541 +44 0.4

4c H 142£12 18322 13

4d MeO 266+29 16417 0.6

de OH >5000 ND

4f NH. 36.3+06 10213 2.8

4g cl >5000 ND

4h CFs >5000 ND >20000/380 + 198
4i CONHMe >5000 ND

4j COOMe  >5000 ND

caQ 1M1+£2 143 £3 12.7

MB 190/900

MMV048 215/134

1Cs0 K1 )

Abbreviations: ND- Not determined, EG- early-stage gametocytes, LG- late-stage gametocytes, RI- resistance index (IC Nroa
50

These results suggest that the potency of this series against the Pf parasite is favored by the
presence of an electron-donating substituent in the 4-4’-positions of the bipyridine ring.
However, no trend is observed between the Craig plot r-values of the substituents and the
bioactivity of the complexes. Furthermore, to evaluate the pharmacological contribution of
each moiety, the antiplasmodium activity of the metal salt (K:ClsPt), ligand 1a, and the
dichloro-diimine complex 3a (R' = tert-butyl) shown in Figure 3.4, was also determined.
KoClsPt, 1a, and 3a did not exhibit antiplasmodium activity when tested at a maximum
concentration of 5 yM against P-NF54 (Table 3.1), highlighting the structural importance of
combining both the acyl-thiourea and platinum-bipyridine moieties to form a pharmacologically

active complex.
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Figure 3.4. Structures of acyl thiourea ligand (1a) and tert-butyl diimine platinum(ll)

precursor complex (3a).

Concerning gametocyte activity, the complexes containing the bulkier, more hydrophobic
substituents such as tert-butyl (4a.1) and CF3 (4h) were active against both EG and LG (4a.1)
or only LG (4h) when tested at concentrations up to 20 uM. However, moderate potency was
exhibited for complex 4a.1 with complex 4h having an ICsy value below 1 yM against LG.
Interestingly, complex 4h displayed negligible ABS potency at 5 uM but was active against the
sexual stage of the life cycle as mentioned above. These results suggest that gametocyte
activity for this series may be dependent on the presence of the bulkier tertiary functional

groups.
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3.2.2. Structure-activity relationship of SAR2 [Pt(diimine)L-O,S]* complexes

For SAR2, the substituent on the bipyridine was kept constant (fert-butyl) with a chloro
counterion and the substituent in the para-position of the phenyl ring of the acyl-thiourea ligand

was varied (Figure 3.5).

OH
SAR2-R? = Me (4a.2),0Me (4a.3), Cl (4a.4)

Figure 3.5. The structures of SAR2 complexes in which the para-position on the phenyl ring

of the acyl-thiourea ligand was substituted with a methyl (4a.2), methoxy (4a.3), and chloride

(4a.4) substituent while the substituent in the 4,4’-position of the bipyridine moiety remained
a tert-butyl.

The addition of a methyl (4a.2) or methoxy (4a.3) functionality in this para-position did not
further improve whole-cell potency against P~NF54, compared to the parent complex (4a.1),
as seen in Table 3.2. Interestingly, the addition of an electron-withdrawing substituent in the
4,4’-position of the bipyridine in SAR1 produced inactive complexes at the tested
concentration of 5 yM. However, for SAR2, the presence of an electron-withdrawing chloro
substituent on the phenyl ring improved whole-cell potency three-fold compared to 4a.1.
Furthermore, the Pf-K1 strain was more susceptible to complexes 4a.2 and 4a.3 with
resistance indices below 1. Therefore, like the SAR1 complexes, the SAR2 series does not
exhibit cross-resistance with CQ either. This suggests that substitution in the para-position of
the phenyl ring could improve the antiplasmodium activity of this chemical series against the
drug-resistant Pf-K1 strain. Like the observation in SAR1, complexes 4a.2 and 4a.3 showed
both EG and LG activity with their LG activity below 1 uM with ICso values of 216 + 56 nM and
405 £ 75 nM, respectively. This further supports the previous statement concerning the

essentiality of the tert-butyl substituent for gametocyte activity.
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Table 3.2. Antiplasmodium activity of SAR2 complexes as a measure of their ICso values. SEM

values are reported where N, n = 3, 3.

ICs0 (NM) ICs0 (NM)
Complex R?  Pf-NF54 Pf-K1 RI EG/LG

4a.1 H 15117 433 + 37 2.9  6362/ND

4a.2 Me 11418 29 + 10 0.3  3030/216 + 56
4a.3 OMe 224 +13 13+ 10 0.1  4610/405+ 75
4a.4 Cl  51%4 251 + 83 49  >20000/>20000
cQ 1M1+£2 143 +3 12.7

MB 190/900
MMV048 215/134

ICs0 K1

Abbreviation: ND- Not determined, EG- early-stage gametocytes, LG- late-stage gametocytes, Rl-resistance index (IC —
50

)

3.2.3. Structure-activity relationship of SAR3 [Pt(diimine)L-O,S]* complexes

To determine the pharmacological effect of substitution in different positions on the bipyridine
(SAR3), the methyl substituent was used (Figure 3.6). As mentioned in Section 2.2, the
methyl substituent was selected due to the commercial availability of the necessary synthetic

starting materials to evaluate the regiospecificity of the biological activity.

3 4
— Cl
\ 6 SAR3 =
/Pt 4,4'-dimethyl (4b.1),
d \s 5,5-dimethyl (4b.2),
o 6,6'-dimethyl (4b.3)
g\ ’J OH
OH

Figure 3.6. The structures of SAR3 complexes in which the position of the methyl
substituent was changed from the 4,4’-position (4b.1) to the 5,5-position (4b.2), and 6,6'-
position (4b.3) on the bipyridine moiety. This was conducted to evaluate the SAR related to

this change of position.
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Altering the position of the methyl substituent from the 4,4’-position (4b.1) to the 5,5’-position
(4b.2) on the bipyridine moiety improved whole-cell potency against the P~NF54 strain six-
fold whereas changing to the 6,6’-postion (4b.3) decreased potency two-fold (Table 3.3). For
the Pf-K1 strain, a similar trend was observed for 4b.3; changing the position of the methyl
substituent to the 6,6’-position decreased potency five-fold. Additionally, changing to the 5,5'-
position decreased activity against Pf~K1 approximately two-fold. Complexes 4b.1, 4b.2, and
4b.3, therefore, showed no cross-resistance with CQ, as their Rl values were much lower than
CQs. None of the SAR3 complexes exhibited appreciable potency against the EGs or LGs in
the dual-point assays in which they were tested at 1 yM and 5 pM.

Table 3.3. Antiplasmodium activity of SAR3 complexes as a measure of their ICso values. SEM

values are reported where N, n = 3, 3.

ICso (NM)
Complex R Pf-NF54 Pf-K1 RI
4b.1 4,4-dimethyl 1415 + 277 541 + 44 0.4
4b.2 5,5-dimethyl 241 + 40 886 + 59 3.7
4b.3 6,6'-dimethyl 2908 + ND 2764 +ND 0.9
cQ 11+2 143 + 3 12.7

ICs K1 )

Abbreviation: ND- Not determined, EG- early-stage gametocytes, LS- late-stage gametocytes, RI- resistance index (IC NFo
50
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3.2.4. Structure-activity relationship of SAR4 [Pt(diimine) L-O,S]* complexes

The pharmacological impact of the counterion was evaluated by exchanging the chloro (CI,
4a.1) counterion with either hexafluorophosphate (PFe, 4a.5) or nitrate (NOs, 4a.6). The
scaffold of the parent compound (4a.1) was maintained with a fert-butyl in the 4,4’-position on
the bipyridine ligand and hydrogen in the para-position of the phenyl ring on the acyl-thiourea

ligand (Figure 3.7).

SAR4- X = C| (4a.1),PF; (4a.5), NO, (4a.6)

X

OH

Figure 3.7. Structures of the SAR4 complexes, where the structure-activity relationship
between three different counterions: Cl (4a.1), PFs (4a.5), and NOs (4a.6) was explored. The
tert-butyl substituent in the 4,4’-position of the bipyridine and hydrogen in the para-position of

the phenyl ring was maintained.

Comparable P-NF54 activity was observed between the parent complex 4a.1, which had an
ICs0 = 151 + 17 nM, and the hexafluorophosphate analog, 4a.5, with an ICso = 124 + 37 nM,
as shown in Table 3.4. In contrast, the analog with a nitrate counterion, 4a.6, showed an 11-
fold increase in potency against P-NF54 (ICso = 14 £+ 8 nM) compared to 4a.1. Complexes
4a.5 and 4a.6 were two-fold and three-fold more active than 4a.1 (P-K1 1Cso = 433 + 37 nM)
in the Pf~-K1 strain with I1Cso values of 252 + 94 nM and 135 % 41 nM, respectively.
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Table 3.4. Antiplasmodium activity of SAR4 complexes as a measure of their ICso values. SEM

values are reported where N, n = 3, 3.

ICs0 (NM) ICs0 (NM)
Complex Counterion Pf-NF54 Pf-K1 RI EG/LG
4a.1 CI 151 £ 17 433 + 37 2.9 6362/ND
4a.5 PFe 124 + 37 252 + 94 2.0 ND/8922
4a.6 NOs 14+ 8 135 + 41 9.6 ND/ND
cQ 11+2 143+3 12.7 ND/ND
MB 190/900
MMO0438 215/134

Abbreviation: ND- Not determined, EG- early-stage gametocytes, LS- late-stage gametocytes, Rl-resistance index (%)
50

Furthermore, considering the RI of these complexes, only the nitrate analog, 4a.6, showed
considerable cross-resistance with CQ. Additionally, to the best of our knowledge, there have
been no reports on the comparison of the antiplasmodium activity of transition metal
complexes containing a nitrate counterion as opposed to other counterions like chloro or

hexafluorophosphate.
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3.2.5. Structure-activity relationship of [Pt(diimine)L-O,S]* complexes

To study the cellular localization of the complexes within the Pf parasite, a dansyl-labeled
derivative of 4a.1 was synthesized, (4a.7, Section 2.3.7). Additionally, a derivative with a
terminal amine instead of the hydroxyl functionality used in SAR1-4 was also synthesized
(4a.8a). Complex 4a.8a served as an unlabeled analog of 4a.7 (Figure 3.8), to study the SAR
of these chemical modifications.

; 0
©/'<~N4KN/\,OH HN.2-0
H NH-dansyl = Oe

N

7N

Figure 3.8. Structures of the complexes, in which the terminal hydroxyl at one end of
the diethanolamine chain was replaced with an HN-dansyl reporter (4a.7) or terminal amine
(4a.8a). The tert-butyl substituent in the 4,4’-position of the bipyridine and hydrogen in the

para-position of the phenyl ring was maintained.

Replacing one terminal hydroxyl with an HN-dansyl reporter (4a.7) had a negligible effect on
its antiplasmodium activity. Despite the bulky size of the dansyl fluorophore, Complex 4a.7
displayed comparable whole-cell potency against the P~NF54 strain compared to its parent
compound, 4a.1, with an ICsy value of 132 + 16 nM, as shown in Table 3.5. The retained
potency of 4a.7 compared to the parent compound 4a.1 supported its use as a fluorescent
probe for cellular localization studies in Section 4.8. Contrastingly, complex 4a.7 (Pf~K1-ICso
= 209 £ 51 nM) was two-fold more active against the Pf-K1 strain compared to 4a.1 (Pf-K1-
ICs0 = 433 + 37 nM) and exhibited negligible cross-resistance with CQ (RI = 1.6). Complex
4a.7 also showed a two-fold increase in potency against the EG of the Pf life cycle.

Interestingly, replacement of one terminal hydroxyl with an amine (4a.8a) resulted in a
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decrease in its P-NF54 potency by eight-fold compared to 4a.1. However, 4a.8a was more
potent against Pf~K1 than Pf~-NF54 with an ICso of 893 nM and a Rl of 0.7.

Table 3.5. Antiplasmodium activity of complexes as a measure of their ICs values. SEM

values are reported where N, n = 3, 3.

Complex Terminal ICs0 (NM) ICs0 (NM)
attachment  Pf-NF54 Pf-K1 RI EG/ILG
4a.1 OH 151 £ 17 433 + 37 2.9 6362/ ND
4a.7 HN-dansyl 132+ 16 209 * 51 1.6 2897/5075
4a.8a NH: 1207 £ ND 893 + ND 0.7 >20000/>20000
cQ 11+2 143+ 3 12.7
MB 190/900
MMO048 215/134

1Cso K1 )
ICso NF54

Abbreviation: ND- Not determined, EG- early-stage gametocytes, LS- late-stage gametocytes, Rl-resistance index (

3.2.6. Structure-activity relationships of SARG6 platinum(ll) and gold(lll) complexes

The final chemical modification involved a change of the transition metal and subsequently
the oxidation state of the metal center from platinum(ll) to gold(lIl). Gold(lll) was selected for
this SAR analysis because it forms square planar complexes, maintaining the geometry
observed for the platinum analogs. Additionally, gold(l) and gold(lll) have been used in cancer
studies as alternatives to the potent, but toxic, platinum analogs.?*®* Consequently, the charge
on the metal center changed from 1+ in the parent platinum complex (4a.1) to 2+ in the gold
analog (4k, Figure 3.9). For this chemical modification, the tert-butyl substituent was
maintained in the 4,4’-position of bipyridine and hydrogen in the para-position of the acyl-
thiourea ligand. However, complex 4k was synthesized with two hexafluorophosphate

counterions as opposed to the one chloro counterion seen in 4a.1.
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4a1 OH 4k OH
PENF54-ICsp = 151 + 17 nM PENF54-ICso = 3743 nM

Figure 3.9. Structures of the SAR6 complexes, in which the transition metal center was
changed from platinum(Il) (4a.1) to gold(lll) (4k) and subsequently the counterion from
chloro to hexafluorophosphate. The P-NF54-1Cso values for the two complexes are provided
with SEM where N, n = 3, 3. For the gold analog, the ICso value was calculated from three

technical repeats.

The pharmacological effect of this chemical change in the transition metal center was
evaluated in the PNF54 strain where the gold(lll) analog (4k, ICso = 3743 nM) was 25-fold
less potent than the platinum(ll) parent complex (4a.1). This high 1Cso value was not surprising
given the micromolar values seen in the literature for other gold(lll) complexes containing a
thiosemicarbazone ligand."™' Although there are several reports on gold complexes with
appreciable antiplasmodium activity,’®'246247 the development of gold(lll) complexes for
chemotherapeutics has been avoided, largely due to low stability under physiological
conditions.™' However, in some instances, the so-called “speciation” of gold (Ill) analogs from
Au®* to Aut in biological systems has been shown to contribute to their potency,?*® although
this does not seem to apply to complex 4k here. Speciation of 4k was seen in Section 2.3.6,
where solvent coordination occurred in the presence of H,O and MeCN, thus potentially
altering the bioactive compound. Hence, evaluating the aqueous stability in the growth
medium of 4k in the future will be insightful. Furthermore, the cyclic voltammetry studies
discussed in Chapter 4 also confirm the ability of 4k to undergo reductions from Au®* to Au*,

albeit this redox property does not result in an improvement in its whole-cell potency.
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3.3. Invitro cytotoxicity against the Chinese hamster ovarian (CHO) cell line

The relatively non-specific action of clinically-used platinum-based drugs such as cisplatin and
carboplatin, which cause systemic toxicity, are well known.?*° For this reason, the cytotoxicity
of the synthesized platinum(ll) complexes were determined using the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell proliferation assay. The growth of the CHO
cell line was calorimetrically measured after incubation with the test complexes, shown in
Figure 3.10.

SAR1- R' = 4 4'-di-tert-butyl (4a.1), -Me (4b.1), -H (4c), -MeO (4d), -OH (4e)
-NH,, (4f), -CI (4g), -CF (4h), -CONHMe (4i), -COOMe (4j)

R2=H
. X SAR4-CI (4a.1), PFy (4a.5), NOs- (4a.6)
R! 5 R R' = tert-butyl
I\ 2N, R?=H
NN SAR3- 5,5-dimethyl (4b.2),
AN 6,6-dimethyl (4b.3)

S R?=H

SAR2- R%= Me (4a.2), \\\

OMe (4a.3), Cl (4a.4)
R' = tert-butyl

Figure 3.10. Summary of the complexes tested against the CHO cell line to determine their

cytotoxicity and selectivity indices.

The selectivity index (SI) was used as a general indication of cytotoxicity and is a ratio between
the Pf-NF4-1Cso and the CHO-ICso and these values are shown in Table 3.6. A Sl value above
10 was considered desirable and reflects the selectivity of the tested compound to the target
species, Pf, as opposed to mammalian cells. In general, the SAR1 complexes exhibited high
levels of selectivity to the Pf parasite in which definitive CHO-ICso values could not be
determined at the tested concentrations of up to 50 UM, except for the tert-butyl analog, 4a.l.
Complexes from the SAR2 series were slightly less selective towards the Pf parasite
compared to CHO cells with lower Sl values compared to SAR1, suggesting that substitution
in the para-position of the phenyl group with Me, MeO and ClI, renders the complex slightly

more cytotoxic than a H-substituent. Changing the position of the methyl group on the
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bipyridine to 5,5-substition (4b.2) in SAR3 has a negligible effect on its toxicity while
improving whole-cell potency against Pf. Contrastingly, the 6,6’-substituted analog, 4b.3 is not

only less potent than the parent 4b.1 but also more cytotoxic with a Sl of 2.

Table 3.6. Cytotoxicity and selectivity of tested complexes against the CHO cell line. ICso
values above 50 yM indicate that the compound was not active against the CHO cell line at a
maximum test concentration of 50 uM. The complexes are color-coded according to their SAR:
SAR1, SAR2, SAR3, and SAR4.

Complex 4a.1 4b.1 4c 4d 4e 4f 49 4h 4i
CHO ICs (M) 17 >50 >50 >50 >50 >50 >50 >50 >50
Si 112 >35 >355 >188 >10 >1377 >10 >10 >10
Complex 4j 4a.2 4a3 4a4 4b.2 4b.3 4a5 4a.6

CHO ICs (M) >50 30 25 23 >50 5 11 16

Si >10 90 96 29 >207 2 89 1111

CHO ICso

Abbreviations: CHO-Chinese hamster ovarian cell line, SI- selectivity index:
Pf-NF541Csq

Lastly, exchanging the chloro counterion for a hexafluorophosphate (4a.5) or nitrate (4a.6) in
SAR 4, resulted in complexes that displayed similar CHO cytotoxicity as its parent, 4a.1. Most
notably, the nitrate analog was far more selective towards the Pf parasite than to CHO cells
compared to the chloro analog. This further confirms that the 11-fold increase in potency
observed for 4a.6 compared to 4a.1 is not a result of a general cytotoxic effect but is specific

to its potency against Pf.

Following the evaluation of the SARs and cytotoxicity of the compounds within the synthesized
series, it was important to investigate their SPRs to determine which analog(s) had the most
desirable druglike properties. This began with measuring the complex’s kinetic solubilities in

an aqueous medium at pH 6.5 as discussed below.

107



Chapter 3: Pharmacological Evaluation and Structure-Activity/Structure-Property
Relationships of [Pt/Au(diimine)L-O,S]"?* Complexes

3.4. SPR of [Pt(diimine) L-O,S]+ complexes
3.4.1. Kinetic aqueous solubility at pH 6.5

The solubility of a compound is an important property to investigate during the drug design
process. Compounds with poor solubility tend to precipitate out of an aqueous medium during
biological testing, decreasing the validity and reproducibility of the results. Poor solubility also
affects the bioavailability of the compound and can become a challenge during in vivo
testing.?>® Furthermore, solubility affects the concentration of the drug in systemic circulation

and subsequently plays an important role in the pharmacological response.?®"

For this experiment, an HPLC-based method was used to determine the kinetic solubility of
the SAR1 and SAR2 transition metal complexes. This allowed for a comparison of solubilities
between compounds containing various substituents on the bipyridine compared to those on
the phenyl ring. Kinetic solubility differs from thermodynamic solubility in that, for the former,
the test compound is introduced into the assay pre-dissolved and the extent to which the
compound precipitates out of the aqueous medium is measured. Contrastingly,
thermodynamic solubility assays introduce the test compound as a solid and measures the

extent to which it dissolves.2%2

Overall, the SAR1 were highly soluble in aqueous medium at pH 6.5 (Se.5) with values ranging
between 95 uM and 195 uM as seen in Table 3.7.

Table 3.7. Kinetic solubility of compounds in phosphate-buffered saline at pH 6.5, S¢s.

SAR1
Complex 4a.1 4b.1 4c 4d 4f
R'(R?=H) tert-butyl Me H MeO NH2
Solubility: Ses (uM) 95 170 140 195 100
Pf-NF54/K1 ICso (nM)  151/433 1415/541 141/183 266/164  36/102
SAR2
Complex 4a.2 4a.3 4a.3
R? (R! = tert-butyl) Me MeO Cl
Solubility: Ses (M) <5 <5 150
Pf-NF54/K1 ICso (nM)  114/29 223/13 52/251
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No trend between Craig plot values (o: electron-donating/withdrawing properties and Tr:
hydrophobicity) and the solubility of the complexes was observed. The analog containing a
water-solubilizing methoxy substituent in the 4,4’-position on the bipyridine (4d) was the most
soluble (195 pM). Surprisingly, within the SAR2 series, only the analog with the more
hydrophobic electronegative chlorine substituent (4a.3) displayed an appreciable solubility of
150 uM. Since no obvious trend was observed between the 11 values of the substituent and
the solubility of the compound, its solubility may be influenced by the dissociation capacity of

the anion (CI') and the cationic species which may vary between the analogs.

Furthermore, no correlation between whole-cell potency and solubility was observed as shown
by the comparison of the Ses values and the P-NF54/K1 ICso values in Table 3.7. The most
soluble complex in SAR1 (4d, R' = MeO) was five-fold less potent than complex 4f (the most
potent analog) which had a solubility half that of 4d (Ses= 195 uM). Additionally, complexes
4a.2 and 4a.3 had poor solubilities below 5 pM but were very potent against the Pf-K1 strain
of the malaria parasite. However, the most soluble SAR2 analog (4a.3, R? = Cl) was also the

most potent against the P-NF54 strain.

Following these kinetic aqueous solubility measurements, the microsomal metabolic stabilities

of a subset of the synthesized complexes were determined as discussed below.

3.4.2. In vitro microsomal metabolic stability

Microsomal metabolic stability is an important parameter in a good drug candidate, as poor
metabolic stability can lead to poor oral bioavailability.2®> Microsomal metabolic stability
measures the test compounds' susceptibility to undergo biotransformation in the presence of
liver microsomes.?® Liver microsomes are vesicle-like structures found in hepatocytes that
contain phase | metabolizing enzymes.?** The metabolic stability is often expressed as either
intrinsic clearance (CLin) or as a percentage (%) of the compound remaining after incubation.
Metabolism of various drugs occurs in several organs/tissues, including the lungs,?%®
kidneys,?%® intestines,?®” skin,?® and blood,?*® with the liver being the primary drug

metabolizing organ.?®

Additionally, drug metabolism occurs via different reactions and is categorized as phase |
(modification) and phase Il (conjugation) metabolism. Phase | metabolism employs the use of
cytochrome P450 (CYP450) enzymes and involves reduction, oxidation, and hydrolysis
reactions to add or expose polar groups (-OH, -COOH, -NH,, -SH).261.262 Alternatively, phase
Il metabolism mainly uses transferase enzymes and involves conjugation reactions such as

glucuronidation, sulfation, methylation, acetylation, glutathione, and amino acid
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conjugation.?® Although in vitro phase Il metabolism can be investigated via a hepatocyte

assay, for this study only phase | metabolism was determined for selected complexes.

The microsomal metabolic stability of the test complexes was evaluated in the presence of
human (HLM) and mouse liver microsomes (MLM). These two species were selected, as the
microsomal metabolic stability of a test compound in the presence of MLM can often correlate
to its efficacy and metabolic stability in mice when doing in vivo studies.?®* Furthermore, the
use of HLM in this study allows for the prediction of possible metabolites that would appear in

circulation in humans, should the test compound progress to clinical trials.?%°

For the in vitro assay, liver microsomes from either a mouse or human, containing drug-
metabolizing enzymes (mainly CYP450) were used. The complexes were incubated with these
microsomes for 30 minutes and the percentage of unchanged compounds determined. The
microsomal metabolic stability of complexes from SAR1 and SAR2 with sub-micromolar
potency (ICso <1 pM), low toxicity (SI >10), and favorable solubility (Ses >10 pM) was
determined and is shown in Figure 3.11. Complexes with 75% remaining after incubation with

either HLM or MLM were considered to be metabolically stable.

Within the series of SAR1 and SAR2 complexes, a range of metabolic stabilities were
observed. However, the complexes were generally more stable in the presence of MLM
compared to HLM. Complexes with a tert-butyl in the 4,4-position of bipyridine (4a.1, 4a.2,
4a.3, and 4a.4) exhibited moderate to poor microsomal stability with the remaining percentage
of the complexes below 51% after 30 minutes of incubation in the presence of microsomes of
both species. This was not entirely surprising, given reports in the literature that compounds
with tert-butyl moieties display poor microsomal metabolic stability.?%® It has been suggested
that in the presence of liver microsomes, abstraction of the sp® hydrogens from the methyl

groups results in oxidative metabolism and the formation of an alcohol metabolite.
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Figure 3.11. Percentage of the complexes remaining after 30 minutes of incubation with
human and mouse liver microsomes, indicating their microsomal metabolic stabilities. The
dashed line represents the cut-off for microsomal metabolic stability at 75% after 30 minutes

of incubation.

Complex 4f exhibited the highest stability in MLM with 94% remaining after 30 minutes of
incubation, but only 43% of 4f remained after incubation with HLM. Despite the species
difference in metabolism, the high stability of 4f with MLM supports its use in in vivo
pharmacokinetic (PK) studies. However, poor metabolic stability in the presence of human
liver microsomes suggests that further development of the compound would not be viable.
Due to its excellent stability in MLM (>75% at 94%), high whole-cell potency <1 pyM at 36.2
nM), and good solubility (>10 uM at 100 uM), complex 4f was selected for an in vivo PK study.
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3.4.3. In vivo pharmacokinetic (PK) profiles of the frontrunner platinum(ll) complex, 4f

The pharmacokinetics of a compound summarizes the movement of the test compound
throughout the body and ultimately describes how the body acts on the test compound.?®”
Understanding the PK profile of a compound is essential in drug development as it assesses
important parameters such as adsorption, distribution, metabolism, and excretion (ADME)
properties to assist in the planning of dosage regimes.?®” These in vivo PK studies are
conducted in mice and provide pre-clinical data of the PK parameters of the test compound,
such as volume of distribution and clearance. It should therefore be noted that despite the use
of a mouse model for these studies, the tested parameters can sometimes differ in humans.

During PK evaluation, several parameters are measured, including:

o Half-life (t1): the time it takes for the drug's concentration to decrease to half of its
starting concentration.?%®

e Steady-state volume of distribution (Vss): the ratio of the test compound in the plasma
compared to the body of the specimen,?®® and values above 600 mL/kg are considered
high.27®

o Clearance (CLs): a measure of the volume of drug cleared per a specific time frame.

e Bioavailability (F): measures the rate and ratio of the drug that reaches its target
molecule(s) compared to the initial dose,?”"?"2and it is highly influenced by the CL.2"2

Bioavailability values above 20% are often considered desirable.?3274

In this regard, three replicates of female Balb/C mice were dosed either intravenously (i.v.) or
orally (p.o.) at 3 mg/kg and 10 mg/kg, respectively. Blood was sampled at the respective
intervals, shown in Figure 3.12 over 48 hours. The corresponding PK parameters were
calculated using a non-compartmental analysis and are shown in Table 3.8. For the oral
dosing of complex 4f at 10 mg/kg, peak total blood concentrations were reached in the first
hour (=0.08 uM). Total blood levels were maintained for the full duration of 48 hours, resulting
in a moderately good half-life (t12) of 12 and 11 hours in the p.o. and i.v. groups, respectively.
In the i.v. group, the increase in the total blood concentration of 4f after eight hours of
administration was likely due to enterohepatic recirculation in which the compound was
reabsorbed from the mouse intestine into circulation. After eight hours, there was a steady

decrease in the total blood concentration in the i.v. group.
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Figure 3.12. Chemical structure of 4f (top). Pharmacokinetic profiles after oral (right) and

intravenous (left) dosing of complex 4f in Balb/C mice for 48 hours.

Further PK analysis indicated that complex 4f exhibits a low steady-state volume of distribution
(Vss = 45.6 mL/kg (i.v.)), moderate clearance (CLs = 46.4 mL/min/kg (p.o.)), and low
bioavailability (F = 3.8% (p.0.)). The poor bioavailability of compound 4f can partially be

explained by its moderate clearance which results in a lower amount of the test compound in

circulation.
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Table 3.8. Summary of the pharmacological and pharmacokinetic parameters of complex 4f.

Obtained results were compared against goal criteria either established in the screening

cascade or obtained from the literature.

HoN NH, | G
= =
\ /
Pt
Q’ %
: )\\NJ\N,\/OH
OH
Bioactivity, toxicity, microsomal stability, and solubility = Goal criteria Complex 4f
PF-NF54/Pf-K1 1Cs0 (nM) <1000 36/102
CHO ICs0 (uM) >10 >50
Solubility at pH 6.5 (uM) >10 100
Microsomal metabolic % after 30 min. incubation >75 % 94/43
stability (Mouse/Human) )
CLint (UL/min/mg) <11.6 <11.6/72.96
Pharmacokinetic parameters (dose= 3 mg/kg (i.v.) or 10 mg/kg (p.o.)
Vss (mL/kg) i.v. >600 275 45.6
CLs (mL/min/kg) i.v. NA 46.4
T12 (h) p.o./i.v. 14-48 276 12/11
F (%) p.o. >20% 273274 3.8

Abbreviations: NA- Not applicable, CHO- Chinese hamster ovarian, V- steady state volume of distribution, CLs-clearance, T1.-

drug half-life, F- bioavailability. ()- The references from which goal criteria was obtained.

Since complex 4f exhibited good solubility and mouse liver microsomal metabolic stability but
relatively poor PK properties, it was important to evaluate if factors such as permeability or
percentage plasma protein bound (PPB) are the major influencers of the insubstantial PK

properties.
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3.4.4. Parallel artificial membrane assay (PAMPA) and plasma protein binding (PPB)

for complex 4f

The permeability and plasma protein binding parameters of complex 4f were investigated to
rationalize the poor PK properties displayed by 4f, despite it exhibiting good solubility and
microsomal metabolic stability. Permeability refers to the crossing of small molecules through
lipid membranes to reach their target site.?’” The permeability of a compound (along with its
solubility) contributes significantly to the capacity to which the compound enters and stays in
the systemic circulation.?”"- 2’8 Good permeability is therefore crucial for drug distribution to its

target(s).?’®

The permeability of 4f was determined in a PAMPA experiment conducted at pH 6.5. The
experiment involved adding the test compound to a donor compartment and evaluating the
passive diffusion of a compound across an artificial membrane into an acceptor compartment.
The log of the apparent permeability of complex 4f was measured as -4.68 (Papp = 2.1 x 10°,
Table 3.9), which is considered highly permeable based on the literature (compounds with
Papp Values above 5 x 106 are considered highly permeable).?202" Therefore the permeability
of 4f does not contribute to its low bioavailability observed in the PK studies. This suggests
that other factors such as phase Il metabolism in which conjugation reactions, exemplified by
acetylation, sulfation and glucuronidation may be responsible for the poor bioavailability of 4f
in vivo. However, phase Il metabolism of 4f was not evaluated. Furthermore, efflux
transporters found in the membrane of enterocytes in the intestinal tract can also contribute to
its low bioavailability as these may prevent the test compound from entering systemic

circulation.

Table 3.9. Apparent permeability (represented as a log value) of complex 4f and its percentage

bound and unbound to plasma proteins.

Permeability LogPapp PPB (% bound) PPB (% unbound)

-4.68 98.89 <5

Additionally, a PPB experiment was conducted using complex 4f in which pooled human
plasma was spiked with the test compound and incubated for four hours. Evaluating the PPB
properties of complex 4f was important, as only free (unbound) fractions of a test compound
can leave the vascular compartment to be distributed within the body or excreted.?®> A PPB

experiment measures the percentage of the test compound bound to plasma proteins versus
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unbound. The PPB percentage was calculated from data obtained from LC-MS/MS analysis.
From Table 3.9, approximately 99% of complex 4f was plasma bound with less than 5% being
unbound. The PPB results correlate to the low Vss and moderate CLs and suggest that only a
small percentage of the compound can interact with its target to elicit its pharmacological

effect.2®3

3.5. Chapter summary

A summary of the most notable SAR is provided in Figure 3.13. All the synthesized complexes
were tested for their capacity to inhibit the growth of the ABS, as well as early-stage and late-
stage gametocytes of the malaria parasite (P~NF54 and Pf-K1 strains). Within SAR1, the
antiplasmodium activity was positively influenced by the presence of an electron-donating
substituent in the 4,4’-position of the bipyridine. The 4,4’-diimine- bipyridine analog (4f)
exhibited higher potency than the parent complex (4a.1) against both P-NF54 and Pf-K1
strains. Contrastingly, for SAR2, para-substitution with the electron-withdrawing chloro
improved potency against PNF54 three-fold. Additionally, the highlighting attribute of the
SAR2 complexes was the increased susceptibility of the drug-resistant Pf~K1 strain to these
complexes compared to the parent complex. For SAR3, a change in the position of the 4,4’-
dimethyl-substituent (4b.1) to the 5,5-position improved its Pf~-NF54 activity six-fold but
decreased its Pf-K1 activity by ~2-fold. In SAR4, the SAR between three counterions, chloro
(4a.1), hexafluorophosphate (4a.5) and nitrate (4a.6) was explored. These results showed that
the nitrate counterion was more favorable than the chloro and hexafluorophosphate
counterions with an 11-fold and three-fold increase in Pf-NF54 and PfK1 potency,

respectively.

Replacement of one terminal hydroxyl on the acyl-thiourea ligand with a terminal amine
(4a.8a) decreased potency eight-fold compared to 4a.1. Contrastingly, the attachment of a
dansyl reporter (4a.7) had a negligible effect on its activity (ICso values within a three-fold
range between analogs), supporting its use as a fluorescently labeled derivative of 4a.1 in the
cellular localization studies in Chapter 4. Lastly, the platinum(ll) analog (4a.1) was 25-fold

more potent than its gold(lll) derivative, 4k.
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Figure 3.13. Summary of the whole-cell potency results obtained for the mixed-ligand

transition metal complexes described in this chapter.

Concerning gametocyte activity, all the complexes were tested for their capacity to inhibit the
growth of EGs and LGs in a dual point (1 yM and 5 uM) assay. Complexes with percentage
inhibition >50% at 1 yM and >70% at 5 uM were further tested in a full dose-response assay
to determine their ICso values. The majority of complexes containing the bulky hydrophobic
tert-butyl (4a.1, 4a.2, 4a.3, 4a.5, 4a.7) or trifluoromethyl (4h) substituent on the bipyridine rings
exhibited either early-stage (EG) and/or late-stage (LG) gametocyte activity. Complexes 4a.2
(R = Me), 4a.3 (R? = MeO), and 4a.7 (R? = H, terminal HN-dansyl) showed improved EG
activity compared to the parent complex, 4a.1. Complexes 4a.2 and 4a.3 also exhibited
greater LG activity compared to their EG activity with ICso values below 1 pM. Thus, within this
series of compounds, there are at least five complexes with dual-stage activity. Furthermore,
despite having a platinum metal center, none of these complexes showed significant toxicity

at concentrations up to 50 uM against the Chinese hamster ovarian cell line.

Tested complexes from SAR1 and SAR2 showed good solubility above the cut-off criteria of
10 uM at Ses values above 90 uM, with a range of microsomal metabolic stabilities in the
presence of HLM and MLM. As the frontrunner complex, compound 4f was selected for PK
studies. While complex 4f exhibited appreciable solubility of 100 uM and microsomal
metabolic stability of 94% remaining after 30 minutes of incubation with MLM, it displayed poor
in vivo PK properties. Complex 4f exhibited a poor steady-state volume of distribution, low

bioavailability, moderate clearance, and a relatively good half-life. Further studies showed that
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the poor PK properties displayed by 4f were not related to permeability as it was found to be
highly permeable but possibly due to phase Il metabolism and its high plasma protein binding
of 99%. Following the evaluation of the in vitro whole-cell potency and SPRs of the synthesized

complexes, their mechanism of action was evaluated, as will be discussed in Chapter 4.
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Chapter 4: Mechanistic Studies and the
Inhibition of Hemozoin Formation of
[Pt/Au(diimine)L-O,S]*?** Complexes

4.1. Introduction

Several chemical and pharmacological features are important for drug candidates to progress
to clinical studies. While many of these properties, including solubility and metabolic stability,
were discussed in the previous chapter, knowing the biological mechanism of action (MoA) of
a compound is also beneficial. Gaining insight into the target, and possible off-target
biomolecule(s), of a chemical series facilitates the development of the most efficacious and

non-toxic compounds through, for example, the rational design of compounds.?

The life cycle of the malaria parasite is described in detail in Section 1.2.1, but it should be
reiterated that during the asexual blood stage (ABS) of the life cycle, heme released from the
degradation of host hemoglobin is incorporated into hemozoin to avoid cytotoxic effects.?%®
Hemozoin formation inhibitors such as chloroquine (CQ),%¢ prevent heme crystallization via
-1 stacking interactions of the quinoline ring system to the fastest growing face of the

hemozoin crystal.?’

Consequently, the proposed square planar geometry of the synthesized platinum(ll) and
gold(lll) metal complexes make them good candidates for 11-11 stacking interactions with the
porphyrin ring of hematin, suggesting that they potentially can act via a similar MoA to that of
CQ. To investigate this, a stepwise approach was adopted in which the self-association
capacity of the parent complex 4a.1 was first evaluated using a concentration-dependent 'H-
NMR spectroscopy study, as described in Section 4.2. The self-association assessment was
conducted following previous studies by Koch et al.,' in which similar platinum(ll) complexes
were found to form aggregates with themselves in solution through intermolecular -1
interactions. Since 1-11 interactions are crucial for inhibitors of hemozoin formation, it was

appropriate to start the MoA studies with experiments to measure self-association.

Following the self-association analysis, the capacity of the compound to inhibit the
crystallization of hematin to B-hematin was evaluated in an extracellular f-hematin inhibition
(BHI) assay. Finally, prioritized compounds were subjected to an in vitro cellular heme

fractionation assay, to further validate their inhibition of hemozoin formation.
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In addition to the MoA analysis mentioned above, the ability of selected compounds (4a.1 and
4f) to accumulate within the parasite's digestive vacuole (DV) was determined via the inoculum
effect. This was prompted by the known essentiality of a compound to accumulate in the target
organelle or near its target biomolecule for its bioactivity.?8328° This is exemplified by the many
antimalarials, including CQ?*° and artemisinin?! that target one or more aspects of the DV and
therefore accumulate within this organelle to elicit their toxic effects.?®? In essence, the
inoculum effect is a phenomenon whereby the observed inhibitory concentration of a
compound increases with an increase in the number of organisms being inoculated, i.e. the
inoculum size.?*3 This generally occurs when the drug accumulates to significant levels in the
organism and has been shown to occur in the case of basic compounds accumulating in the
parasite’s acidic DV via an effect known as ‘pH trapping’.?®* The linear relationship between
the inoculum size and the measured ICs values can be extrapolated to calculate the cellular
accumulation ratio (CAR).?*> The CAR is a measure of the concentration of the drug in the
parasitized red blood cells (pRBC) compared to the concentration of the drug outside the

cell.2%6

To further probe their MoA, the electrochemical properties of selected complexes were also
explored using cyclic voltammetry (CV). This was prompted by reports in which the redox
properties and the oxidation state of metal complexes affects their reactivity and consequently
their bioactivity.?*” This has been exemplified by reports on the importance of Fe?*/Fe redox
chemistry of ferrocene derivatives.?®® Depending on their redox chemistry, metal complexes
can induce the production of reactive oxygen species (ROS) and therefore act via oxidative

stress to kill the parasite.?*°

With the planar geometry of the complexes as the rationale for the MoA investigations, the
main aim of this chapter was to determine if the proposed MoA of the platinum(ll) complexes
is via inhibition of hemozoin formation, analogous to CQ. Furthermore, the objective was to
evaluate the electrochemical properties of the gold(lll) complex and selected platinum(ll)
analogs to probe their potential to produce reactive oxygen species (ROS). Additionally, the
cellular localization of a dansyl-labeled analog, 4a.7, was also investigated. This was done to

identify the target organelle in which this analog accumulates and elicits its toxicity.
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4.2. Concentration-dependent 'H-NMR studies

Complex 4a.1 was selected for the self-association investigation study as Egan et al.l’®
previously found that it did not exhibit appreciable inhibition of B-hematin (BH) formation. This
study was therefore conducted to determine if the negative result obtained in the Egan et al.
study resulted from the inability of the complex to partake in -11 stacking interactions. Thus,
to investigate the self-association capacity of 4a.1, a concentration-dependent *H-NMR

spectroscopy analysis described by Koch et al. and Kotze et.al.*83% was used.

A downside to using NMR spectroscopy is its limit of detection in which the instrument is not
sensitive enough to produce an acceptable signal at low sample concentrations. Preparation
of samples at inadequate concentrations often leads to spectra with a low resolution in which
peaks cannot be detected, suitably separated, and comprehensively annotated. For this
reason, three concentrations were chosen to span a physiologically relevant range that was

high enough to produce quality *H-NMR spectra.

To this end, a stock solution of complex 4a.1 in methanol-ds (10 mM) was prepared and diluted
to final concentrations of 5.45 mM and 2.69 mM, respectively.!H-NMR spectra were obtained
at each concentration of 4a.1 and these are shown in Figure 4.1. To facilitate analysis of the
proton resonance shifts, the spectra are displayed in a stacked formation. It was observed that
as the concentration of the complex in solution decreased from 10 mM to 2.69 mM, the
resonances of the aromatic protons shifted downfield, indicative of the self-association of
complex 4a.1 in methanol, which is influenced by 1r-11 stacking interactions. The downfield
shift in proton resonances results from less aggregation caused by fewer molecules in the
solution. Consequently, fewer complexes are present to partake in the -1 stacking

interactions and shield adjacent bipyridine moieties.
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Figure 4.1. Low field range of the stacked *H-NMR spectra of complex 4a.1 (in methanol-d.)
at concentrations of 10 mM, 5.45 mM, and 2.69 mM, showing that as the concentration

decreases, the aromatic proton signals shift downfield, as indicated by the arrows.

In general, the model for -1 stacking as proposed by Hunter et al.>** states that these
interactions are driven by net favorable o-1r interactions between the aromatic o and
framework that overcome 11-11 repulsions. With respect to the platinum(ll) complexes, self-
association is proposed to occur via a coplanar stacking arrangement of two complexes such
that they point 180° in opposite directions as described by Kock et al.'® Hence two platinum
molecules take part in an offset stacked interaction,®*? in which the platinum center of one
molecule is located over the center of an adjacent bipyridine as shown in Figure 4.2. The
offset arrangement of the dimer also contributes to reducing the electrostatic repulsion
between the net positive charge of the metal centers, while ensuring favorable n-n interactions

and promoting self-aggregation.
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Figure 4.2. Proposed coplanar orientation of complex 4a.1 in solution. A: One complex

associates with an adjacent molecule via a 180° angle. B: Simplified drawing of A showing

the offset stacked interaction between two platinum(ll) molecules. C: A schematic drawing

that highlights the orientation of the different chemical moieties on one molecule in

comparison to those on an adjacent molecule.

The self-association experiment suggested that the negligible inhibition of B-hematin formation

activity observed in the Egan et al. study for complex 4a.1 (using the less reliable infrared

assay as described in Section 1.6.) was not a result of the inability of the compound to interact

with hematin via a coplanar interaction. This supported the re-evaluation of 4a.1 for its capacity

to inhibit B-hematin formation via the more robust BHI assay, as will be discussed below. This

pyridine-ferrochrome method developed by Egan and Nkokazi uses NP-40 detergent to

mediate the formation of 3-hematin, mimicking the endogenous conditions in the DV more

closely.
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4.3. NP-40 detergent mediated B-hematin inhibition

The BHI assay is valuable in exploring the structure-activity relationships (SARs) of
compounds within a chemical series. As such, SAR1 and SAR2 complexes (Figure 4.3, R’
on bipyridine and R? on phenyl varied, respectively) were prioritized for this study to evaluate
their SARs in terms of their capacity to inhibit H formation. CQ, a known inhibitor of fH
formation,3®® was used as a positive control, and pyrimethamine (PM) as a negative control.
PM is an antimalarial with known folate biosynthesis inhibition activity,*** and does not inhibit
the formation of BH or hemozoin.?® The results of the BHI experiments are shown in Table
4.1 and Figure 4.4.

] = 4,4'-di- tert-butyl (4a.1), -Me (4b.1),
N -MeO (4d), -OH (4e), -NH, (4f),
Pt\s J/ OH -Cl (4g) -CF5 (4h), -COONMe (4i)
L
/@ANJ\N R' = 4 4'"di-tert-buty]
R2 g R? = -Me (4a.2), -MeO (4a.3), -Cl (4a.4)

Figure 4.3. Structures of complexes from SAR 1 (red) and SAR 2 (blue) were selected for

evaluation as inhibitors of 3-hematin formation.

The majority of the SAR1 and SAR2 complexes (excluding where R = H (4c) and OH (4e))
displayed superior or comparable inhibition of BH formation activity to CQ within their standard
errors of the mean (SEM, Table 4.1). Interestingly, complexes 4g (R'= CI) and 4i (R!=
CONHMe) exhibited negligible whole-cell antiplasmodium potency, as discussed in Section
3.2.1, but showed a 2- and 3-fold increase in inhibition of B-hematin formation activity,
respectively, compared to CQ (Figure 4.4).
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Table 4.1. Inhibition of B-hematin formation activity as a measure of ICso + SEM values of the
[Pt(diimine)(L-O,S)]* complexes belonging to SAR1 and SAR2 where R' and R? was varied.
N, n =3, 2, except for 4g where N, n =1, 2.

Complex 4a.1 4b 4c 4d 4e 4f 49 4i

ICs (M) 1212 9+1 16 + 1 78206 151 10+1 54 3.6+04
Complex 4a.2 4a.3 4a.4 cQ PM

IC5 (M) 62 1M1+2 102 10.6 £0.1 > 1000

Meanwhile, complexes 4c¢ (R = H) and 4e (R'= OH) were tested as suspensions, due to poor
solubility in both DMSO and the aqueous buffer solutions. These observed poor solubilities

could contribute to their comparably higher BHI-ICso values.

T
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Figure 4.4. The obtained ICso values for the inhibition of B-hematin formation activity of the
SAR1 and SAR2 [Pt(diimine)(L-O,S)]* complexes show that the majority of the complexes
exhibit superior or comparable activity to CQ (indicated). Error bars represent the SEM
where N, n = 3, 2 (except for 4g; N, n = 1, 2). R'=tert-butyl (4a.1), Me (4b), H (4c), MeO
(4d), OH (4e), NH. (4f), Cl (4g), CFs (4h), CONMe (4i). R'= tert-butyl: R?= Me (4a.2), MeO
(4a.3), Cl (4a.4).
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Most notably, the parent complex 4a.1 (R* = tert-butyl), which showed negligible inhibition of
BH formation in the infrared-based study, displayed comparable activity to CQ in this study,
with an 1Cso value of 12 yM. These results highlight the unreliability of the infrared-based
analysis of BH formation used in the previous study compared to the more robust NP-40
detergent-mediated assay used here with a colorimetric pyridine-ferrochrome detection

method.

Furthermore, while these compounds are inhibitors of BH formation, extracellular inhibition
activity does not always mirror activity in the parasite. This is exemplified in a report by Stringer
et al.,3% where it was shown that two ferroquine-derived polyamines exhibited inhibition of BH
formation activity but did not inhibit hemozoin formation in the intracellular assay. Additionally,
this is also shown with the platinum(ll) complexes synthesized herein, as is discussed in the

next section.

Therefore, to determine whether a subset of the platinum(ll) complexes prevented hemozoin
formation within parasites, they were subjected to the heme fractionation assay. However, as
a pre-requisite for the heme fractionation assay, the complexes of interest were first tested in

a pLDH assay to determine the dosing concentrations.
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4.4. Plasmodium lactate dehydrogenase (pLDH) assay

Compounds 4a.1 and 4f (Figure 4.5) were prioritized for further experiments, including the
cellular heme fractionation assay. This selection was guided by their whole-cell potency
(discussed in Chapter 3), and the fact that their inhibition of BH formation activities were
comparable to the remaining complexes. An additional motivation for prioritizing 4a.1 was its

dual-stage activity as shown by its ABS and gametocyte activity.

N

u g

H OH

\
/N
OH
oS I o .S J/
: I8 ')\N L A

o

Figure 4.5. Structures of complexes 4a.1 and 4f that were used in the subsequent whole-

cell assays.

As discussed in Chapter 3, the whole-cell potency of all the complexes was determined using
the SYBR Green | assay. However, for this section, the ICsg values of complexes 4a.1 and 4f
were redetermined using the relevant parasite laboratory cell line (Pf-NF54) in the Plasmodium
lactate dehydrogenase (pLDH) assay described by Makler et al.3°” From here multiples of the

obtained ICso values were used in the subsequent cellular heme fractionation assay.?°

During both the pLDH and SYBR Green | drug susceptibility assays, parasite survival is
measured and its whole-cell potency is reported as a measure of the compounds’ ICso values.
However, the two assays vary mainly in their detection methods of parasite survival. The
SYBR Green | assay relies on the detection of fluorescent SYBR Green | binding to parasitic
DNA in which the fluorescence intensity is a measure of the amount of double-stranded DNA.
Conversely, the pLDH assay relies on the colorimetric detection of LDH activity in Plasmodium
ABS parasites at visible wavelengths, which can be more easily recorded using a standard
UV-vis plate reader.3® Additionally, the SYBR Green | assay was conducted over 96 hours,
vastly exceeding that of the 32-hour cellular heme fractionation assay by 64 hours. Thus,
redetermining the ICso values of 4a.1 and 4f in a 48-hour pLDH assay was necessary to mimic

the cellular heme fractionation conditions more closely. This ensured that the dosing
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concentrations used in the heme fractionation were appropriate for the compounds to elicit a
dose-dependent effect within 32 hours.

In this study, complexes 4a.1 and 4f were incubated with the relevant controls in a 96-well
plate containing 1% parasitemia and 1% hematocrit for 48 hours before development using
Malstat and NBT solutions. The ICso values of complexes 4a.1 and 4f and the dose-response
curves of the tested compounds are shown in Figure 4.6, with CQ as a positive control. The
ICs0 values obtained for complexes 4a.1 and 4f were 117 + 49 nM and 82 + 29 nM,

respectively, compared to the SYBR Green assay values of 151 + 17 nM and 36.3 + 0.6 nM.
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Figure 4.6. Dose-response curves (top) evaluating the percentage of P-NF54 parasite
survival after 48 h incubation. Complexes were serially diluted 2-fold from starting
concentrations of 5 uM (4a.1), 3 uM (4f) and 0.5 uM (CQ). Error bars represent the SEM

where N, n = 3, 3. ICso £ SEM values (bottom) extracted from the dose-response curves.

From these results, the difference in potencies obtained from the two assays is negligible, as
the slight variations in the ICso values are within the expected range of biological variation of
approximately 3-fold. Variation often occurs as a consequence of differential proliferation rates
of biological samples and the large uncertainties associated with the quoted ICso. Nonetheless,
discrepancies in these values can also originate from several factors including differences in

the starting parasitemia, and incubation period.
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Following the established potencies of complexes 4a.1 and 4f in P-NF54, the concentrations
to be used in the subsequent cellular heme fractionation assay were calculated in multiples of

their 1Csp values as discussed in the next section.

4.5. Cellular heme fractionation assay

Considering the complex's potent inhibition of BH formation activity, their capacity to inhibit the
formation of hemozoin was determined intracellularly using the heme fractionation assay. In
this assay, the different Fe(lll) heme species in whole cells are measured via the detection of
the Fe(lll)heme-(bis)pyridyl complex.® This quantifies the amount of heme iron
corresponding to that of hemoglobin, free heme, and hemozoin in the cells. Typically, for a
compound that inhibits hemozoin formation, a dose-dependent increase in the amount of free
heme, and a subsequent decrease in hemozoin, is observed. This has been shown for multiple

antimalarials such as CQ and AQ.8

The intracellular heme fractionation assay is conducted over four days with each day
comprising several experimental steps as summarized in Section 7.13. Briefly, Pf-NF54
parasites in the ring phase at 5% parasitemia were incubated with multiples of the 1Cs value
of the test compound. This was followed by saponin-lysis to harvest the trophozoites which
were subsequently fractionated through a series of steps using specific reagents and
detergents. The hemoglobin, heme, and hemozoin fractions were sequentially isolated and
the heme-(bis)pyridyl complex was detected spectrophotometrically. Consequently,
spectrophotometric analysis, coupled with flow cytometry, is used to quantify the absolute
amounts of each species. First, CQ was tested in the heme fractionation assay and provided
a reference for the dose-dependent changes in the amounts of heme and hemozoin that are

expected for a hemozoin inhibitor.

As shown in Figure 4.7, CQ displays a dose-dependent decrease in hemozoin and a
corresponding increase in free heme. This trend is observed in both the percentage and

absolute amount of free heme (fg/cell) as the concentration of CQ increases to 3 x ICso.
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Figure 4.7. Percentage (top panel) and absolute amount (bottom panel) of heme and
hemozoin isolated from Pf-NF54 trophozoite cells. Cells were incubated with CQ at multiples
of the ICso value. The amount of Fe is expressed as femtograms (fg) of heme iron per cell.
The no-drug control well contained untreated cells. Statistical significance was calculated
from two biological repeats each with four technical repeats (N, n = 2, 4). Statistical
significance was determined using a two-tailed t-test and error bars show a 95% confidence
interval, indicated by the asterisk: *p < 0.05, **p < 0.01, *** p < 0.001, **** p < 0.0001.

After validation of the assay using CQ, the platinum(ll) complexes were tested via the same
protocol. As shown in Figure 4.8, complexes 4a.1 and 4f did not show a significant dose-
response increase in the amount of heme, nor a decrease in the amount of hemozoin, even
at concentrations as high as 7 times the 1Cso for 4a.1. Notably, the decrease in both the amount
of hemozoin and heme at 7 x ICso, for 4a.1 relative to the no-drug control was not statistically

significant.
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Figure 4.8. Percentage (top panel) and absolute amount (bottom panel) of hemoglobin (Hb),

heme, and hemozoin (Hz) isolated from Pf-NF54 trophozoite cells. Cells were incubated for
32 hours with 4a.1 (A) or 4f (B) at multiples of the 1Cso. The amount of Fe is expressed as
femtograms (fg) heme iron per cell and the no drug control well contained untreated cells.

Statistical significance was calculated from two biological repeats, each with three technical
repeats (N, n = 2, 3). Statistical significance was determined using a two-tailed t-test and
error bars show a 95% confidence interval, indicated by the asterisk: *p < 0.05, **p < 0.01,

*** n < 0.001, *** p < 0.0001.
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The perceived decrease may be explained by the decrease in the total amount of iron (fg/cell)
in the DV at high concentrations of the compound, which is likely due to decreased hemoglobin
uptake caused by general toxicity and stress to the parasite. The decreased hemoglobin
uptake is supported by the dose-dependent decrease in the absolute amount (fg/cell) of
hemoglobin seen in Figure 4.8, A. Since complex 4a.1 has dual-stage activity in the Pf malaria
parasite, the absence of hemozoin formation inhibition activity is not entirely surprising as

hemozoin formation does not occur in gametocytes.

These results were interesting given the original hypothesis that these complexes were likely
to inhibit hemozoin formation. This does not necessarily imply that the complexes do not bind
or interact with heme at high concentrations, as inhibition of BH formation activity was
observed. Rather, they likely possess alternative MoAs within whole-cell parasites at the
concentrations tested. This was further investigated using resistance selections as discussed
in Chapter 5. However, to determine whether the inactivity of the compounds was due to the
higher parasitemia used in the cellular fractionation assay, these were subjected to the

inoculum effect as described in the next section.

4.6. Inoculum effect assay

Certain antimalarials such as some of the quinolines elicit their whole-cell potency via cellular
accumulation in the parasites DV which can be quantified using the inoculum effect. Thus, the
inoculum effect is one of the major confounders in the in vitro susceptibility tests of CQ and
other antiplasmodium agents such as amodiaquine derivatives, mefloquine, and

halofantrine.3%°

As mentioned in Section 4.4, the ICs values of 4a.1 and 4f were determined in the pLDH
assay at a 1% parasitemia, whereas the heme fractionation assay was conducted using a 5%
parasitemia (Section 4.5). Therefore, to further validate the heme fractionation results and
confirm that the inhibition of hemozoin formation was not affected by the higher parasitemia,
the inoculum effect of complexes 4a.1 and 4f was evaluated. This assay was also utilized to
provide insight into the accumulation capacity of these two complexes in the malaria parasite.
Briefly, the inoculum effect assay involves varying the parasitemia (inoculum size) between
1% to 6%. The ICs of the test compound is then measured and plotted against its respective
inoculum size to calculate its CAR using Equation 4.1. This calculation is advantageous as it

relays information on drug accumulation without the need for spectroscopic techniques.
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IC — IC
CAR — 50measured 50absolute Eq 4_ 1
IC5Oabsolute X Vfrac.pRBC

In this equation, the absolute ICso refers to the ICsq value at an inoculum size of zero and the
fractional volume (Viac) accounts for the volume of parasitized red blood cells (pRBC) which

is a product of the parasitemia and hematocrit.

For the assay, stock solutions containing inoculum sizes of 6% and 4% parasitemia (2%
hematocrit) in complete media were prepared in falcon tubes. The 4% parasitemia stock was
further diluted 2-fold to yield a 2% and subsequently a 1% solution (Figure 4.9, A). CQ served
as a positive control due to its known accumulation in the DV of the Plasmodium parasite.
Similar to the pLDH assay, a 96-well plate was used with one compound per plate and two
technical repeats of each inoculum size per plate, as illustrated in Figure 4.9, B. Three
independent biological repeats were conducted to determine the inoculum effect of each

complex.

A Serial dilution for making each parasitaemia concentration at 2%
haematocrit
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Decreasing compound concentration (2-fold serial dilution)
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Figure 4.9. lllustration of the serial dilution used for preparing the different Plasmodium
inoculum sizes (A) and the general plate set-up of the inoculum assay (B), highlighting that

one plate is used per compound.
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The dose-response curves in Figure 4.10 show a shift in the ICsy as the inoculum size
increases for CQ and complexes 4a.1 and 4f. This shift is slightly larger for CQ compared to
that of the complexes, whereas the fold shift in ICso values is similar between complexes 4a.1
and 4f. The linear relationship observed between inoculum size and ICs values is indicative

of intracellular accumulation.
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Figure 4.10. Dose-response curves of CQ, complex 4a.1, and 4f obtained from the inoculum
effect assay using increasing starting % parasitemia values (inoculum sizes). A right shift of
the dose-response curves is observed with increasing inoculum size, indicative of cellular

accumulation of the compounds. Error bars represent SEM where N, n = 3, 2.

The observed inverse relationship between whole-cell potency and inoculum size (Table 4.2)
can be justified by the accumulation of the compound in the parasite, resulting in an overall
decrease in their concentration in the extracellular medium. Moreover, the ICsp values of 260
nM and 113 nM at 6% parasitemia for complexes 4a.1 and 4f, respectively, confirm that the
concentrations of 7 x ICso (7 x 117 i.e. 819 nM) for 4a.1 and 3 x ICs0 (3 x 82 i.e. 246 nM) for 4f
used in the cellular heme fractionation assay was sufficiently high enough to observe a dose-
dependent effect.
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Table 4.2. ICso + SEM values were obtained after 48 hours of incubation of varying inoculum
sizes of Pf-NF54 with CQ, 4a.1, and 4f. SEM values are reported where N, n = 3, 2.

Pf-NF54-1Cso (nM)
Parasitemia cQ 4a.1 4f
1% 11 +1 91+10 41+6
2% 17 1 119 + 16 60 £ 10
4% 29+5 193 £ 46 85+8
6% 42+6 260+ 73 13 +13
CAR 14079 + 112 6369 + 137 4882 + 257

Subsequently, the CAR values were obtained using linear regression from the plot of ICs vs
inoculum size (Figure 4.11) and were calculated from Equation 4.1 to be 6369 and 4882, for
4a.1 and 4f, respectively. These values were similar within their SEM values, suggesting that
they accumulate to a similar extent. CQ accumulates approximately 2-fold more than the two
platinum(ll) complexes. However, this is not surprising as CQ and the synthesized platinum(ll)
complexes have different MoAs.
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Figure 4.11. Inoculum effect represented by the linear relationship between the 1Cs value vs

inoculum size to illustrate the cellular accumulation of CQ, 4a.1 and 4f in P. falciparum.
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4.7. Cyclic voltammetry

Electron transfer reactions are one of the major contributing factors to the reactivity of
compounds containing a metal center,®° and can therefore influence a metal complex's
pharmacological properties.? In this context, it was worthwhile to determine if the bioactivity
of the synthesized gold(lll) and a subset of the platinum(ll) complexes is influenced by their
redox chemistry. Thus, the electrochemistry of the transition metal complexes was evaluated
using cyclic voltammetry (CV), which is a tool used to study these reactions.?'* The application
of CV has expanded across several disciplines and has been used to study biosynthetic
pathways,®? the electrochemical formation of free radicals,®® and to evaluate the

oxidative/reductive potential of a metal center and its ligands.3!4

CV uses a triangular potential waveform in which the initial potential is scanned in a linear
manner causing the chemical species to undergo oxidation or reduction at the surface of an
electrode.®'® When the potential reaches an adequate negative or positive potential, an
electrochemical current is produced and recorded in the form of a voltammogram. In a CV
scan, the potential can be scanned from a negative potential to a positive potential or vice

versa.

The CV experiments described herein were performed in either dry MeOH, dry DMF, or dry
DMSO that contained tetrabutylammonium chloride (TBACI) as the supporting electrolyte. The
working electrode was glassy carbon (GC) with platinum wire as the counter electrode (CE)
and Ag/AgCl as the reference. The anodic (Epa) and cathodic (Epc) peak potentials at 0.1 (V/s)
and half-wave potentials (Ei2) were measured and are shown in Table 4.3. Since the
potentials of the complexes were determined in either MeOH or DMF based on their solubilities
in these solvents, the anodic (Epa) and cathodic (Epc) peak potentials of ferrocene (FC) in each
solvent were also obtained so that the E1» can be corrected for in the different solvents, and

the data of each complex can be accurately compared despite the solvent they were run in.
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Table 4.3. Cathodic (Epc) and anodic (Epa) peak potentials of complexes when scanned at a
speed of 0.1 (V/s) and their half-wave potentials (Ei2) corrected to ferrocene (FC) for

comparison.

Compound R R1 Epc1 (V) Epat (V) Epc2(V  E12(V Ei2 (V vs
vs Vs FelFe®)
Ag/Ag’) Ad/Ag’)

4a.1 (MeOH) tb H -1.233  -1.127 -1.252  -1.669

4b.1 (DMF) Me H -1.074  -1.016 -1.084 -1.045 -1.585

4c (MeOH) H H -1.210 -1.014 -1.131  -1.530

4d (DMF) MeO H -1.136  -1.064 -1.515 -1.100 -1.640

4f (DMF) NH, H -1.138  -1.068 -1.103  -1643

4h (MeOH) CFs H -0.710  -0.607 -1.272  -0.658 -1.076

4a.2 (MeOH H Me -1.239 -1.128 -1.183  -1.601

4a.3 (MeOH) tb MeO -1.247 -1.133 -1.190  -1.608

4a.4 (MeOH) tb Cl -1.233  -1.119 -1.176  -1.594

4k (DMSO) tb H -1.37 0.82

FC (MeOH) 0.333 0.502 0.418

FC (DMF) 0.476 0.603 0.540

FC (DMSO) 0.426 0.558 0.132

The cyclic voltammograms of the complexes are shown in Figures 4.12 and 4.13. As a point
of reference, complex 4a.1 is used to describe the results in this section. The red arrow in the
cyclic voltammogram indicates the direction the potential was scanned in, initially starting from
zero to negative potential (forward scan) after which the scan direction is reversed to the
positive potential while measuring the current. The resulting cyclic voltammogram provides
crucial information on the number of electrons being transferred during the reduction or
oxidation as well as the reversibility of these electron transfers. For complex 4a.1, the current
is swept in the cathodic direction, resulting in a positive peak annotated as Epc1 (E =-1.233 V),
the sweep is then reversed to the anodic direction resulting in a negative peak annotated as
Epai (E = -1.127 V). From the cyclic voltammogram of 4a.1, the area under the peaks of the

cathodic and anodic sweeps are similar and therefore relatively symmetrical, although they
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appear at slightly different potentials. The Pt?*/Pt* reduction that complex 4a.1 undergoes is
therefore considered to be reversible.
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Figure 4.12. Cyclic voltammograms of complexes from SAR1 where the substituent on the

bipyridine was varied.

All the platinum(Il) complexes undergo reversible one-electron Pt?*/Pt* reductions as shown
in Figures 4.12 and 4.13. Complexes 4b, 4d, and 4h undergo a second non-reversible
reduction (Epc2, Table 4.3), which is most likely ligand-based and linked to reductions of the
substituent on the bipyridine. In general, a more electron-withdrawing substituent reduces the
electron density around the metal center making it easier for the metal to be reduced. This
trend is seen for SAR2 complexes (Ei of 4a.4<4a.2<4a.3) and for most of the complexes in
SAR1, as the Ea., increases from the more electron-withdrawing substituent to less electron-

withdrawing substituents (Ei, of 4h<4c<4b<4a.1). However, there is a slight discrepancy in
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this trend when looking at the E1/, potential of complexes 4a.1 and 4d. Based on the expected
trend, E1» of 4d should be larger than that of 4a.1, but their E1» potentials differ only by 0.03.

Furthermore, a comparison of the E1; potentials of the complexes and their ICso values does
not show a correlation between the ability of the metal center to be reduced and its bioactivity.
This is likely because the platinum(ll) complexes do not undergo oxidations, and therefore are
unlikely to produce ROS as a mechanism of action. The production of ROS is one of the
modes of action of ferroquine and ferrocene derivatives,'® and has been attributed to their
oxidation potentials. However, the lack of oxidation is not surprising as other bipyridine

platinum (Il) complexes reported in literature only undergo reductions as well.3'7-318

Additionally, the electrochemical properties of the gold(lll) analog (4k) was also determined to
compare it to that of the platinum(ll) analogs. As seen in Figure 4.13, 4k undergoes a non-
reversible Ag®”Ag* reduction at Epc; = -1.37 V and a non-reversible oxidation at Epa; = 0.82 V.
These observed reductions and oxidations correspond to reports in the literature of other
gold(lll) complexes.®19320 The electrochemical properties of 4k differ from the platinum(ll)
analogs, as it undergoes a non-reversible oxidation and therefore has the potential to form
reactive oxygen species (ROS). However, despite this, complex 4k was 25-fold less potent

than its platinum derivative, 4a.1, as was discussed in Section 3.2.6.
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Figure 4.13. Cyclic voltammograms of SAR2 complexes and the gold(lll) analog (4k). For
the SAR2 derivatives, a substituent was added to the para-position of the acyl-thiourea

ligand.

4.8. Photophysical properties and cellular localization studies of the fluorescently-

labeled dansyl analog (4a.7)

As mentioned in Chapter 2, the MoA of a compound can be studied by investigating its cellular
localization in the parasite. This imparts crucial information on where within the studied
organism the compound accumulates and potentially acts, providing insight into the target of
the compound. To study the cellular localization, a fluorescent reporter, namely dansyl, was
used to synthesize a fluorescent analog of the platinum(ll) complexes (4a.7) shown in Figure
4.14. This was prompted by an analysis of the photophysical properties of the parent complex,

4a.1, which did not possess intrinsic fluorescence.

Complex 4a.7 retained the basic structure of 4a.1 with a tert-butyl in the 4,4’-position of
bipyridine and hydrogen in the para-position of the acyl-thiourea ligand. Importantly, 4a.7

retained whole-cell potency with a Pf-NF54 ICs value of 132 + 16 nM compared to 4a.1 with
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a Pf-NF54 I1Cs of 151 + 16.8 nM. It should also be noted that the addition of the dansyl reporter
in 4a.7 to a scaffold of 4a.1 changes its chemical structure and subsequently can affect its
physiochemical properties such as its solubility, permeability, and lipophilicity. While these
factors may affect the compartmentalization of the complex, it is proposed that the two analogs

should share subcellular localization, given that their core pharmacophore remains the same.

Before the intracellular localization of this complex was investigated, photophysical studies
were conducted to characterize its fluorescence. The absorption and fluorescence emission
properties of complex 4a.7 were measured in DMSO (Figure 4.14). Complex 4a.7 displays
two broad bands at ~270 nm and ~365 nm for the intra-ligand charge transfer (ILCT) and the
metal-to-ligand charge transfer (MLCT) bands, respectively. The broad, low intensity of the
MLCT band is characteristic of metal complexes. The complex exhibits strong fluorescence in
solution when excited at a wavelength of 365 nm and has an emission wavelength of 530 nm.
The strong fluorescent signal emitted by 4a.7 along with the retained whole-cell potency
suggested that it would be a good candidate for its intracellular localization using fluorescence

microscopy.
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Figure 4.14. Structure of complex 4a.7, containing the dansyl fluorescent reporter (left) and
absorption (black) and emission (red) spectra of complex 4a.7 (right). The absorption
spectrum shows an intra-ligand charge transfer (ILCT) band at 270 nm and a metal-to-ligand
charge transfer (MLCT) band at 365 nm. For the fluorescence spectroscopy, a solution of
complex 4a.7 (100 pM in DMSO) was excited at 365 nm.
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The live-cell images of complex 4a.7 in Pf-infected erythrocytes are shown in Figure 4.15.
These images clearly show the accumulation of the dansyl-labeled analog (4a.7) in infected
erythrocytes, while no accumulation was observed in the uninfected erythrocytes. The
fluorescence signal appears to be distributed throughout the cytoplasm of the parasite. Since
DV accumulation is in part influenced by the lipophilicity, basicity, and ability of a compound
to bind to heme,3?322 the compound may accumulate in the DV despite not inhibiting
hemozoin formation. However, without further localization analysis, the accumulation of the
drug in a particular organelle is unclear. Furthermore, it should be noted that these images
were obtained using confocal microscopy which has limitations such as obtaining images from
only one optical section of the cell resulting in a long scan time to obtain high resolution
images. This results in the cell often being exposed to high intensity light which may cause

phototoxicity and photobleaching.

4a.7

Figure 4.15. Live-cell images of Pf-infected erythrocytes incubated with the dansyl-labeled
platinum(ll) analog (4a.7). Scale bar: 2 um. The image on the left (4a.7) shows the
fluorescence of the complex. The middle image (DIC) shows an erythrocyte infected with a
Pf parasite. The image on the right is an overlay of the left and middle images, showing that
complex 4a.7 accumulates in the malaria parasite. Uninfected erythrocytes are indicated

with arrows. Hemozoin is labeled Hz and appears as a black circle within the parasite DV.

While these live-cell images were a useful tool in visualizing the cellular accumulation of the
fluorescently labeled complex, it should be noted that the malaria parasite is exceedingly
sensitive to light.32® It has been established that even modest light exposure for a short period
results in acidification of the parasite's cytosol, likely caused by a breakdown of the DV
membrane.??® Despite the substantial fluorescence signal observed for this complex in the
spectrofluorometer, the high laser power used to visualize the dansyl-labeled complex (4a.7)

under the microscope caused visible photo-damage to the parasite thus limiting the utility of
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this probe in doing more advanced imaging studies. Furthermore, despite dansyl chloride
being a widely used fluorophore, it has drawbacks such as photobleaching (irreversible loss
of fluorescence due to excitation using high-intensity light) and pH sensitivity.>?* Therefore,
the dansyl-labeled compound was not ideal for live-cell imaging of Pf. For this reason, it would
be best to synthesize an analog labeled with a fluorescent reporter that requires lower-energy
illumination, such as those illuminated in the visible region rather than the ultraviolet region,
or by first fixing the cells before incubation with the probe. However, due to synthetic limitations
discussed in Chapter 2, the use of probes such as NBD and rhodamine which are excited at
longer wavelengths was not possible. The synthesis and photophysical analysis of this dansyl-
containing reporter was therefore used as a proof of concept to illustrate the accumulation of

the compound within the parasite.

4.9. Conclusion

This chapter discussed the assays used to gain mechanistic insights into the synthesized
mixed ligand platinum(ll) complexes. A stepwise approach was followed, starting with an
experiment to determine the capacity of complex 4a.1 to self-associate in solution. Complex
4a.1 exhibited self-association properties in MeOH, likely due to its ability to aggregate through
-1 stacking interactions. Since T1-1T interactions with heme/hematin are a major contributor
to compounds that inhibit both B-hematin formation and hemozoin formation, the self-
association experiment reinforced testing complex 4a.1 and its derivatives in the subsequent
assays. Only 4a.1 was selected for the self-association experiment as it served as a

preliminary proof-of-concept experiment and required large amounts of material.

Hence, the complexes from SAR1 and SAR2 were selected for the BHI assay. Most of the
tested complexes were able to inhibit the formation of BH with 1Cso values lower than or similar
to the positive control, CQ. The two prioritized complexes 4a.1 and 4f did, however, not show
inhibition of hemozoin formation in the intracellular heme fractionation assay. This was not
entirely unexpected for complex 4a.l as it showed gametocyte activity (Chapter 3), a stage
of the parasite life cycle where the hemoglobin degradation pathway is irrelevant. Complex 4f,
which only has ABS activity, did not show a dose-dependent inhibition of hemozoin formation
either. These results were contrary to the initial hypothesis that suggested that these

complexes potentially inhibit hemozoin formation.

The reliabilities of these results were further confirmed using an inoculum effect study which
showed that complexes do indeed accumulate in the malaria parasite to a moderate degree.
It also confirmed that the concentrations used in the heme fractionation assay were sufficient

to elicit an inhibition effect, had this been the MoA. The accumulation of these compounds
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within the parasite is further suggested by the intracellular localization images obtained for the
dansyl-labeled analog (4a.7); however, the high excitation energy required by the probe
damaged the parasite and more extensive imaging studies with this probe would have only
limited benefit. To further probe the MoA of the complexes, resistance selection studies were
performed, and these are discussed in the next chapter.
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Chapter 5: A Genomic Approach
Towards Probing Mechanisms of
Action and Resistance of selected
[Pt(diimine)L-O,S]* Complexes

5.1. Introduction

The first published genomic sequences for chromosomes 2 and 3 of the Plasmodium
falciparum (Pf) parasite®?-3? have been instrumental in enhancing our understanding of
malaria parasite biology. This has led to the combined use of resistance selections and whole-
genome sequencing (WGS) as techniques to determine the genetic origin of the loss of Pf

drug susceptibility, in turn aiding the identification of mechanisms of resistance (MoR).3%

Resistance selection involves culturing the Pf parasites at sublethal concentrations of the
bioactive compound for a prolonged period to generate mutant parasites that are less
susceptible to the selection drug. Monoclonal cells of the recrudesced mutant culture are then
isolated, profiled against the selection drug, and their genomes sequenced to identify genetic
mutations that are responsible for their resistant phenotype. In some instances, the MoR of a
compound corresponds to its mechanism of action (MoA),3?° making resistance selection a

potential tool in identifying the target biomolecule(s).

This is possible because the gDNA sequence of recrudesced mutant parasites can be
compared to that of the parent strain used in the selection process to identify copy number
variations (CNVs) and single nucleotide polymorphisms (SNPs) in the genome. For this
experiment, the Pf-Dd2 strain is preferentially employed as it rapidly proliferates, is well
characterized as a multidrug-resistant strain, and has a higher propensity for mutations

compared to other laboratory-adapted strains such as Pf-NF54 .33

As mentioned in Section 1.8.2, in vitro drug-resistant selections can be conducted either as a

single step, stepwise, or using a pulse method as is now described below.

Single-step selection: A large inoculum size is pressured using one drug concentration (3 to
5 x ICso) for up to 60 days. If recrudescence occurs, the resistant mutant can be profiled
against the selection drug, and a shift in the 1Cso value relative to the parental strain calculated.

This method is beneficial as it often produces mutant parasites within two months. On the
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downside, this method requires the culturing of multiple flasks at once and uses large

quantities of growth medium and red blood cells (RBCs).

Stepwise selection: Parasites of a particular inoculum size are incubated at a starting
concentration of 1 x ICsg, after which the concentration is increased gradually over time. This
method is advantageous as smaller culture sizes can be used (5 mL), but the selection period

can take months.

Pulse method: For this method, parasites are exposed to the test compound for 1-2 days,

after which the compound is washed off and the parasites are allowed to recover.

Since the single-step method produces mutants that maintain their resistant phenotype, it is

preferred for MoA/MoR studies and is therefore the method employed in this thesis.

Thus, the main aim of this chapter is to discuss the use of resistance selections and WGS to
determine the MoR(s) and the potential MoA(s) or target(s) of the two prioritized platinum(ll)

complexes, 4f and 4a.1.

5.2. In vitro resistance selections

To start the resistance selections, the ICso values of complexes 4a.1 and 4f against Pf-Dd2
were first determined, as multiples of these values were used as the selection concentrations
for the resistance selections. To this end, a 48-hour Plasmodium lactate dehydrogenase
(pLDH) assay was employed and the Pf-Dd2 ICso values of 4a.1 and 4f were determined to
be 212 nM and 121 nM, respectively.

For the resistance selection, the protocol described by Ng et al,*?® was followed with minor
modifications where Pf-Dd2 cultures were expanded into six 100 mL culture flasks, giving rise
to 10° parasites per flask (Figure 5.1). Dosing with the complexes (three flasks per analog)
started at 4% parasitemia (in the ring phase) with a 3% hematocrit. The selections were
performed using initial concentrations of 3x, 5x, and 7x the ICso of 4f in flasks FI1-FI3 and with
3%, 4x, and 5x the ICso of 4a.1 in flasks Fl4-FI6, respectively. These concentrations were
guided by the dose-response profiles of each compound which ensured that an appropriate
range was used to promote optimal chances of recrudescence, following clearance of the

sensitive parasites from the cultures.
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Figure 5.1. Pictorial representation of resistance selection culture flasks each containing 10°
parasites, illustrating their allocated flask number and the selection concentrations of the

respective compound (4a.1 or 4f) in multiples of their ICso values.

Dosing with the relevant selection concentrations of each complex in their allocated flask
began on day 0 (Figure 5.2) with monitoring of each flask every day for seven days and then
every second to third day for the remaining period. Images of the culture smears stained with
Giemsa (Figure 5.2) were obtained to visualize the daily morphological changes that occurred
during the resistance selections. Following incubation under drug pressure for 24 hours, the
parasites in all six flasks proliferated normally and progressed from rings to trophozoites on
the first day of monitoring. A decrease in parasitemia and a halt in their life cycle was observed
across all six flasks after 48 hours on day 2, indicative of the parasite’s susceptibility to
complexes 4a.1l and 4f. On day 3, after ~72 hours of drug pressure, trophozoites at a low
parasitemia and no progression to rings were still seen in flask FI1, which was under the lowest
pressure from complex 4f (3 x 1Csg). However, also on day 3, parasitic debris was observed in
flasks FI2-FI6, with no healthy parasites (rings or trophozoites) seen. Furthermore, all healthy

trophozoites and rings were cleared from FI1-FI6 by Day 15, as seen in Figure 5.2.
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using 4% parasitemia of
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Day 3: Flasks FI2 - FI6 Day 15: Flasks FI1 - FI6 / Day 17: Flask FI1 \
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Figure 5.2. Microscope images of Giemsa-stained smears of the contents in flasks FI1-FI6
on indicated days. Resistance selection began on day 0 (image not provided) using a culture

of synchronous rings.

Following the clearance of all healthy parasites by day 15, FI1 and Fl4 were removed from
drug pressure to prompt the growth of mutant parasites, as shown in Figure 5.3.
Consequently, recrudescence occurred in flask FI1 on day 17, after two days of culturing under
no drug pressure (NDP). The selection concentration in FI1 was subsequently increased to 5
X 1Cso of 4f for approximately two weeks before being profiled. This was to ensure that a
resistant phenotype would be maintained during the culturing period. Furthermore, flask Fl4
was kept under NDP, and the remaining four flasks (FI2, FI3, FI5, and FI6) were continuously
pressured with their respective selection concentrations over the entire 60-day period, with no

recrudescence occurring in any of the flasks (FI2-FI6).
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Figure 5.3. Timeline showing the selection concentrations of compounds 4f (FI1-FI3) or 4a.1
(Fl4-FI6) in each flask on the respective days. On day 15, flasks FI1 and Fl4 were removed
from drug pressure, as indicated by NDP (no drug pressure). On day 17, following
recrudescence in flask FI1, it was cultured under 5 x ICsp of 4f until day 60. Flask Fl4 was
cultured under NDP for the remaining duration of the experiment with no recrudescence

occurring in either FI2, FI3, Fl4, FI5, or FI6 within the 60-day selection period.

Upon the observation of recrudesced parasites from FI1 on day 17, the drug susceptibility of
these bulk mutants to 4f was subsequently determined and compared to that of the Pf-Dd2
parent to confirm that resistant mutants were successfully raised. These drug susceptibility
assays were conducted while flask FI1 was not under drug pressure. For this, the growth
inhibition pLDH assay was performed with a 48-hour incubation period. Figure 5.4, A
represents the 96-well plate post-incubation of Pf-Dd2 and the bulk mutant culture with either
complex 4f or the control drug, chloroquine (CQ). Figure 5.4, A shows that despite treatment
with 4f at concentrations up to 5 uM, high parasite survival occurred in all wells with the inability
to obtain an 1Csp value at this concentration. This is emphasized by the continuous intense
purple color (indicative of high parasite survival) across the 96-well plate, even at the
maximum concentration. This is further shown in Figure 5.4, B where a clear shift in the dose-
response curve is observed for the bulk mutant culture, confirming that it is indeed resistant to
4f,
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Figure 5.4. A: The Malstat- and NBT-developed 96-well plate post 48-hour incubation of the
Pf-Dd2 parent and the bulk-resistant culture with either complex 4f or CQ. Column 1
contained unparasitized red blood cells (RBCs) and column 2, untreated parasitized RBCs,
each at 1% parasitemia and 1% hematocrit. Compound 4f or CQ was added to column 3
and diluted 2-fold down to column 12. Resistance of the bulk mutant culture to 4f is indicated
by a high parasite survival emphasized by the intense purple color. B: The dose-response
curves of complex 4f in the Dd2 parent strain (blue) compared to the FI1 bulk mutant culture
(green), highlighting the significant shift in ICso value, which could not be obtained at the

maximum concentration of 5 uM.

5.3. Isolating 4f-mutant clones by limiting dilution

Successful resistance selections generate a polyclonal mass of cells, referred to above as the
bulk recrudesced culture. Thus, several mutant parasites with their unique set of genetic
polymorphisms and phenotypes can exist within this bulk culture. To isolate a monoclonal cell
population(s), cloning by limiting dilution, described by Macedo-Silva et al.,*! was used with
minor modifications. Cloning by limiting dilution is based on a Poisson distribution which
calculates the theoretical probability of a countable outcome.%332 Here, the 4f bulk mutants
from FI1 were cultured in a 96-well plate at dilutions starting below one parasite per well to
prevent the growth and isolation of more than one clone per aliquot. Figure 5.5 illustrates
these dilutions, calculated from Equation 5.1, to obtain the overall equivalent of ¥ or % a
parasite per well across the plate (200 uL per well). The plates were incubated for 17 days,

with changes to the growth medium and replenishment of 0.4% RBCs every 7 days.
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Figure 5.5. Graphical representation of the cloning by limiting dilution protocol to initially
start with either ¥4 or ¥z parasite per well in a 96-well plate. X pL of the contents in tube B
was transferred to 200 pL of growth medium containing 1% HCT in each well and incubated

for 17 days at 37 °C. Abbreviations: HCT-hematocrit; P-parasitemia.

Parasite growth was evaluated on day 18 using flow cytometry where wells containing
unparasitized RBCs served as a reference (Figure 5.6, A). Flow cytometry is a technique
used to quantify and distinguish between populations of cells where each distinct cell type
appears in its own region on the dot map, referred to as a gated population. Therefore,
unparasitized RBCs appear in a different region to those containing parasites (asynchronous
trophozoites and rings) as shown in Figure 5.6, A and B. The cells were recorded as the
number of “events” per the injection volume (40 uL) and were quantified as a percentage of

cells within the gated population region.

Thus Figure 5.6, A shows 99.6% of unparasitized RBCs with approximately 0.05% of the
counted events in 40 L likely corresponding to background noise. Figure 5.6, B corresponds
to wells containing an asynchronous culture which was recorded as 9.31% of parasites within

the gated population.
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Figure 5.6. Dot plots obtained from flow cytometry showing the distribution of gated
populations in wells containing A: Unparasitized RBCs, illustrating that 0.05% of the
parasite-gated population corresponds to background noise and should not be considered
as parasite growth; B: An asynchronous culture of Pf parasites illustrating the population
distribution of parasitized RBC as a recorded percentage of 9.3%. C: Representative well for
positive parasite growth with >0.1% parasitized RBCs. These dot plots are represented

using a log scale, where the populations are quantified as a percentage.
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Based on the percentages represented by these reference wells, those containing a minimum
of 0.1% in the rings + trophozoite gated population were considered to have parasite growth
and these aliquots were expanded into a 24-well plate. A representative of a selected well
(Figure 5.6, C) shows 0.16% in the parasite-gated population on the dot map. Ultimately, a
total of 12 wells from the 96-well plates were expanded into the 24-well plate and cultured
under no drug pressure while their growth was monitored. Consequently, three wells from the
plate incubated with “/%” parasite per well (B3, C2, E11) and one from the plate incubated with
‘4" parasite per well (G7) were further expanded into 50 mL culture flasks for profiling against
complexes 4a.1 and 4f.

5.4. Profiling of clones using the pLDH assay

The four individual clones selected and expanded from the cloning plate, as mentioned in the
previous section were annotated as follows: Dd2-4f-FI1-B3, Dd2-4f-FI1-C2, Dd2-4f-FI1-G7,
and Dd2-4f-FI1-E11. Subsequently, a drug susceptibility (pLDH) assay was employed to
evaluate if the clones had unique phenotypes and resistant profiles to complex 4f, compared
to Dd2. The dose-response curves of clones B3, C2, and E11, shown in Figure 5.7, follow a
similar sigmoidal shape to that of the Dd2 parent when treated with 4f, with clone C2 having
the lowest fold-shift in ICso relative to Dd2. The dose-response profile of clone G7 diverges
slightly from the other three clones, highlighting its higher level of resistance to 4f, further
verified by the significant 21-fold shift in ICso compared to Dd2 (Table 5.1).

Furthermore, to assess the potential of cross-resistance between other analogs in this
chemical series and 4f, the whole-cell potency of 4a.1 was also evaluated against the isolated
clones as shown in Figure 5.7. The sigmoidal dose-response profiles of all the clones treated
with 4a.1 resemble those of the Dd2 parent. However, the fold-shift in ICso values spans a
lower range than what was observed for 4f, varying from 1.2-fold to 6.5-fold for 4a.1 (Table
5.1).

From this, a degree of cross-resistance is observed for 4a.1, in all tested clones except for C2
where an ICso fold-shift of 1.2 is observed. Overall, the clones exhibit higher levels of
resistance to the compound used for their selection (4f), but these results do allude to a

possible shared MoA between complexes 4a.1 and 4f.
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Figure 5.7. Dose-response curves of mutant clones, B3, C2, G7, and E11 selected with 4f
and the Dd2 parent that was profiled against complexes 4f and analog 4a.1. Error bars

represent the SEM values, where N, n = 3, 3.

Table 5.1. ICsp values obtained from the profiling of the 4f-mutant clones against complexes
4f and 4a.1. SEM values are included where N, n = 3, 3. RI = resistance index, indicating the
fold shift of the clone ICso compared to the Dd2 ICso.

RI (clone ICso/Dd2 ICs0)

ICs0 = SEM (nM)
Strain 4f 4a.1
Dd2 135+21 144+ 19
Dd2-4f-FI1-G7 2778 + 378 938 + 208
Dd2-4f-FI1-B3 566 + 171 533 + 207
Dd2-4f-FI1-C2 180 £ 54 179+ 49
Dd2-4f-FI1-E11 1172 £ 942 445 + 334

4f 4a.1
21 6.5
4.2 3.7
1.3 1.2
8.7 3.1
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Based on the different phenotypes of each clone, all four were selected for whole-genome
sequencing. To determine the polymorphisms responsible for their resistant phenotypes,
gDNA from harvested trophozoites of each clone was extracted. For this, cultures of each
clone containing approximately 10% trophozoites were lysed with saponin, freeing them from
the RBCs. The gDNA was subsequently extracted using a QlAamp DNA Blood Midi Kit of
which the purity was verified on a NanoDrop1000 spectrophotometer. Subsequently, the

extracted gDNA was submitted for whole-genome sequencing.

5.5. lllumina-Based Whole Genome Sequencing of 4f- mutant clones

lllumina-based WGS was employed to obtain the genomic profiles of the isolated clones which
were compared to that of the Dd2 parent. Several CNVs in genes on chromosome 5, common
to clones B3, C2, and E11, were observed (Table 5.2). Additionally, deletions in the copy
numbers of genes on chromosome 8, unique to clone C2, were also identified. Of note, clones
B3, C2, and E11 showed amplifications in the gene encoding for the Pf-multidrug resistance-
1 (PfMDR1) protein. An increase in the copy number of the Plasmodium falciparum multidrug
resistance-1 (pfmdrl) gene, which encodes for a transmembrane drug transporter protein on
the digestive vacuole (DV),*2® has long been associated with multidrug resistance in
malaria.®3* Although the molecular mechanism of the PfMDRL1 transporter remains largely
unknown, amplification of the pfmdrl gene has been associated with resistance to several
clinical antimalarials such as mefloquine, lumefantrine, halofantrine, quinine, and artemisinin

derivatives. 3% 336-339

The amplifications of the pfmdrl gene observed for three of the clones suggest that the
susceptibility of the parasite to 4f is likely influenced by the transportation of the compound
between the cytosol and DV by PfMDR1. Amplifications in the Pfmdrl gene have been
associated with increased transportation of the drug into the DV, particularly when its target
resides in the cytosol.** In addition to this and the cellular localization studies which showed
approximately even distribution of the fluorescent analog within the parasite, the target of 4f

likely resides in the cytoplasm of the parasite.
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Table 5.2. Results from the WGS of the Dd2-4f-FI1 clones show the single nucleotide polymorphisms (SNPs) and copy number variations (CNVs) that occurred to render these clones resistant to complex 4f. lllumina-based WGS was

used, and the clones' genomes were compared to that of the Dd2 parent. Amplifications in the gene encoding for the MDR1 protein and an SNP in the gene encoding for kinesin-13 are in red to highlight that this CNV and SNP are

likely driving resistance in the 4f clones B3, C2 and E11 or in clone G7, respectively.

CNVs: The factor refers to the number of amplifications or deletions in the copy humber of the designated gene. NA refers to no amplification in the copy number of the gene compared to the Dd2 parent. The count is the number of

times the gene was read during the analysis process.

A Genomic Approach Towards Probing Mechanisms of Action and Resistance of selected [Pt(diimine)L-O,S]" Complexes

Gene ID chromosome Annotation count FI1-B3 Fl1-C2 FI1-E11 Mean factor
factor factor factor
PF3D7_0521900 | pf3D7_05 v3 | conserved Plasmodium protein, unknown function 3 1,875 2,423 1,790 2,029
PF3D7_0522000 | pf3aD7_05 v3 | conserved Plasmodium protein, unknown function 3 1,875 2,423 1,790 2,029
PF3D7_0522100 | pf3D7_05_v3 | conserved Plasmodium protein, unknown function 3 1,875 2,423 1,790 2,029
PF3D7_0522200 | pf3D7_05_v3 | transcription initiation factor TFIID subunit 10, putative 3 1,875 1,371 1,790 1,679
PF3D7_0522300 | pf3D7_05 v3 | 18S rRNA (guanine-N(7))-methyltransferase, putative 3 1,875 1,371 1,790 1,679
PF3D7_0522400 | pf3D7_05 v3 | conserved Plasmodium protein, unknown function 3 1,875 2,912 1,790 2,192
PF3D7_0522500 | pf3D7_05_v3 | 50S ribosomal protein L17, apicoplast, putative 3 1,875 2,055 1,790 1,907
PF3D7_0522600 | pf3D7_05_v3 | magnesium transporter NIPA, putative 3 1,875 2,055 1,790 1,907
PF3D7_0522700 | pf3D7_05_v3 | iron-sulfur cluster assembly protein SufA 3 1,875 2,055 1,790 1,907
PF3D7_0522800 | pf3D7_05_v3 | pre-mRNA-splicing factor BUD31, putative 3 1,875 2,055 1,790 1,907
PF3D7_0522900 | pf3D7_05_v3 | zinc finger protein, putative 3 1,875 2,055 1,790 1,907
PF3D7_0523000 | pf3D7_05 v3 | multidrug resistance protein 1 3 1,875 2,577 1,790 2,081
PF3D7_0523100 | pf3D7_05_v3 | mitochondrial-processing peptidase subunit alpha, putative 3 1,875 2,577 1,790 2,081
PF3D7_0523200 | pf3aD7_05_v3 | heptatricopeptide repeat-containing protein, putative 3 1,875 2,577 1,790 2,081
PF3D7_0813800 | pf3D7_08_v3 | GDP-mannose 4,6-dehydratase 1 NA -2,099 NA -2,099
PF3D7_0813900 | Pf3D7_08_v3 | 40S ribosomal protein S16, putative 1 NA -2,099 NA -2,099
PF3D7_0814000 | pf3D7_08_v3 | 60S ribosomal protein L13-2, putative 1 NA -2,099 NA -2,099
PF3D7_0814100 | pf3D7_08_v3 | conserved Plasmodium protein, unknown function 1 NA -2,099 NA -2,099
PF3D7_0814200 | pf3D7_08_v3 | DNA/RNA-binding protein Alba 1 1 NA -2,099 NA -2,099
PF3D7_0826100 | pf3D7 08 v3 | HECT-like E3 ubiquitin ligase, putative 1 NA 1,424 NA 1,424
SNPs:
Chromosome | POS REF ALT Mutation in | Gene name Exon ID | Amino acid Codon Effect Description
change Change
Pi3D7 03 v3 | 205372 | A C F1-E11 PF3D7 0304100 | 1 E277D gaAl/gaC NON_SYNONYMOUS_ CODING inner membrane complex protein 1e, putative
Pf3D7_07_v3 | 855291 |C A F1-C2 PF3D7_0719500 | 2 W371L tGa/ NON_SYNONYMOUS_ CODING LEM3/CDC50 family protein, putative
tTg
Pf3D7_09 v3 | 394113 | C A F1-G7 PF3D7_0908500 | 16 E601* Gag/ STOP_GAINED conserved Plasmodium protein, unknown function
Ta
Pf3D7_12 v3 | 1886953 | AATAATAAT | AATAA F1-G7 PF3D7_1245100 | 2 VDNND21092D gttgataataatgat/gat CODON_CHANGE_PLUS_CODON_DELETION | kinesin-13, putative
GTTGATAAT | TAATGT
AATGTTGAT | TGATAA
AATAATG TAATG
Pf3D7 14 v3 | 901122 | A T F1-G7 PF3D7 1422400 | 1 N246| aAt/aTt NON SYNONYMOUS CODING conserved Plasmodium protein, unknown function
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Furthermore, single nucleotide polymorphisms (SNPs) were observed on chromosomes 3 and
7 in clones E11 and C2, respectively. For clone E11, the nucleotide adenine was replaced
with cytosine in the gene coding for a putative inner membrane complex (IMC) protein 1le. The
IMC class of proteins are found in the motile stages of apicomplexan parasites like Pf and are
essential for their gliding and invasion of host cells.** The IMC proteins also contribute to the
shape and rigidity of the cell during cell division.®*? In the C2 clone, an SNP in the gene
encoding for a putative LEM3/CDC50 family protein was observed. There are three putative
Pf-CDC50 proteins, annotated as CDC50A (PF3D7_0719500), CDC50B (PF3D7_1133300),
or CDC50C (PF3D7_1029400). A previous study conducted in the Plasmodium yoelii mouse
model showed that the binding of the CDC50A orthologue to guanylyl cyclase beta (Gcp,
important for the conversion of ATP and GTP to other important proteins) is essential for the
motility of ookinetes in the mosquito vector and consequently for the transmission of the

parasite.343

However, for clone G7, three independent SNPs were observed, two of which occurred in a
conserved Plasmodium protein of unknown function and the third in the gene encoding for
kinesin-13. The kinesin-13 SNP was particularly interesting as there have been no reported
MoRs involving kinesin-13 in the literature. Kinesins are a class of motor proteins, locally
based on microtubules (MT) in kinetochores (Figure 5.8), and play an important role in cell

division, motility, organization of cell polarity, and intracellular transport.344

kinetochore = chromosome motor proteins and
passive crosslinkers

centrosome

spindle
+ pole

Ioverlap polar astral MTs '

non-kinetochore microtubules

Figure 5.8. Image showing the kinetochore microtubules and the orientation of motor
proteins on these microtubules. Republished from Toli¢ et al. under the Creative Commons
Attribution license (CC BY), Copyright (2024).34
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Kinesin-13 is a sub-family of this class of proteins and is important for the depolymerization of
the MT during mitotic cell division. Contrary to other kinesin sub-families like kinesin-8, kinesin-
13 diffuses to both ends of the MT for its depolymerization action.?*¢ In a recent study, nine
kinesins were phylogenetically identified and functionally characterized in P. bergei.** Eight
of those kinesins were found to be essential during the transmission (gametocyte) stage of
the parasite life cycle, with only kinesin-13 being essential during the schizogony stage, as

shown in Figure 5.9.3%

kinesin-4

kinesin-5

kinesin-8B
kinesin-8X
kinesin-13
kinesin-15
kinesin-20
kinesin-X3

kinesin-X4

Nuclear; spindle and spindle pole body (SPB) @ Both
O Cytoplasmic; axoneme or sub-pellicle O Absent

Figure 5.9. A summary of the expression location of each of the nine kinesins during the
different life cycle stages of the P. berghei parasite as reported by Zeeshan et al.

Republished under the Creative Commons CCO public domain dedication.3**

Interestingly, clone G7 varies quite significantly from the other three clones, with the MoR
likely being driven by mdrl for clones B3, C2, and E11 and the MoR potentially being driven
by kinesin-13 for G7. These studies have thus presented a novel MoR and suggest that
kinesin-13 can be probed as a new pathway for resistance and as a potential antiplasmodium
drug target. This is further motivated by studies of kinesin inhibitors in the cancer field, where
filanesib, an inhibitor of the kinesin spindle protein (KSP), successfully made it into phase |
clinical trials.3*” Several other kinesin inhibitors have also been investigated as cancer

therapeutics, showing the potential and importance of kinesins as a therapeutic target.343-3%
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5.6. Chapter Summary

Designing compounds that target novel biomolecules has been aided by breakthroughs in Pf
genomic research. These genetic advances have fuelled the use of resistance selections and
WGS to identify the molecular markers responsible for reduced drug susceptibility. In this
chapter, these tools were employed to investigate the MoR of two synthesized platinum(ll)
complexes, to provide insight into their MoA. Culturing of the Dd2 parent under a concentration
of 3x the ICso of complex 4f resulted in the recrudescence of resistant parasites in FI1, while
culturing at higher concentrations of 4f or 4a.1 did not yield mutants after 60 days. This
suggests that these complexes have a high minimum inoculum of resistance (low frequency
of recrudescence), which is a favourable property for antimalarial drugs. Monoclonal
populations from the FI1 bulk culture were isolated using cloning by limiting dilution, producing
four clones with ICso fold shifts up to 21 (clone G7) compared to Dd2 when treated with 4f.
Furthermore, cross-resistance was observed between clones B3, G7, E11, and Dd2 when

tested with complex 4a.1.

Whole-genome sequencing identified several CNVs and SNPs involved in the resistant
phenotypes of the clones with the most noticeable CNV corresponding to the well-known
pfmdrl gene, encoding for a membrane transport protein. The amplification of pfmdrl likely
allows for the complex to be transported away from the target protein, decreasing parasite
susceptibility to the complex. A SNP in the kinesin-13 gene was unique to the most resistant
clone, G7, suggesting that its MoR is likely driven by this mutation. Although not conclusive in
identifying the MoA of the herein synthesized platinum(ll) complexes, these genomic results
imply that these complexes may have a novel target or act via polypharmacology, possibly

involving kinesin-13, and this should be investigated further in the future.
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Chapter 6: Conclusions
and Future Work

6.1. Conclusions
Despite enormous efforts to eradicate malaria, the emergence of resistance to the majority of

the clinical antimalarial drugs has slowed progress. Thus, the rationale behind this work was
to synthesis and investigate a series of novel compounds with dual-stage antiplasmodium

activity, that can potentially circumvent resistance.

The first aim of this thesis work was to resynthesize the metal complexes reported in the
previous study by Egan et al.'”® and further explore their chemical space with additional
chemical modifications. This was done to evaluate structure-activity relationship (SAR) and
structure-property relationship (SPR) trends. The second objective was to probe the
mechanism of action (MoA) of these complexes. This included using assays such as the
detergent-mediated B-hematin inhibition and cellular heme fractionation assays as well as
attempts to identify the target biomolecule(s) and mechanism(s) of resistance (MoR) using a
genomic approach involving resistance selections followed by whole-genome sequencing
(WGS). Within this thesis, a range of whole-cell potencies, physiochemical properties, and

microsomal metabolic stabilities were measured for the complexes.

6.1.1. SAR and SPR of mixed-ligand platinum(ll) and gold(lll) complexes

Asexual blood stage (ABS) whole-cell potency

The whole-cell potencies of complexes from the six discussed chemical modifications against
Plasmodium falciparum (Pf) are summarized in Figure 6.1. The 4,4’-di-tert-butyl analog (4a.1)
was considered the parent complex within this series, to which the whole-cell potency of the
other derivatives was compared. For SAR1, whole-cell potency was increased by the
presence of an electron-donating substituent in the 4,4’-position of the bipyridine. Additionally,
replacing the bulky hydrophobic tert-butyl substituent with an amine substituent improved

whole-cell potency four-fold against both the P--NF54 and Pf-K1 strains.

The main attribute of the SAR2 complexes was the increased susceptibility of the multidrug-
resistant Pf-K1 strain to complexes with a methyl and methoxy substituent in the para-position

of the phenyl ring. These potencies suggest that the electron properties of the attached
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substituent, as opposed to hydrophobicity, may be driving bioactivity within these two series

of platinum(Il) complexes.

For SAR3, whole-cell potency against P-NF54 and Pf-K1 was favored when the position of
the methyl substituent on bipyridine was switched from 4,4’-substitution to 5,5’-substitution.
This is possibly due to its interaction and binding with its target biomolecule which may be

influenced by the position of the substituent.

SAR1 PE-NF54/K1
4,4'-di-tert-Butyl (4a.1) O/
Key:
Me (4b.1) o/
P£-NF54 and Pf-K1
H (4c) / Q Excellent potency (<50 nM)
High potency (50 - 500 nM)
MeO (4d) / Moderate potency (500 - 1000 nM)
O Poor potency (1000 - >5000 nM) SAR4 PENF54/K1
OH (4e) o PF, (42.5) /
NH, (4f) Q1 R A L [— NO, (4a.6) Q!
Cl (49) o) 7 NN,
C— SV Y/
CF5 (4h) Q \P t SAR3 PENF54/K1
g\ o /
CONHMe (4i) O g ),\ 5,5-d|methy| (4b2)
SNC A~_OH
o /©/kN \ 6,6-dimethyl (4b.3)  O/O
COOMe (4j) - §
SAR4 PF-NF54
SAR2 PE-NF54/K1
I . HN-dansyl (4a.7)
N 2+ /
[Au(diimine)(L-O,S)]“"2PF¢ (4k) Q Me (4a.2) 0
NH, (4a.8a
MeO (4a.3) 0 2 (4a8a) o/
Cl (4a.4) /

Figure 6.1. A pictorial representation summarizing the whole-cell potency of the synthesized
transition metal complexes against P~NF54 and Pf-K1 strains. The provided key is used as

a scale to gauge potency according to their ICso values.

The exchange of the chloro counterion (4a.1) for a nitrate counterion (4a.6) in SAR4 was also
highly favored against the P-NF54 and Pf-K1 strains for the tert-butyl analog. There are no

reports comparing the antiplasmodium potency between transition metal complexes with a
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chloro and nitrate counterion in the literature, but factors such as lipophilicity can affect its

potency.

From the , the hydroxy group (4a.1) is more beneficial on the terminal end of the
ethylamine chains than an amino (4a.8a) functionality, as 4a.8a is less potent than 4a.1

against both tested strains.

The final chemical modification involved replacing the platinum(ll) center with gold(lll) (4k).
The change in transition metal ultimately resulted in the formation of a gold(lIl) species with a
2+ charge that was 25-fold less potent than the platinum(ll) species. However, the speciation
of the gold(lll) analog in water (discussed in Chapter 2, Section 2.3.6) may also result in the
lower whole-cell potency that was exhibited by 4k, as the whole-cell assay is conducted in

aqueous medium.

Gametocyte activity

Potency against gametocytes was highly dependent on the presence of the bulkier more
hydrophobic tert-butyl or trifluoromethane substituent on the bipyridine ligand. Thus, within the
series, seven complexes exhibited early-stage and/or late-stage gametocyte activity.
Additionally, six of the seven complexes displayed dual-stage activity, although only the SAR2
complexes 4a.2 (R2= Me) and 4a.3 (R?>= MeO) exhibited sub-micromolar potency against late-

stage gametocytes.

Cytotoxicity and aqueous solubility

Platinum complexes such as cisplatin and carboplatin are known for their cytotoxicity.33"-3%2 To
confirm that the whole-cell potency of the synthesized platinum(ll) complexes was not a
consequence of a general cytotoxic effect exhibited by the compounds, their cytotoxicity was
evaluated against the Chinese hamster ovarian (CHO) cell line. In summary, there were subtle
differences in cytotoxicity between the six series but in general, most of the complexes were

selective to the Pf parasite with selectivity indices (Sl) above 50.

In general, the SAR1 complexes were also highly soluble with aqueous solubilities at pH 6.5
above 95 uM. Furthermore, no obvious trends were seen between the substituents and their
solubilities. SAR2 complexes with a Me (4a.2) and MeO (4a.3) as R? were very potent against
Pf-K1 but showed negligible solubility below 5 uM, despite being very potent against Pf-K1.

Interestingly, the addition of the electron-withdrawing Cl substituent (4a.4) in the para-position
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resulted in improved whole-cell potency (three-fold) and improved solubility of 150 uM

compared to 4a.1.

Microsomal metabolic stability

A range of microsomal metabolic stabilities was observed for the tested compounds in the
presence of human liver microsomes (HLM) and mouse liver microsomes (MLM) as shown in
Figure 6.2. All analogs with a tert-butyl substituent on the bipyridine ligand displayed poor
microsomal metabolic stabilities in the presence of microsomes from both species with the
percentage of compound remaining after 30 minutes of incubation <51%. Overall, none of the
complexes displayed metabolic stability above 75% (preferred cut-off) in the presence of
HLMs.

human mmouse
100 94

S 88
S 80 _______] 072 2 em W .
= 60 47 46 51 47
g 40 37 43 41 37 i 33
8 24

20

0

4a.l 4b 4c 4d 4f 4g 4a.2 4a.3 4a.4
Complex

Figure 6.2. Bar graph showing a summary of the microsomal metabolic stabilities of tested
complexes as a measure of the percentage of compound remaining after 30 minutes of
incubation in human or mouse liver microsomes. The dashed line represents the 75% cut-off

and the compounds highlighted in red contained a tert-butyl substituent on the bipyridine.
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Pharmacokinetics (PK), permeability and plasma protein binding (PPB) of frontrunner

complex, 4f

The in vivo PK analysis of 4f (R' = NH,) indicated that the complex had a low volume of
distribution, moderate clearance, and low bioavailability, as seen in Figure 6.3. Further
analysis of 4f showed that these poor PK properties may correlate with high PPB (99%) which
corresponds with its low volume of distribution and moderate clearance. Additionally, the
complex was highly permeable and soluble, suggesting that the poor bioavailability is likely a

result of the high PPB and phase Il metabolism.

H2N NH2 C_l
7/ \ - Pharmakonetics parameters
— \N / Vs (ML/kg) i.v. =456
o CLg (mL/min/kg) i.v. =464
/ \ t1;2 (h) p.o.fi.v. =12.0/10.8
o S Bioavalability (%) p.o.  =3.8
L

OH

Figure 6.3. Structure of complex 4f and summary of its PK parameters.

6.1.2. Mechanistic studies

To gain mechanistic insights into the synthesized complexes, several experiments were
conducted as discussed in Chapter 4. Comparable to compounds of a similar structure
reported in the literature,'® complexes 4a.1 displayed the ability to self-associate in MeOH as
was shown by the concentration-dependent 'H-NMR spectroscopy experiment in Chapter 4,
Section 4.2. This self-association was proposed to result from the intermolecular aggregation

of the platinum(Il) compounds with each other through -1 stacking interactions.

Subsequently, the inhibition of B-hematin formation activities of the complexes were evaluated
in the extracellular NP-40 detergent-mediated assay. In general, the inhibition of B-hematin
formation activities of the complexes were comparable or superior to those of the positive
control drug, chloroquine (CQ). Additionally, no correlation was observed between their whole-
cell potencies, kinetic solubilities, and inhibition of B-hematin formation activities. These results
contrasted with the original Egan et al. study, in which the parent complex was determined not
to inhibit B-hematin formation (possibly as a result of the different detection methodology

used). Furthermore, the two selected complexes did not exhibit a dose-dependent inhibition
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of hemozoin formation within the parasite; thus, contrary to the initial hypothesis, they do not

share the MoA of quinolines, despite their ability to partake in -1 stacking interactions.

Genomic approach

Resistance selection experiments using the tert-butyl (4a.1) or amine (4f) analogs and the Pf-
Dd2 strain resulted in a low frequency of resistance in which recrudescence only occurred in
one flask (3 x ICso of 4f) out of the six that were being pressured. This suggests a lower
likelihood of resistance occurring for this scaffold, given that recrudescence also only occurred
for one of the two compounds. Furthermore, cloning by limiting dilution isolated four
monoclonal populations with the most resistant clone (G7) having a resistance index of 21 and

6.5 against complexes 4f and 4a.1, respectively.

WGS identified several copy humber variations (CNVs) and single-nucleotide polymorphisms
(SNPs) which were likely responsible for the clones' resistant phenotypes. The most
noticeable CNV corresponded to the amplification of the well-known pfmdr1 gene. For the
most resistant clone, G7, a SNP in the kinesin-13 gene was unique to this clone and is thus

likely responsible for its MoR.

Since the amplification in the pfmdr1 gene was common to three of the four clones and the
kinesin-13 SNP only occurred in one clone, they could not be conclusively linked to the MoA.
This does not necessarily indicate that kinesin-13 is not a molecular target, but further target
identification and validation experiments are necessary. It is also possible that these
complexes target a novel biomolecule(s) or act via polypharmacology that could include

kinesin-13.

165



Chapter 6: Conclusions and Future Work

6.2. Overall conclusions

A range of whole-cell potencies was displayed in which an amine in the 4,4’-position of the
bipyridine resulted in favorable potency and drug-like properties. Furthermore, the exchange
of a chloro counterion to a nitrate in the fert-butyl analog had the most significant positive
influence on potency against P~NF54. Overall, the SAR2 complexes exhibited the most
favorable whole-cell potencies as their ICsp values against the multidrug-resistant Pf-K1 strain
were in the low nanomolar range (below 30 nM) and their late-stage gametocyte activity was
below 500 nM. Therefore, these complexes had the most ideal dual-stage potencies within all
six series. However, they did exhibit low solubility (below 5 uM) and poor microsomal metabolic
stabilities in MLM and HLM (below 51%). Furthermore, these complexes did not act via the
hypothesized pathway of inhibiting hemozoin formation but with the assistance of resistance

selections and whole-genome sequencing, a possible novel target (kinesin-13) was identified.

6.3. Future work

6.3.1. Synthesis

For this thesis, efforts were made to explore the chemical space of these metal complexes by
varying substitutions at various attachment points, but further modifications can also be
explored. A summary of further proposed chemical modifications is shown in Figure 6.4.
Replacing a tert-butyl substituent with a trifluoromethyl-cyclopropyl substituent has been
shown to improve microsomal metabolic stability in the literature.?® This would therefore be
an appropriate start to synthesizing a complex with improved metabolic stability (Figure 6.5,
C) as many of the tert-butyl analogs displayed low ICso values with dual-stage activity, such
as those from SAR2 (R? = Me, MeO, and Cl). Additionally, concerning the SAR2 complexes,
inserting a water-solubilizing substituent (e.g. MeO, amine, carboxylic acid) in the R" position
with a MeO and Me in the R? position (Figure 6.5, B) can be explored to improve the aqueous
solubility of these complexes. Furthermore, considering the SAR3 analog (5,5-dimethyl) the
synthesis of derivatives with an NH> or tert-butyl substituent in the 5,5’-position of the

bipyridine should be explored.
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Replace tert-butyl substituent with
trifluoromethylcyclopropyl
to improve metabolic stability

% Replace Cl with NO3 in
1 + cl I:> more potent derivative
R R’ such as the NH, analog
7 NN/ \
‘N N‘
Replace Pt(Il) with other d8 <:| /Pt\
metals such as Rh(l), Ir(l), Pd(ll) |:> Replace sulfur with oxygen or nitrogen

/@)\“'/’\ /\/OH

Figure 6.4. Summary of the proposed future chemical modifications to further explore the

SAR of the reported series of complexes.

A B c
MeO, NH,, COOH *
R1=NH20r/J< R : R ] o
R NV N i 7 N/ \ ) 7 N/ \
=\ \= cr =N N= cl =N, N=
/@/k /kN/\/OH /@/k /k N~-OH J©/k ’kN/\/OH
R? = H, Me or MeO = Me or MeO = Me or MeO

Figure 6.5. Proposed derivatives of the most potent analogs to be synthesized in future to

improve whole-cell potency and drug-like properties.

Conducting counterion exchanges between chloride and nitrate for the more potent amine
analog and the other derivatives could be insightful in identifying the role of the nitrate
counterion. This may also be interesting as there are no reports on the biological role of these

counterions in the literature.

Since the gold(lll) derivative 4k maintained the square platinum geometry of the platinum(ll)

parent but displayed a significant decrease in whole-cell potency, additional d® metal centers
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can be explored. These would include iridium(l), rhodium(l), and palladium(ll), which would
still maintain the square planar geometry around the metal center but may contribute favorably
to the whole-cell potency through varying electronic, physicochemical, and stability (metabolic

and aqueous) properties.

Additionally, replacing the sulfur in the acyl thiourea ligand with either oxygen or nitrogen is
another change worth exploring. These subtle changes could affect the overall properties of
the formed metal species as they affect the metal-ligand interactions and therefore possible

ligand exchange reactions.>

Lastly, further attempts can be made to synthesize a fluorescent probe to study the intracellular
localization of this chemical series. This could include attempting the synthesis of a Bodipy-
containing derivative or reattempting the synthesis of an NBD- or rhodamine-containing
derivative. For the NBD and rhodamine derivatives, alternative synthetic routes that are
reported in the literature®*-3¢ could be attempted as shown in Figure 6.6. These methods
mainly include changing the base and/or the solvent used in the reaction compared to those

attempted in Chapter 2, Section 2.3.7.

H
&l a. NaHCO3,H,0 MeOH, 55 °C HN/\/N\/\OH
b. Cs,CO3, MeCN, CHCl;, 80°C q
/N‘O H c. EtsN, MeCN, reflux -0
\Nl + HO/\/ \/\NHZ > \NI
] oMo

. H e. Et;N, DCM
HO """

H,N 07 7 NH;

Rhodamine 110 CI

Figure 6.6. Alternative reaction conditions to attempt the synthesis of NBD or rhodamine-

containing fluorescent probes. The red circles on rhodamine indicate the reacting group.
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Additionally, NBD, rhodamine, and BODIPY can be excited at a less photodamaging
wavelength (lower energy of 480 nm to 511 nm) than the dansyl reporter discussed in Chapter
4. Determining the cellular localization of the synthesized series can assist in identifying the
target organelles and/or biomolecule(s) of these complexes. For example, should these
complexes partially act via the inhibition of heme synthesis in the mitochondrion, they would

be expected to accumulate there.

To further evaluate the factors that contribute to the whole-cell potency displayed by the
synthesized series, several additional experiments can also be conducted. These include
evaluating the lipophilicity of all the synthesized complexes using a shake-flask method
involving water and octanol. This will assist in determining if lipophilicity influences whole-cell
potency of the analogs with different counterions. Additionally, the permeability of the other
analogs (only the permeability of 4f is reported here), including those with a
hexafluorophosphate and nitrate counterion, can be determined. This can be used to evaluate
if permeability contributes to the significant increase in whole-cell potency exhibited by the
nitrate fert-butyl analog compared to the chloro fert-butyl parent. Lastly, following the
microsomal metabolic stability studies, metabolites can be identified. This will highlight the
metabolic hot spots and compounds can then rationally be designed to block the sites of

metabolism.

6.3.2. Mechanistic studies

Despite the original hypothesis that these complexes should inhibit hemozoin formation, they
were found not to do so. Thus, additional assays and experiments are required to probe their
MoA. Based on the MoA of other square planar platinum complexes such as cisplatin, DNA
binding experiments can be conducted for the complexes synthesized herein. Additionally,
protein pull-down experiments coupled with mass spectrometry to identify possible protein
targets can be conducted. Since kinesin-13 was shown to be a MoR in the resistance selection
studies, it can be evaluated as a possible target by conducting biochemical assays or
screening against kinesin-13 conditional knockdown lines that investigate the capacity of the

complexes to inhibit kinesin-13 in vitro.

Furthermore, based on the capacity of these complexes to inhibit BH formation extracellularly,
it may be worthwhile to determine the extent of hematin (free heme, ferriprotoporphyrin 1X
(Fe(llHPPIX)) association. The binding strengths of the complexes to Fe(lll)PPIX can be
compared using their binding constants. This is important as there have been reports that the

heme needed by the parasite for metabolic function is synthesized in its mitochondrion instead
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of sourced from host hemoglobin.**® As a future experiment, it may be interesting to further
investigate the intracellular localization of these complexes and determine if they accumulate

in the parasite mitochondrion, interfering with the heme biosynthesis pathway.

Additionally cell morphology studies can be conducted in which the parasites can be treated
with a platinum(ll) analog at the ring stage and the effect on morphology can be observed
using Giemsa stained smears observed under a microscope. This experiment can be

informative with regards to the stage specificity of the tested complex.

Following the resistance selection studies, several additional experiments can also be
conducted using the isolated clones and several of the other platinum(ll) analogs. These
include profiling the remaining platinum(ll) analogs against the isolated G7 clone to determine
if they share cross-resistance which could suggest a shared MoR amongst the analogs. The
fitness cost of the 4f-resistant mutants can be determined using a competitive growth assay.
A MIR (minimum inoculum of resistance) study can also be conducted using compound 4f to

determine the risk of resistance.

Furthermore, to validate kinesin-13 as a possible molecular target for future drug design,
genomic editing could be attempted using the CRISPR/Cas9 editing tools in which the kinesin-
13 resistant mutation can be introduced. If successful, the transfectant Plasmodium parasites
could be selected for using the compound WR99210, a known antagonist of the Pf folate
pathway. It is now widely used for the selection of Plasmodium transfectants, as it selectively
targets the Plasmodium dihydrofolate reductase thymidine synthase bifunctional enzyme
(DHFR-TS) over the human one. Additionally, untransformed species of Plasmodium are
sensitive to low doses of WR99210 allowing for the selection of transfectant lines.3
Subsequently, the whole-cell potency of the test compounds (4f and derivatives) can be
determined against the edited and control parasite lines to evaluate if kinesin-13 is primarily

responsible for the resistance phenotype.

Towards addressing the devasting impact that malaria has had on the African continent, and
for which drug resistance has been the major inhibiting factor to the extensive efforts made to
control and eradicate the disease, this thesis emphasizes the advantages of metal complexes
as novel chemotherapeutic agents. This thesis brings to light the potential of metal complexes
to meet the main objectives of contemporary antimalarial drug discovery, i.e. combating
resistance, finding compounds with multi-stage activity, and identifying those that act against
novel targets. In this work, several compounds were identified with dual-stage activity that act
against the Pf-K1 strain with potency in the low nanomolar range. Mechanistic studies coupled

with resistance selection experiments suggest that these complexes may act via a novel MoA.
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Chapter 7: Experimental Procedures

7.1. Chapter overview

In this chapter, the synthetic methods and protocols for biological assays used in this thesis
are described. This chapter lists the synthetic reaction conditions, characterization data, and
biological assay conditions that support the data provided in the preceding chapters. First, a
full description of the reagents and reaction conditions for each synthesized compound is
outlined, followed by their spectroscopic characterization data. This is followed by the
biological assay protocols, including culture conditions, microscopy, and resistance selections,
and the protocols of the physiochemical assays used to determine the solubility, metabolic
microsomal stability, pharmacokinetic, permeability, and plasma protein binding parameters of
the compounds. Culturing of and assays involving Plasmodium parasites were carried out
according to safety protocols defined by UCT's Science Faculty & Institutional Biosafety
Committees and the Faculty of Health Science Human Research Ethics Committee protocol
HREC 890/2019

7.2. Chemistry

7.2.1. Reagents and solvents

All commercially available reagents were purchased from Merck (South Africa, SA),
FluoroChem (UK), and Combi-Blocks (USA). Anhydrous solvents such as dimethylformamide
(DMF), tetrahydrofuran (THF), and acetonitrile (MeCN) were purchased from Merck (SA). The
analytical reagents (AR grade) solvents such as absolute ethanol (EtOH), methanol (MeOH),
ethyl acetate (EtOAc), n-hexane, n-pentane, dichloromethane (DCM), and acetone were
purchased from either Protea Chemicals Pty Ltd (SA) and or KIMIX. All high-performance
liquid chromatography (HPLC) grade solvents (ammonium acetate, DMSO, MeCN, and
MeOH) were also purchased from Merck (SA) and/or Microsep.

7.2.2. Spectroscopic and analytical methods
All reactions were either monitored via thin-layer chromatography (TLC) in which aluminium

backed, precoated silica-gel 60 F254 plates (Merck) was used, or it was monitored via HPLC-
MS. TLC plates were observed under ultraviolet light at 254 nm. All synthesized compounds
were dried under a high vacuum. All solvents used for NMR spectroscopy analysis were

deuterated and were purchased from Merck. Where purification was carried out via reverse-
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phase column chromatography, it was done so using a C-18 (10g or 25g cartridge) Biotage
column. Nuclear magnetic resonance (NMR) spectra were recorded on Bruker Topsin GmbH
600 MHz (*H at 600.22 MHz; *C at 100.65 MHz) or Varian Mercury 300 (*H at 300.08 MHz at
13C at 75.46 MHz) spectrometers, equipped with a Bruker Biospin GmbH casing and sample
injector at 30 °C. Chemical shifts and J-coupling constants are reported in ppm and Hz,
respectively. NMR spectra were recorded using either deuterated dimethyl sulfoxide (DMSO-
ds), deuterated dichloromethane (CD.Cl;), deuterated methanol (MeOD-ds), or a mixture of
deuterium oxide (D.O) and deuterated acetonitrile (CDsCN). Where *H-NMR and *C-NMR
spectral data are not provided, compounds were not soluble at appropriate concentrations to
obtain a spectrum of representable resolution. Where compounds were intermediates, they
were taken forward to subsequent reactions without further characterization, and where

possible, HPLC-MS data are provided to attest to the identity and purity of the compounds.

7.2.3. Synthesis and characterization

7.2.3.1. General procedure for the synthesis of acyl thiourea ligands 1a-1d'"®

To a 50-mL round bottom flask (RBF) equipped with a magnetic stirrer and septum with a
needle connected to a balloon containing nitrogen, the relevant benzoyl isothiocyanate (1 eq.)
followed by anhydrous DCM (2 mL) was added. The mixture was cooled in an ice-water bath
to 0 °C. Diethanolamine (1 eq.) in anhydrous DCM (2 mL) was added slowly over 15 minutes.
The ice-water bath was removed, and the reaction mixture was allowed to stir under nitrogen
for 4-20 hours. The resulting precipitate was collected using suction filtration and washed with
cold DCM.

N-(bis(2-hydroxyethyl)carbamothioyl)benzamide (1a)

Benzoyl isothiocyanate (1.00 mL, 7.44 mmol, 1 eq.) and

4@2?\,\“4 diethanolamine (1.10 mL, 7.44 mmol, 1 eq.) were stirred at
5 3'82\6N/7\/OH ambient temperature (25 °C) for 20 hours. Refer to the
‘ - 8,8 general procedure in Section 7.2.3.1 for the reaction
OH conditions. Compound 1a was isolated as a beige solid.

Chemical Formula: C12H1gN203S | Yield: 1.66 g, 83%; *H-NMR (600 MHz, MeOD-d,) & 7.88
Exact Mass: 268.09 : , a
Molecular Weight: 268.33 (d, J = 8.5 Hz, 2H, H-3,3"), 7.57 (t, J = 8.1 Hz, 1H, H-5),
7.47 (t, J = 7.9 Hz, 2H, H-4,4") 4.06 (t, J = 6.0 Hz, 2H, H-
7), 3.96 (t, J = 6.0 Hz, 2H, H-7"), 3.84 (br s, 4H, H-8,8’); HPLC-MS (ESI): Purity = 98%, tr =

0.387 min, m/z [M-H]" = 267.0, calculated mass [M-H]" = 267.3.
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N-(bis(2-hydroxyethyl)carbamothioyl)-4-methylbenzamide (1b)

OH

Chemical Formula: C43H1gN>03S
Exact Mass: 282.10
Molecular Weight: 282.36

4-Methylbenzoyl isothiocyanate (0.100 mL, 0.654 mmol, 1
eg.) and diethanolamine (1.100 mL, 0.654 mmol, 1 eq.)
were stirred at ambient temperature (25 °C) for 20 hours.
Refer to the general procedure in Section 7.2.3.1 for the
reaction conditions. Compound 1b was isolated as a beige
solid. Yield: 139 mg, 75%; *H-NMR (300 MHz, MeOD-d.)
0 7.89 (d, J = 8.3 Hz, 2H, H-3,3"), 7.03 (d, J = 7.9 Hz, 2H,
H-4,4"), 4.07 (t, J = 5.8 Hz, 2H, H-7), 3.99 (t, J = 5.6 Hz,

2H, H-7"), 3.88 (s, 7H, H-8,8’, CH3). HPLC-MS (ESI): Purity = 98%, tr = 0.702 min, m/z [M+H]*
= 283.1, calculated mass [M+H]" = 283.4.

N-(bis(2-hydroxyethyl)carbamothioyl)-4-methoxybenzamide (1c)

(0]
3 2
4 1 NH ,
. 6
~No7s s 3S)\N/\8/OH
7' 8'
OH

Chemical Formula: C13H1gN20O4S
Exact Mass: 298.10
Molecular Weight: 298.36

4-Methoxybenzoyl isothiocyanate (0.100 mL, 0.641
mmol, 1 eq.) and diethanolamine (0.060 mL, 0.641 mmol,
1 eq.) were stirred at ambient temperature (25 °C) for 20
hours. Refer to the general procedure in Section 7.2.3.1
for the reaction conditions. Compound 1c was isolated
as an off-white solid. Yield: 136 mg, 76%; *H-NMR (300
MHz, MeOD-d.) & 7.81 (d, J = 9.0 Hz, 2H, H-3,3), 7.33

(d, J = 9.0 Hz, 2H, H-4,4"), 4.08 (t, J = 5.7 Hz, 2H, H-7),

4.00 (t,J =5.6 Hz, 2H, H-7"), 3.87 (br s, 4H, H-8,8") 2.42 (s, 3H, CHs0). HPLC-MS (ESI): Purity
= 97%, tr = 0.654 min, m/z [M+H]* = 299.1, calculated mass [M+H]" = 299.4.

N-(bis(2-hydroxyethyl)carbamothioyl)-4-chlorobenzamide (1d)

(@]
3 2
4 1 NH ,
o S-S)\BN/\/OH
4' 8
7 8'
OH

Chemical Formula: C4,H15CIN,O3S
Exact Mass: 302.05
Molecular Weight: 302.77

4-Chlorobenzoyl isothiocyanate (204 mg, 1.03 mmol, 1
eg.) and diethanolamine (0.100 mL, 1.03 mmol, 1 eq.)
were stirred at ambient temperature (25 °C) for 4 hours.
Refer to general procedure in Section 7.2.3.1 for
reaction conditions. Compound 1d was isolated as an
off-white solid (289 mg, 92%). Crude yield: 279 mg,
89%.
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7.2.3.2. Condensation reactions of [2,2'-bipyridine]-4,4'-dicarboxylic acid

N4,N4’-dimethyl-[2,2'-bipyridine]-4,4'-dicarboxamide (2a)

Chemical Formula: C14H¢4N40,
Exact Mass: 270.11
Molecular Weight: 270.29

Triethylamine (51.7 pL, 3.71 mmol, 4 eq.) was added to a
solution of [2,2'-bipyridine]-4,4'-dicarboxylic acid (226
mg, 0.928 mmol, 1 eq.) in DMF (5 mL). The solution was
stirred for 15 minutes before adding HATU (1.41 g, 3.71
mmol, 4 eq.). The solution was allowed to stir for a further
30 minutes. Methylamine in THF (2 M, 1.86 mL, 3.71
mmol, 4 eq.) was added and the reaction mixture was

stirred at ambient temperature (25 °C) for 2 hours. The

DMF was reduced using rotary evaporation after which MeOH (~5 mL) was added. Compound

2a was collected using suction filtration and washed with MeOH. Compound 2a was isolated
as an off-white solid. Yield: 225 mg, 90%; "H-NMR (400 MHz, DMSO-ds) 6 8.90 (d, J = 4.8 Hz,
2H, NH), 8.87 (d, J = 5.0 Hz, 2H, H-a.a’), 8.79 (s, 2H, H-d,d’), 7.85 (dd, J = 1.8 Hz, 5.0 Hz, 2H,
H-b,b’), 2.85 (d, J = 4.5 Hz, 6H, CHs). HPLC-MS (ESI): Purity = 99%, tr = 0.598 min, m/z
[M+H]" = 271.1, calculated mass [M+H]"= 271.3.

Dimethyl [2,2'-bipyridine]-4,4'-dicarboxylate (2b)

Chemical Formula: C14H15N504
Exact Mass: 272.08
Molecular Weight: 272.26

Triethylamine (34.7 pL, 2.49 mmol, 4 eq.) was added to
a solution of [2,2'-bipyridine]-4,4'-dicarboxylic acid (304
mg, 1.24 mmol, 1 eq.) in MeOH (5 mL). The solution was
stirred for 15 minutes before adding HATU (1.89 g, 2.49
mmol, 4 eq.). The reaction mixture was stirred at 50 °C
for 24 hours. The resulting precipitate was collected
using suction filtration. Compound 2b was isolated as a
white solid. Yield: 283 mg, 84%; *H-NMR (300 MHz,

DMSO-dg) 6 8.93 (d, J = 4.9 Hz, 2H, H-a,a’), 8.86 (s, 2H, H-d,d"), 7.92 (dd, J = 1.6 Hz, 5.0 Hz,
2H, H-b,b"), 3.31 (s, 6H, CHs). HPLC-MS (ESI): Purity = 97%, tgr = 1.003 min, m/z [M+H]* =
273.1, calculated mass [M+H]*= 273.3.
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7.2.3.3. General synthesis of [PtCl;(diimine)] complexes (3a-3j)%*

To a stirring solution of potassium tetrachloroplatinate (1 eq.) dissolved in H2O (2 mL), the
appropriate diimine (1 eqg.) was added. The solution was either left unchanged or acidified with
HCI (1 mL, 4 M). The mixture was allowed to reflux for either 2 hours or 18 hours and the
resulting powder was collected via suction filtration. The product was washed with water and
dried under a vacuum. Where the crude product was isolated, no spectral analysis was done,
and the crude product was used in the next step (3f and 3j). Where the product was insoluble
in the available deuterated solvents (3c), the compound was also taken forward to the next
synthetic step. These [PtClz(diimine)] complexes did not ionize on the HPLC-MS and therefore
their purity and ionization mass data are not provided, hence their yields are reported as crude
(3b.1-3j).

4,4’-Di-tert-butyl-2,2’-bipyridyldichloroplatinum(ll) (3a)
4,4’-Di-tert-butyl-2,2’-dipyridyl (70.2 mg, 0.259 mmol, 1

eg.) was added to a stirring solution of potassium

tetrachloroplatinate (108 mg, 0.259 mmol, 1 eq). Refer to
the general procedure in Section 7.2.3.3 for the reaction
conditions. Crude yield: 65 mg, 47%; *H-NMR (600 MHz,
Chemical Formula: C4gHp4Cl,N,Pt | CD2Cl2) 89.51(d, J=6.2 Hz, 2H, H-a,a), 7.91 (d, J = 2.2
Exact Mass: 533.10 Hz, 2H, H-d,d"), 7.56 (dd, J = 6.3 Hz, 2.2 Hz, 1H, H-b,b"),
Molecular Weight: 534.39

1.45 (s, 18H, (CHs)s); HR-ESI MS: (m/z) [M+CI]* =
569.06, calculated mass [M+CI]* = 569.84.

4,4’-Dimethyl-2,2’-bipyridyldichloroplatinum(ll) (3b.1)

4,4’-Dimethyl-2,2’-bipyridine (166 mg, 0.900 mmol, 1 eq.)

d d was added to a stirring solution of potassium

b'c\_/ g \_/Cb tetrachloroplatinate (374 mg, 0.900 mmol, 1 eq.). Refer

a' N\Pt/N a to the general procedure in Section 7.2.3.3 for the

CI/ \CI reaction conditions. Crude yield: 256 mg, 63%;'H-NMR

Chemical Formula: C1,H,ClL,N,Pt | (300 MHz, DMSO-de) & 9.22 (d, J = 6.2 Hz, 2H, H-a,a),
Exact Mass: 449.00 8.43 (s, 2H, H-d,d’), 2.55 (d, J = 6.0 Hz, 2H, H-b,b").

Molecular Weight: 450.23
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5,5’-Dimethyl-2,2’-bipyridyldichloroplatinum(ll) (3b.2)

CI/ Cl

Chemical Formula: C45,H45,CIoN,Pt
Exact Mass: 449.00
Molecular Weight: 450.23

5,5'-Dimethyl-2,2'-bipyridine (79.7 mg, 0.433 mmol, 1
eg.) was added to a stirring solution of potassium
tetrachloroplatinate (180 mg, 0.433 mmol, 1 eq.). Refer
to the general procedure in Section 7.2.3.3 for the
reaction conditions. Crude yield: 105 mg, 54%; *H-NMR
(300 MHz, DMSO-ds) 8 9.24 (d, J = 2.1 Hz, 2H, H-a,a’),
8.41 (d, J = 8.3 Hz, 2H, H-d,d’), 8.22 (dd, J = 2.0 Hz, 8.3
Hz, 2H, H-c,c’), 2.55 (s, 6H, CH3).

6,6’-Dimethyl-2,2’-bipyridyldichloroplatinum(ll) (3b.3)

Chemical Formula: C45,H4>,CIoN5Pt
Exact Mass: 449.00
Molecular Weight: 450.23

H-d,d"), 2.55 (s, 6H, CHs).

6,6'-Dimethyl-2,2'-bipyridine (84.1 mg, 0.456 mmol, 1
eg.) was added to a stirring solution of potassium
tetrachloroplatinate (189 mg, 0.456 mmol, 1 eq.). Refer
to the general procedure in Section 7.2.3.3 for .the
reaction conditions. Crude yield: 143 mg, 69%; *H-NMR
(300 MHz, DMSO-ds) 6 8.17 (d, J = 7.9 Hz, 2H, H-b,b"),
7.80 (t, J = 7.7 Hz, 2H. H-c,c), 7.29 (d, J = 7.6 Hz, 2H,

2,2’-Bipyridyldichloroplatinum(ll) (3c)

b / \ b
\ VY /
a \N_/ a
/Pt\
Cl Cl

Chemical Formula: C4gHgCIoN,Pt
Exact Mass: 420.97
Molecular Weight: 422.17

2,2’-Bipyridine (339 mg, 2.17 mmol, 1 eq.) was added to
a stirring solution of potassium tetrachloroplatinate (905
mg, 2.17 mmol, 1 eq). Refer to the general procedure in
Section 7.2.3.3 for the reaction conditions. Crude yield:
846 mg, 92%.
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4,4’-Dimethoxy-2,2’-bipyridyldichloroplatinum(ll) (3d)

/ \ 4,4’-Dimethoxy-2,2’-bipyridine (81.2 mg, 0.371 mmaol,

g d__ S 1 eq.) was added to a stirring solution of potassium

N /e' \ )b tetrachloroplatinate (154 mg, 0.371 mmol, 1 eq.).

a' N\Pt/N a Refer to the general procedure in Section 7.2.3.3 for

CI/ \Cl the reaction conditions. Crude yield: 150 mg, 84%; *H-

Chemical Formula: C12H12C|2N202Pt NMR (400 MHZ, DMSO_dG) o 914 (dv J=6.8 sz 2Hv

Exact Mass: 480.99 H-a,a’), 8.19 (d, J = 2.9 Hz, 2H, H-d,d"), 7.41 (dd, J =
Molecular Weight: 482.22

2.8 Hz, 7.1 Hz, 2H, H-b,b"), 4.06 (s, 6H, CH>).

4,4’-Dihydroxy-2,2’-bipyridyldichloroplatinum(ll) (3e)

4,4’-Dihydroxy-2,2’-bipyridine (114 mg, 0.605 mmol, 1

HO‘ d d OH eq.) was added to a stirring solution of potassium

bmb tetrachloroplatinate (251 mg, 0. 605 mmol, 1 eq). Refer

a' N\Pt/N a to the general procedure in Section 7.2.3.3 for the

Cl/ \CI reaction conditions. Crude vyield: 245 mg, 89%; !H-

Chemical Formula: C1oHgCl,N,0,Pt | NMR (400 MHz, DMSO-de) & 9.04 (d, J = 7.1 Hz, 2H,

Exact Mass: 452.96 H-a,a’), 7.75 (d, J = 3.5 Hz, 2H, H-d,d"), 7.12 (dd, J =
Molecular Weight: 454.17 3.5 Hz, 8.0 Hz, 1H, H-b.b).

4,4’-Diamino-2,2’-bipyridyldichloroplatinum(ll) (3f)
4,4’-Diamino-2,2’-bipyridine (96 mg, 0.515 mmol, 1 eq.)

H2N| d d NH; was added to a stirring solution of potassium

bmb tetrachloroplatinate (214 mg, 0. 515 mmol, 1 eq). Refer

a' N\Pth a to the general procedure in Section 7.2.3.3 for the
a” e reaction conditions. Crude yield: 123 mg, 53%.

Chemical Formula: C4gHoCIoN4Pt
Exact Mass: 450.99
Molecular Weight: 452.20
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4,4’-Dichloro-2,2’-bipyridyldichloroplatinum(ll) (3g)
4,4’-Dichloro-2,2’-bipyridine (105 mg, 0.466 mmol, 1

Cl q d Cl eg.) was added to a stirring solution of potassium
bmb tetrachloroplatinate (194 mg, 0.466 mmol, 1 eq). Refer
a N\Pt/N a to the general procedure in Section 7.2.3.3 for the
CI/ \CI reaction conditions. Crude yield: 201 mg, 88%; !H-

Chemical Formula: C1qHgClyN,Pt NMR (600 MHz, DMSO-ds) 6 9.42 (d, J = 6.3 Hz, 2H,
Exact Mass: 488.89 H-a,a’), 8.92 (d, J = 2.4 Hz, 2H, H-d,d"), 8.02 (dd, J =
Molecular Weight: 491.06 2.4 Hz, 6.4 Hz, 2H, H-b,b’).

4,4’-bis(trifluoromethyl)-2,2’-bipyridyldichloroplatinum(ll) (3h)
4,4’-bis(trifluoromethyl) -2,2’-bipyridine (115 mg, 0.395
mmol, 1 eq.) was added to a stirring solution of

potassium tetrachloroplatinate (164 mg, 0.395 mmol, 1
eq). Refer to the general procedure in Section 7.2.3.3

for the reaction conditions. Crude yield: 124 mg, 56%;

!H-NMR (600 MHz, DMSO-dg) 5 9.78 (d, J = 6.1 Hz, 2H,
Chemical Formula: C4,HgCloFgNoPt , _ , _
Exact Mass: 556.95 H-a,a’), 8.29 (d, J = 1.92 Hz, 2H, H-d,d"), 8.28 (dd, J =
Molecular Weight: 558.17 1.9 Hz, 6.3 Hz, 2H, H-b,b").

CI/ \CI

N4,N4'-dimethyl-[2,2'-bipyridine]-4,4'-dicarboxamide dichloroplatinum(ll) (3i)
dimethyl-[2,2'-bipyridine]-4,4'-dicarboxamide, (2a, 96

mg, 0.516 mmol, 1 eq.) was added to a stirring

solution of potassium tetrachloroplatinate (214 mg,
0.516 mmol, 1 eq). Refer to the general procedure in
Section 7.2.3.3 for the reaction conditions. Crude
yield: 208 mg, 75%; *H-NMR (400 MHz, DMSO-ds) d
Chemical Formula: C14H14CIo,N4O,Pt _ , _
Exact Mass: 535.01 9.62 (d, J = 6.1 Hz, 2H, H-a,a’), 9.13 (q, J = 4.6 Hz,
Molecular Weight: 536.28 2H, NH), 8.89 (d, J = 2.0 Hz, 2H, H-d,d’), 8.18 (dd, J
= 6.1 Hz, 2.0 Hz, 1H, H-b,b’), 2.89 (d, J = 4.5 Hz, 6H,

CHba).
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dimethyl-[2,2'-bipyridine]-4,4'-dicarboxylate dichloroplatinum(ll) (3j)
Dimethyl-[2,2'-bipyridine]-4,4'-dicarboxylate (2b, 101
mg, 0.371 mmol, 1 eq.) was added to a stirring

solution of potassium tetrachloroplatinate (154 mg,
0.371 mmol, 1 eq). Refer to the general procedure in
Section 7.2.3.3 for the reaction conditions. Crude
yield: 132 mg, 66%; *H-NMR (300 MHz, DMSO-ds) &
Chemical Formula: C14H1,CLN204Pt | 974 (d, 3 = 6.1 Hz, 2H, H-a,2), 9.10 (d, J = 1.8 Hz,
Exact Mass: 536.98
Molecular Weight: 538.24 2H, H-d,d"), 8.96 (d, J = 5.0 Hz, 1H, H-a,a’), 8.86 (d,

J=2.6 Hz, 1H, H-d,d’), 8.27 (dd, J = 1.8 Hz, 6.1 Hz,
2H, H-b,b"), 7.96 (dd, J =5.0 Hz, 1.7 Hz, 1H, Hb’), 4.01 (s, 3H, CHs), 3.97 (s, 3H, CHs). Proton

signals indicated in blue belong to the residual starting material (compound 2b).

7.2.3.4. Synthesis of [Pt(diimine)(L-O,S)]* complexes

General procedure'”®

The respective acyl-thiourea ligands (1a/lb/1c/1d) (1.1 eq.) and triethylamine (1.1 eq.) in
acetone/dry DMF/MeCN (1 mL) were added dropwise to a stirring solution of the respective
precursor [PtCly(diimine)] complexes 3a-3j (1 eq.) in acetone/dry DMF/MeCN (1 mL). The
mixture was refluxed either at 60 °C or 80 °C for 4 hours (4a.1-4d) or 24 hours (4e-4j) and
then allowed to cool. The precipitate was collected via suction filtration while being washed
with acetone. Where the complex was collected as a crude product, it was purified using
reverse phase column chromatography using either MeOH:H,O or MeCN:H,O as the mobile

phase.
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(N-Benzoyl-N’,N’-di(2-hydroxyethylthioureato)-S,0)(4,4’-di-tert-butyl-2,2’-

bipyridyl)platinum(ll) chloride (4a.1)

Chemical Formula: [C3oH39N,O3PtS]*CI
Exact Mass: 765.21
Molecular Weight: 766.26

Compound la and triethylamine (0.033 mL, 0.259
mmol, 1.1 eq.) in acetone were added to a solution
of compound 3a (0.126 g, 0.236 mmol 1 eq.) in
acetone. Refer to the general procedure in Section
7.2.3.4 for the reaction conditions. Compound 4a.l
was isolated as a yellow solid. Yield: 88.8 mg, 49%;
'H-NMR (600 MHz, MeOD-d4) d 8.92 (d, J = 6.0 Hz,
1H, H-a), 8.55 (d, J = 2.1 Hz, 1H, H-d), 8.52 (d, J =
6.2 Hz, 1H, H-a"), 8.45 (d, J = 2.2 Hz, 1H, H-d’), 8.05
(d, J =6.0 Hz, 2H, H-3,3"), 7.99 (dd, J = 6.0 Hz, 2.0
Hz, 1H, H-b), 7.64 (dd, J = 6.2 Hz, 2.2 Hz, 1H, H-b"),
7.60 (t, J =6.0 Hz, 1H, H-5), 7.46 (t, J = 6.0 Hz, 2H,
H-4,4), 4.11 (t, J = 5.9 Hz, 2H, H-7), 4.05 - 4.02 (m,

4H, H-8,8"), 3.84 (t, J = 5.9 Hz, 2H, H-7’), 1.59 (s, 9H, CHs), 1.53 (s, 9H, CHs); "*C-NMR (151
MHz, MeOD-d,) & 171.13, 168.59, 168.13, 168.04, 159.00, 156.08, 149.45, 145.19, 136.44,
133.87, 130.51 (2C), 129.87 (2C), 126.11, 123.24, 122.71, 60.80 (2C), 60.10 (2C), 57.95,
56.46, 37.21, 30.38 (6C); HPLC-MS (ESI): Purity = 97%, tg = 17.370 min HR-ESI MS: (m/z)
[M-CI]* = 730.2451, calculated mass [M-CI]* = 730.8; IR (ATR, cm™): 3325 (broad, weak, OH),
2957 (sharp, weak, N=C=S), 2866 (sharp, weak, N=C=S), 1614 (sharp, weak, C=N), 1500
(sharp, strong, C=C), 1411 (sharp, strong, C-H).
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(N-Benzoyl-N’,N’-di(2-hydroxyethylthioureato)-S,0)(4,4’-dimethyl-2,2’-

bipyridyl)platinum(ll) chloride (4b.1)

Chemical Formula: [Cy4H,7N403PtS]"CI”
Exact Mass: 681.11
Molecular Weight: 682.10

Compound la (78.9 mg, 0.294 mmol, 1.1 eq.) and
triethylamine (40 pL, 0.294 mmol, 1.1 eq.) in dry
DMF were added to compound 3b.1 (119 mg, 0.267
mmol, 1 eq.) in dry DMF. Refer to the general
procedure in Section 7.2.3.4 for the reaction
conditions. Complex 4b.1 was isolated as a yellow
solid: Yield: 148 mg, 81%; H-NMR (600 MHz,
D,O/CDsCN) 6 8.47 (d, J =5.9 Hz, 1H, H-a), 8.27 (d,
J =5.9 Hz, 1H, H-a’), 8.07 (t, J = 7.2 Hz, 1H, H-5),
8.02 — 7.92 (m, 3H, H-d’,3,3’), 7.90 (brs, 1H, H-d"),
7.82 (t, J =7.2 Hz, 2H, H-4,4"), 7.70 (d, J = 6.0 Hz,
1H, H-b), 7.49 (d, J = 6.0 Hz, 1H, H-b’), 4.28 (t, J =
6.1 Hz, 2H, H-7), 4.17 (t, J = 6.0 Hz, 2H, H-7’), 4.13

(s, 4H, H-8,8"), 2.67 (s, 3H, CHs), 2.60 (s, 3H, CHs); *C-NMR (151 MHz, D,0O) & 167.78,
165.24, 155.85, 153.70, 153.13, 146.55, 142.47, 133.55 (2C), 132.75 (2C), 128.78, 128.48,
127.92, 124.45, 123.91, 58.84 (2C), 57.84 (2C), 55.70, 54.20, 20.62, 20.30; HPLC-MS (ESI):
Purity = 98%, tr = 2.31 min, (m/z) [M-CI]* = 646.1, calculated mass [M-CI]" = 646.7.

(N-Benzoyl-N’,N’-di(2-hydroxyethylthioureato)-S,0)(2,2’-bipyridyl)platinum(ll) chloride

(4c)

Chemical Formula: [CyyH53N403PtS] CI°
Exact Mass: 653.08
Molecular Weight: 654.05

Compound 1a (166 mg, 0.518 mmol, 1.1 eq.) and
triethylamine (86 pL, 0.518 mmol, 1.1 eq.) in DMF
were added to compound 3c (237 mg, 0.561 mmol,
1 eq.). Refer to the general procedure in Section
7.2.3.4 for the reaction conditions. Compound 4c
was isolated as a yellow solid. Yield: 333 mg, 91%;
1H-NMR (600 MHz, DMSO-ds) 8 9.01 (d, J = 6.0 Hz,
1H, H-a), 8.69 (d, J = 8.0 Hz, 1H, H-d), 8.65 (d, J =
6.0 Hz, 1H, H-a), 8.62 (d, J = 8.2 Hz, 1H, H-d’), 8.48
(t, J =7.7 Hz, 1H, H-c), 8.39 (t, J = 7.8 Hz, 1H, H-C)),
8.12 (d, J = 6.0 Hz, 2H, H-3,3’), 8.08 (t, J = 6.0 Hz,
1H, H-b), 7.75 (t, J = 6.0 Hz, 1H, H-b’), 7.65 (d, J =
6.0 Hz, 1H, H-5), 7.56 (t, J = 6.0 Hz, 2H, H-4,4’), 5.15

(t, J = 5.4 Hz, 1H, OH), 5.02 (t, J = 5.4 Hz, 1H, OH), 4.03 (t, J = 5.8 Hz, 2H, H-7), 4.00 (t, J =
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5.9 Hz, 2H, H-7"), 3.86 — 3.84 (m, 2H, H-8), 3.71 — 3.69 (m, 2H, H-8"). 3C NMR (151 MHz,
DMSO-de) 6 169.43, 166.47, 157.87, 154.84, 148.98, 144.74, 142.18, 142.09, 135.00, 133.23,
129.78 (2C), 129.33 (2C), 128.90, 128.75, 125.51, 124.95, 59.26, 58.49, 56.92, 55.44; HPLC-
MS (ESI): Purity = 99%, tr = 2.40 min, (m/z) [M-CI]* = 618.1, calculated mass [M-CI]* = 618.6.

(N-Benzoyl-N’,N’-di(2-hydroxyethylthioureato)-S,0)(4,4’-dimethoxyl-2,2’-
bipyridyl)platinum(ll) chloride (4d)

Compound la (86.2 mg, 0.321 mmol, 1.1 eq.) and
triethylamine (44 uL, 0.321 mmol, 1.1 eq.) in
acetone were added to compound 3d (140 mg,
0.292 mmol, 1 eq.). Refer to the general procedure
in Section 7.2.3.4 for the reaction conditions.
Compound 4d was isolated as a yellow solid. Yield:
177 mg, 86%; *H-NMR (600 MHz, DMSO-ds) d 8.55
(d, J =6.2 Hz, 1H, H-a), 8.18 (d, J = 6.0 Hz, 1H, H-
a’), 8.12 (d, J = 1.9 Hz, 2H, H-d,3), 7.98 (d, J = 1.9
Chemical Formula: [C,4H,7N,OsPts]*CIr|  Hz, 2H, H-d",3)), 7.66 (t, J = 6.0 Hz, 1H, H-5), 7.54
Exact Mass: 713.10 (dd, J=2.2 Hz, 6.4 Hz, 1H, H-b), 7.50 (t, J = 6.0 Hz,
Molecular Weight: 714.10 2H, H-4,4"), 7.18 (dd, J = 2.2 Hz, 6.4 Hz, 1H, H-b),

5.23 (t, J = 5.3 Hz, 1H, OH), 5.10 (t, J = 5.2 Hz, 1H,
OH), 4.01 (s, 3H, CHs0), 3.94 (s, 7H, CHs0, H-7,7), 3.85 - 3.83 (m, 2H, H-8), 3.72 -3.70 (m,
Hz, 2H, H-8). 3C-NMR (151 MHz, DMSO-ds) & 168.85 (d, J = 11.8 Hz), 166.20, 158.81,
156.08, 149.26, 145.41, 135.07, 133.05, 129.56 (2C), 129.21 (2C), 113.99, 113.77, 111.94,
111.39, 59.18 (2C), 58.33 (2C), 57.87 (2C), 56.77, 55.33; HPLC-MS (ESI): Purity = 98%, tr =
2.41 min, (m/z) [M-CI]* = 678.1, calculated mass [M-CI]" = 678.6.
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(N-Benzoyl-N’,N’-di(2-hydroxyethylthioureato)-S,0)(4,4’-dihydroxy-2,2’-

bipyridyl)platinum(ll) chloride (4e)

Chemical Formula: [CpyH23N,O5PtS]*CI
Exact Mass: 685.07
Molecular Weight: 686.04

Compound la (67.2 mg, 0.500 mmol, 1.1 eq.) and
triethylamine (34.9 pL, 0.250 mmol, 1.1 eq.) in
acetone were added to compound 3e (102 mg,
0.228 mmol, 1 eq.). Refer to the general procedure
in Section 7.2.3.4 for the reaction conditions.
Compound 4e was isolated as a brown solid. Yield:
118 mg, 75%; *H-NMR (600 MHz, DMSO-ds) d 8.65
(d, J =6.0 Hz, 1H, H-a), 8.20 (d, J = 6.0 Hz, 1H, H-
a’), 8.12 (d, J = 8.3 Hz, 2H, H-3,3"), 7.88 (br s, 1H,
H-d), 7.81 (br s, 1H, H-d"), 7.71 (br s, 1H, Ar-OH),
7.63 (t, J =6.0 Hz, 1H, H-5), 7.51 (t, J = 6.0 Hz, 2H,
H-4,4), 7.40 (dd, J = 2.3 Hz, 6.0 Hz, 1H, H-b), 7.11
(dd, J=2.3Hz, 6.0 Hz, 1H, H-b") 7.09 (br s, 1H, OH),

5.05 (br s, 1H, OH), 4.95 (s, 1H, OH), 4.00 — 3.98 (m, 4H, H-8,8’), 3.84 (t, J = 6.0 Hz, 2H, H-
7), 3.70 (t, J = 6.0 Hz, 2H, H-7"); HPLC-MS (ESI): Purity = 95%, tr = 2.48 min, (m/z) [M+H]* =
687.0, calculated mass [M+H]* = 687.0. HR-ESI MS: (m/z) [M-20H-CI+H]*= 653.21 calculated

mass [M+CI]"= 653.03.

(N-Benzoyl-N’,N’-di(2-hydroxyethylthioureato)-S,0)(4,4’-diamino-2,2-

bipyridyl)platinum(ll) chloride (4f)

Chemical Formula: [CpyHp5N,O5PtS]*CI
Exact Mass: 683.10
Molecular Weight: 684.08

Compound la (67.9 mg, 0.253 mmol, 1.1 eq.) and
triethylamine (35 uL, 253 mmol, 1.1 eq.) in acetone
were added to compound 3f (103 mg, 0.230 mmol,
1 eq.). Compound 4f was purified using reverse-
phase column chromatography and isolated as a
brown solid. Refer to the general procedure in
Section 7.2.3.4 for the reaction conditions. Yield:
28.8 mg, 18%; 'H-NMR (300 MHz, CDsCN) & 7.79
(d, J=6.0 Hz, 1H, H-a), 7.70 (d, J = 6.0 Hz, 2H, H-
d,d’), 7.54 (t, J = 6.1 Hz, 1H, H-5), 7.32 (t, J = 6.1
Hz, 2H, H-4,4"), 7.24 (d, J = 6.7 Hz, 1H, H-a’), 6.59
(d, J=6.0 Hz, 2H, H-3,3’), 6.44 (dd, J = 3 Hz, 6.0 Hz,
1H, H-b), 6.23 (dd, J = 3 Hz, 6.0 Hz, 1H, H-b’), 3.80

(t, J = 5.6 Hz, 2H, H-7), 3.70 (br s, 6H, H-7’, 8, 8"); HPLC-MS (ESI): Purity = 97%, tr = 0.87
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min, (m/z) [M-CI]* = 648.1, HR-ESI MS: (m/z) [M-CI]" = 648.25, calculated mass [M-CI]* =

648.6.

(N-Benzoyl-N’,N’-di(2-hydroxyethylthioureato)-S,0)(4,4’-dichloro-2,2’-

bipyridyl)platinum(ll) chloride (49)

Chemical Formula: [Cy,H,1Cl,N4O45PtS]*CI
Exact Mass: 721.00
Molecular Weight: 722.93

Compound la (61.7 mg, 0.229 mmol, 1.1 eq.)
and triethylamine (32 pL, 0.229 mmol, 1.1 eq.)
in acetone were added to compound 3g (102
mg, 0.209 mmol, 1 eq.). Compound 4g was
purified using reverse-phase column
chromatography and isolated as a yellow solid.
Refer to the general procedure in Section
7.2.3.4 for the reaction conditions. Yield: 133
mg, 88%; *H-NMR (600 MHz, MeOD-d,) & 9.07
(d, J=6.0 Hz, 1H, H-a), 8.79 (d, J = 2.1 Hz, 1H,
H-d), 8.75 — 8.68 (m, 2H, H-a',d"), 8.15 (d, J =
6.0 Hz, 1H, H-b), 8.13 (d, J = 6.0 Hz, 2H, H-3,3"),
7.79 (d, J=6.3 Hz, 1H, H-b), 7.62 (t, J = 6.0 Hz,

1H, H-5), 7.53 (t, J = 6.6 Hz, 2H, H-4,4"), 4.15 (t, J = 5.9 Hz, 2H, H-7), 4.12 (t, J = 5.8 Hz, 2H,
H-7), 4.04 (t, J = 5.7 Hz, 2H, H-8), 3.92 (t, J = 5.8 Hz, 2H, H-8"). *C-NMR (151 MHz, DMSO-
ds) 5 160.77, 160.05, 159.79, 158.34, 150.44, 147.96, 140.84, 137.01, 126.81, 124.44, 121.12
(2C), 120.73 (2C), 106.78, 106.51, 104.47, 103.50, 50.69, 49.92, 48.27, 46.85.; HPLC-MS
(ESI): Purity = 99%, tr = 2.39 min, (m/z) [M-CI]* = 687.1, calculated mass [M-CI]* = 687.5.
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(N-Benzoyl-N’,N’-di(2-hydroxyethylthioureato)-S,O)(bis(trifluoromethyl)-2,2’-

bipyridyl)platinum(ll) chloride (4h)

Chemical Formula: [Cy4H,1FgN4O3PtS]*CI
Exact Mass: 789.06
Molecular Weight: 790.04

Compound l1a (98.4 mg, 0.334 mmol, 1.1 eq.)
and triethylamine (51 uL, 0.367 mmol, 1.1 eq.) in
acetone were added to compound 3h (186 mg,
0.334 mmol, 1 eqg.). Compound 4h was purified
using reverse-phase column chromatography
and isolated as a yellow solid. Refer to the
general procedure in Section 7.2.3.4 for the
reaction conditions. Yield: 112 mg, 42%; 'H-NMR
(600 MHz, MeOD-d4) & 9.49 (d, J = 5.9 Hz, 1H,
H-a), 9.26 (d, J = 6.0 Hz, 1H, H-d), 9.18 (d, J =
6.0 Hz, 1H, H-d), 9.14 (d, J = 6.0 Hz, 1H, H-a"),
8.47 (dd, J = 2.1 Hz, 6.1 Hz, 1H, H-b), 8.22 (d, J

=6.1 Hz, 1H, H-3), 8.21 (d, J = 6.0 Hz, 1H, H-3’),

8.09 (dd, J = 2.0 Hz, 6.1 Hz, 1H, H-b), 7.63 (t, J = 6.0 Hz, 1H, H-5), 7.53 (t, J = 6.3 Hz, 2H,
H-4,4"), 4.22 (t, J =, 5.8 Hz, 2H, H-7), 4.17 (t, J = 5.8 Hz, 2H, H-7), 4.06 (t, J = 5.7 Hz, 2H, H-

8), 3.91 (t, J = 5.8 Hz, 2H, H-8). ; HPLC-
=754.1, calculated mass [M-CI]* = 754.6.

MS (ESI): Purity = 96%, tr = 0.95 min, (m/z) [M-CIJ*

(N-Benzoyl-N’,N’-di(2-hydroxyethylthioureato)-S,0)((N4,N4’-dimethyl-2,2’-bipyridyl)-
4,4’-dicarboxamide)platinum(ll) chloride (4i)

Chemical Formula: [CygH29NgO5PtS]"CI”
Exact Mass: 767.13
Molecular Weight: 768.15

Compound 1l1a (32.6 mg, 0.122 mmol, 1.1 eq.) and
triethylamine (17 pL, 0.122 mmol, 1.1 eq.) in MeCN
were added to compound 3i (59.3 mg, 0.111 mmol,
1 eq.). Compound 4i was washed with copious
amounts of acetone and isolated as a yellow solid.
Refer to the general procedure in Section 7.2.3.4
for the reaction conditions. Yield: 65.8 mg, 77%; *H-
NMR (400 MHz, DMSO-ds) 8 9.24 (d, J = 5.9 Hz,
3H, H-a, a’,d), 9.14 (d, J = 5.9 Hz, 2H, H-d’,b), 8.81
(d, J=6.1Hz, 1H, H-b), 8.48 (d, J = 5.7 Hz, 1H, NH),
8.15 (d, J = 7.7 Hz, 2H, H-3,3"), 8.10 (d, J = 5.9 Hz,
1H, NH), 7.69 (t, J = 7.6 Hz, 1H, H-5), 7.54 (t, J =
7.6 Hz, 2H, H-4,4’),5.18 (t, J=5.4 Hz, 1H, OH), 5.04

(t, J = 5.3 Hz, 1H, OH), 4.11 — 4.06 (m, 4H, H-7,7’), 3.92 — 3.90 (m, 2H, H-8), 3.76 — 3.74 (m,
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2H, H-8%),2.92 (d, J = 4.4 Hz, 3H, CH3), 2.88 (d, J = 4.4 Hz, 3H, CHs); HPLC-MS (ESI): Purity
= 98%, tr = 0.81 min, (m/z) [M-CI]* = 732.1, HR-ESI MS: (m/z) [M-CI]" = 732.27, calculated
mass [M-CI]" = 732.7.

(N-Benzoyl-N’,N’-di(2-hydroxyethylthioureato)-S,0)(dimethyl-[2,2'-bipyridine]-4,4'-
dicarboxylate)platinum(ll) chloride (4j)

Compound 1 (98.9 mg, 0.369 mmol, 1.1 eq.) and
triethylamine (51.3 pL, 0. 369 mmol, 1.1 eq.) in
acetone were added to compound 3j (180 mg,
0.335 mmol, 1 eq.). Compound 4j was purified
using reverse-phase column chromatography and
preparative HPLC and was isolated as a brown
solid. Refer to the general procedure in Section

7.2.3.4 for the reaction conditions. The compound

was not appropriately soluble in any of the available

deuterated solvents; therefore, no NMR
Chemical Formula: [CygHo7N4O7PtS]"CI”
Exact Mass: 769.09

Molecular Weight: 770.12 35%, HPLC-MS (ESl) Purity = 95%, tr = 0.9 min,

(m/z) [M-CI]* = 734.1, calculated mass [M-CI]* =

spectroscopy data was provided. Yield: 9.2 mg,

734.7.
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N-(4-methyl-Benzoyl-N’,N’-di(2-hydroxyethylthioureato)-S,0)(4,4’-di-tert-butyl-2,2’-

bipyridyl)platinum(ll) chloride (4a.2)

Chemical Formula: [C31H4{N4O3PtS]"CI"
Exact Mass: 779.22
Molecular Weight: 780.29

Compound 1b (70.6 mg, 0.250 mmol, 1.1 eq.) and
triethylamine (35 yL, 0.250 mmol, 1.1 eq.) in acetone
were added to a solution of compound 3a (0.121 g,
0.227 mmol 1 eq.) in acetone. Compound 4a.2 was
isolated as a yellow solid. Refer to the general
procedure in Section 7.2.3.4 for the reaction
conditions. Yield: 146 mg, 81%; *H-NMR (300 MHz,
MeOD-d.) 6 8.83 (d, J = 6.1 Hz, 1H, H-a), 8.50 (d, J
= 2.0 Hz, 1H, H-d), 8.44 (d, J = 6.3 Hz, 1H, H-a)),
8.40 (d, J = 2.1 Hz, 1H, H-d"), 7.92 (dd, J = 2.0 Hz,
6.1 Hz, 1H, H-b"), 7.87 (d, J = 8.2 Hz, 2H, H-3,3)),
7.57 (dd, J = 2.2 Hz, 6.3 Hz, 1H, H-b), 7.20 (d, J =
8.0 Hz, 2H, H-4,4"), 4.02 (t, J = 4.7 Hz, 2H, H-7), 3.95

—3.93 (m, 4H, H-8,8"), 3.76 (t, J = 5.7 Hz, 2H, H-7’), 2.33 (s, 3H, phenyl-CHs), 1.44 (s, 9H,
(CHs)3), 1.37 (s, 9H, (CHa)3); HPLC-MS (ESI): Purity = 97%, tr = 1.12 min, (m/z) [M-CI]* =
744.2,HR-ESI MS: (m/z) [M+CI]* = 744.38, calculated mass [M-CI]" = 744.8.

N-(4-methoxy-Benzoyl-N’,N’-di(2-hydroxyethylthioureato)-S,0)(4,4’-di-tert-butyl-2,2’-

bipyridyl)platinum(ll) chloride (4a.3)

Chemical Formula: [C34H4{N4O4PtS]"CI"
Exact Mass: 795.22
Molecular Weight: 796.29

Compound 1c (63.6 mg, 0.213 mmol, 1.1 eq.) and
triethylamine (30 pL, 0.213 mmol, 1.1 eq.) in
acetone were added to a solution of compound 3a
(103 mg, 0.193 mmol 1 eq.) in acetone. Compound
4a.3 was isolated as a yellow solid. Refer to the
general procedure in Section 7.2.3.4 for the
reaction conditions. Yield: 142 mg, 92%; 'H-NMR
(300 MHz, DMSO-ds) 6 8.85 (d, J = 6.1 Hz, 1H, H-
a), 8.78 (d, J = 2.0 Hz, 1H, H-d), 8.67 (d, J = 2.1
Hz, 1H, H-d"), 8.48 (d, J = 6.3 Hz, 1H, H-a), 8.09 —
8.03 (m, 3H, H-b,3,3), 7.72 (dd, J = 2.1 Hz, 6.3 Hz,
1H, H-b), 7.04 (d, J = 8.9 Hz, 2H, H-4,4"), 5.24 (t, J
= 5.2 Hz, 1H, OH), 5.06 (t, J = 5.3 Hz, 1H, OH),

4.01 (t, J = 5.8 Hz, 2H, H-7), 3.94 (t, J = 6.0 Hz, 2H, H-7"), 3.88 (br s, 5H, H-8, CHs0), 3.70 —
3.66 (M, 2H, H-8), 1.48 (s, 9H, CHs), 1.41 (s, 9H, CHs); HPLC-MS (ESI): Purity = 98%, tr =
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1.12 min, (m/z) [M-CI]* = 760.2,HR-ESI MS: (m/z) [M-CI]* = 760.37, calculated mass [M-CI]* =

760.8.

N-(4-chloro-Benzoyl-N’,N’-di(2-hydroxyethylthioureato)-S,0)(4,4’-di-tert-butyl-2,2’-

bipyridyl)platinum(ll) chloride (4a.4)

Chemical Formula: [C3yH35CIN,O3PtS]"CI
Exact Mass: 799.17
Molecular Weight: 800.70

Compound 1d (79.9 mg, 0.264 mmol, 1.1 eq.) and
triethylamine (37 pL, 0.264 mmol, 1.1 eq.) in
acetone were added to a solution of compound 3a
(0.128 g, 0.239 mmol 1 eq.) in acetone.
Compound 4a.4 was isolated as a yellow solid.
Refer to the general procedure in Section 7.2.3.4
for the reaction conditions. Yield: 139 mg, 73%;
H-NMR (300 MHz, DMSO-dg) 6 8.83 (d, J = 6.1
Hz, 1H, H-a), 8.80 (d, J = 2.0 Hz, 1H, H-d), 8.68
(d, J = 2.1 Hz, 1H, H-d), 8.51 (d, J = 6.3 Hz, 1H,
H-a), 8.13 -8.00 (m, 3H, H-3,3"), 7.74 (dd, J= 2.1
Hz, 6.3 Hz, 1H, H-b), 7.54 (d, J = 8.7 Hz, 2H, H-
4,41,5.28 (t, J =5.2 Hz, 1H, OH), 5.09 (t, J = 5.3

Hz, 1H, OH), 4.03 (t, J =5.3 Hz, 2H, H-7), 3.96 (t, J = 5.3 Hz, 2H, H-7’), 3.92 — 3.87 (m, 2 H,
H-8") 3.70 — 3.66 (M, 2H, H-8"), 1.49 (s, 9H, (CHs)s), 1.41 (s, 9H, (CHs)s); HPLC-MS (ESI):
Purity = 99%, tz = 1.13 min, (m/z) [M-CIJ* = 765.2, HR-ESI MS: (m/z) [M-CI]* = 765.33,

calculated [M-CI]* = 765.2.
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(N-Benzoyl-N’,N’-di(2-hydroxyethylthioureato)-S,0)(5,5 -dimethyl-2,2’-

bipyridyl)platinum(ll) chloride (4b.2)

Chemical Formula: [Cp4H,7N,O3PtS]"CI°
Exact Mass: 681.11
Molecular Weight: 682.10

Compound la (78.4 mg, 0.292 mmol, 1.1 eq.) and
triethylamine (41 pL, 0.292 mmol, 1.1 eq.) in dry
DMF was added to compound 3b.2 (119 mg, 0.266
mmol, 1 eq.) in dry DMF. Compound 4b.2 was
isolated as a yellow solid. Refer to the general
procedure in Section 7.2.3.4 for the reaction
conditions. Yield: 148 mg, 82%; *H NMR (300 MHz,
D,O/CDsCN) & 8.30 — 8.04 (m, 9H, Ar), 7.91 (t, J =
7.6 Hz, 2H, Ar), 4.40 — 4.29 (m, 4H, H-7,7"), 4.23 (br
s, 4H, H-8,8’), 2.62 (d, J = 8.6 Hz, 6H, CHs); HPLC-
MS (ESI): Purity = 98%, tr = 2.33 min, (m/z) [M-CI]*

= 646.1, HR-ESI MS: (m/z) [M-CI]* = 646.25, calculated mass [M-CI]* = 646.1.

(N-Benzoyl-N’,N’-di(2-hydroxyethylthioureato)-S,0)(6,6’-dimethyl-2,2’-

bipyridyl)platinum(ll) chloride (4b.3)

Chemical Formula: [Cy4H,7N403PtS]"CI”
Exact Mass: 681.11
Molecular Weight: 682.10

Compound 1a (78.4 mg, 0.292 mmol, 1.1 eq.) and
triethylamine (41 pL, 0.292 mmol, 1.1 eq.) in dry
DMF was added to compound 3b.3 (119 mg, 0.266
mmol, 1 eq.) in dry DMF. Compound 3b.3 was
isolated as a yellow solid. Refer to the general
procedure in Section 7.2.3.4 for the reaction
conditions. Yield: 82.3 mg (45%); 'H-NMR (300
MHz, DMSO-ds) 5 8.15 — 7.98 (m, 5H, Ar), 7.63 —
7.43 (m, 5H, Ar), 6.92 (d, J = 8.5 Hz, 1H, Ar), 5.05
(s, 1H, OH), 4.95 (s, 1H, OH), 4.05 — 3.96 (m, 4H,
H-7,7"), 3.89 — 3.85 (m, 2H, H-8), 3.75 - 3.71 (t, J =
5.4 Hz, 2H, H-8), 3.02 (s, 3H, CHs), 2.40 (s, 1H,
CHs). C-NMR (151 MHz, DMSO-ds) & 168.31,

167.53, 162.71, 162.37, 160.70, 152.41, 139.14, 138.12, 131.53, (2C) 128.93, 128.46 (2C),
126.57, 125.48, 122.89, 118.10, 58.93 (2C), 58.20 (2C), 55.38, 54.47, 23.37. HPLC-MS: Purity
= 98%, tr = 2.69 min, (m/z) [M-CI]* = 646.1, calculated mass [M-CI]" = 646.1.
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7.2.3.5. Counterion exchange via salt metathesis reactions

(N-Benzoyl-N’,N’-di(2-hydroxyethylthioureato)-S,0)(4,4’-di-tert-butyl-2,2’-
bipyridyl)platinum(ll) hexafluorophosphate (4a.5)

Chemical Formula: [C3yH39N4O3PtS]"PFg
Exact Mass: 875.20
Molecular Weight: 875.78

NHsPFs (6.78 mg, 0.042 mmol, 1.1 eq.) was
added to Compound 4a.1 (29.1 mg, 0.038 mmol,
1 eq.) in dry DCM:EtOH (1:1). The reaction
mixture was allowed to stir under argon at room
temperature (27 °C) for 1 hour. The resulting
precipitate was collected via suction filtration.
Compound 4a.5 was isolated as a yellow solid.
Yield: 29.4 mg, 88%; *H-NMR (300 MHz, DMSO-
ds) ©8.88 (d,J=6.1Hz, 1H, H-a),8.77(d, J=2.1
Hz, 1H, H-d), 8.66 (d, J = 2.4 Hz, 1H, H-d’), 8.51
(d, J = 6.3 Hz, 1H, H-a’), 8.14 — 8.06 (m, 3H, H-
3,3',b), 7.75 - 7.7.66 (m, 2H, H-b’,5), 7.55 (t, J =

7.6 Hz, 2H, H-4,4"), 5.19 (t, J = 6.0 Hz, 1H, OH), 5.05 (t, J = 6.0 Hz, 1H, OH), 4.08 — 3.95 (m,
4H, H-7,7°), 3.92 — 3.88 (m, 2H, H-8), 3.72 — 3.68 (m, 2H, H-8"). HPLC-MS (ESI): Purity = 95%,
tr = 1.074 min, (m/z) [M-PF¢]* = 730.1, HR-ESI MS: (m/z) [M-PF¢]" = 730.36, calculated mass
[M-PFg]*=730.8; IR (ATR, cm™): 3601 (broad, weak, OH), 2960 (sharp, weak, N=C=S), 2874
(sharp, weak, N=C=S), 1619 (sharp, weak, C=N), 1496 (sharp, strong, C=C), 1411 (sharp,

strong, C-H), 833 (sharp, strong, PFe).
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(N-Benzoyl-N’,N’-di(2-hydroxyethylthioureato)-S,0)(4,4‘-di-tert-butyl-2,2’-

bipyridyl)platinum(ll) nitrate (4a.6)

Chemical Formula: [C3gH39N4O3PtS]*NO3
Exact Mass: 792.23
Molecular Weight: 792.82

AgNO:s (7.80 mg, 0.046 mmol, 1.1 eq.) was added
to Compound 4a.1 (32.1 mg, 0.042 mmol, 1 eq.)
in dry MeOH (2 mL). The reaction mixture was
allowed to stir in the dark under argon at room
temperature (25 °C) for 3 hours. The resulting
precipitate was collected via suction filtration. 4a.6
was collected as a yellow solid Yield: 5.00 mg,
15%; *H-NMR (300 MHz, DMSO-d¢) 8 8.93 (d, J =
6.2 Hz, 1H, H-a), 8.80 (brs, 1H, H-d), 8.69 (brs,
1H, H-d"), 8.55(d, J=6.2 Hz, 1H, H-a"), 8.19 -8.08
(m, 3H, H-3,3',b), 7.77 (dd, J = 6.3 Hz, 1H, H-b’),
7.71(t,J=7.2Hz 1H, H-5), 7.56 (t, J = 7.5 Hz, 2H,
H-4,4"), 5.17 (t, J = 5.7 Hz, 1H, OH), 5.03 (t, J =

5.6 Hz, 1H, OH), 4.10 — 4.00 (m, 4H, H-7,7°), 3.94 — 3.88 (m, 2H, H-8), 3.77 — 3.70 (m, 2H, H-
8’); 3C-NMR (151 MHz, DMSO-ds) 5 168.85, 166.10, 165.78, 157.02, 154.10, 148.09, 143.809,
134.61, 132.73, 129.23 (2C), 128.82 (2C), 124.93, 122.49, 121.93, 58.77 (2C), 58.01 (2C),
56.43, 55.02, 36.19, 36.00, 29.86 (6 C). HPLC-MS (ESI): Purity = 97%, tr = 1.074 min, (m/z)
[M-NOs]* = 730.1, HR-ESI MS: (m/z) [M-NOgs]" = 730.36, calculated mass [M-NOg3]* = 730.1;
IR (ATR, cm™): 3392 (broad, weak, OH), 2965 (sharp, weak, N=C=S), 2872 (sharp, weak,
N=C=S), 1621 (sharp, weak, C=N), 1494 (sharp, strong, C=C), 1808 (sharp, strong, C-H),

1396 (broad, strong, NOs3).

7.2.3.6. Synthesis and characterization of the [Au(diimine)(L-O,S)]** analog

(4,4’-Di-tert-butyl-2,2’-bipyridyldichloroaurate(lll)) hexafluorophosphate (3k)'

Chemical Formula: [C1gH24AuCI,N,"PF6
Exact Mass: 680.06
Molecular Weight: 681.24

4,4’-Di-tert-butyl-2,2’-dipyridyl (228 mg, 0.844
mmol, 1 eq.) was added to a stirring solution of
potassium tetrachloroaurate (320 mg, 0.844
mmol, 1 eq) in H.O/MeOH (1:1). Potassium
hexafluorophosphate was added (62.4 mg, 0.391
mmol, 4 eq.). The reaction mixture was allowed
to stir at room temperature (25 °C) for 18 hours.

The resulting yellow precipitate was isolated via

suction filtration. Crude yield: 300 mg, 52%; *H-NMR (300 MHz, DMSO-ds)  9.26 (d, J = 6.4

191



Chapter 7:

Experimental Procedures

Hz, 2H, H-a, ), 8.92 (d, J = 6.0 Hz, 2H, H-d,d’), 8.10 (dd, J = 6.4 Hz, 2.2 Hz, 1H, H-b,b’), 1.47

(S, 18H, (Cﬂg)g)

(N-Benzoyl-N’,N’-di(2-hydroxyethylthioureato)-S,0)(4,4’-di-tert-butyl-2,2’-
bipyridyl)aurate(lll) hexafluorophosphate (4K)

Exact Mass: 1020.16
Molecular Weight: 1020.73

2PFg

Chemical Formula: [C3oH3gN4O3AUS1? 2PFg

Cesium carbonate (48.9 mg, 0.152 mmol, 1.1
eq) was added to compound 1a (40.9 mg, 0.152
mmol, 1.1 eq) in MeCN (1 mL). The 1a mixture
was added dropwise to a stirring solution of 3k
(94.4 g, 0.139 mmol 1 eq.) in MeCN (1 mL).
Lastly, hexafluorophosphate (50.9 mg, 0.277
mmol, 2 eq) was added and the reaction
mixture was allowed to stir at room temperature
(25 °C) for 18 hours. Complex 4k was purified
using normal phase column chromatography
(DCM/MeOH). Complex 4k was isolated as a
purple solid. Yield: 67 mg, 47 %); *H-NMR (600
MHz, DMSO-dg) 6 8.74 (d, J = 6.0 Hz, 2H, H-a),

8.58 (d, J = 1.9 Hz, 2H, H-d,d"), 8.04 (d, J = 6.6 Hz, 2H, H-3,3") 7.77 (dd, J = 5.6 Hz, 1.9 Hz,
2H, H-b,b"), 7.56 (t, J = 5.7 Hz, 2H, H-5), 7.48 (t, J = 5.8 Hz, 2H, H-4,4’), 4.14 (t, J = 5.8 Hz,
2H, H-7), 3.95 (t, J = 6.0 Hz, 2H, H-7"), 3.83 (t, J = 6.0 Hz, 2H, H-8), 3.80 (t, J = 5.6 Hz, 2H,
H-8), 1.41 (s, 18H, (CHa)s, (CHs)3'); 3 C-NMR (151 MHz, DMSO-ds) d 176.23, 175.95, 165.39,
150.51, 147.56 (2C), 134.52, 132.59, 129.43 (3C), 128.86 (3C), 123.38 (2C), 120.15 (2C),
66.01, 58.80, 57.82, 50.72, 35.89 (2C), 30.37. HPLC-MS (ESI): tr = 0.885 min and 1.02 min,
(m/z) [M-2PFs+4H,0]* = 804.7 and (m/z) [M-2PFs+2H,0 + CH3CN]* = 809.0, calculated mass
[M-2PFe+4H,0]" = 804.8 and [M-2PFs+2H,0+CH3sCN]* = 809.8. IR (ATR, cm™): 3415 (broad,
weak, OH), 2958 (sharp, strong, N=C=0), 2868 (sharp, weak, N=C=S), 1632 (sharp, weak,
C=N), 1585 (sharp, strong, C=C), 826 (sharp, strong, PFs).
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7.2.3.7. Synthesis of a fluorescent probe and its precursors

5-(dimethylamino)-N-(2-((2-hydroxyethyl)amino)ethyl)naphthalene-1-sulfonamide (7)%?

Chemical Formula: C4gH>3N303S
Exact Mass: 337.15
Molecular Weight: 337.44

N-(2-Aminoethyl)ethanolamine (1.91 mL, 18.8
mol, 5 eq.) was added to a 250 mL round-bottom
flask equipped with a stirrer bar. Dansyl chloride
(2.01 g, 3.76 mol, 1 eq.) in THF/MeCN (60 mL/30
mL) was added dropwise. After the completion of
the reaction, the solvent was removed, and the
crude product was purified using column
chromatography (petroleum ether/ethyl acetate).
Compound 7 was isolated as a green oil. Yield:
412 mg, 33%; H-NMR (300 MHz, DMSO-dg) &
8.46 (d, J = 8.4 Hz, 1H, H-9), 8.29 (d, J = 6.0 Hz,
1H, H-4), 8.12 (d, J = 6.0 Hz, 1H, H-8), 7.64 (d, J

=7.2 Hz, 1H, H-7), 7.58 (d, J= 6.0 Hz, 1H, H-3), 7.26 (d, J = 7.2 Hz, 1H, H-2), 3.27 (t, J =5.8
Hz, 1H, H-11,11), 2.79 (s, 6H, N-(CHs),), 2.45 (t, J = 6.5 Hz, 2H, H-12), 2.45 (t, J = 6.5 Hz,
2H, H-12’); HPLC-MS (ESI): Purity = 98%, tr = 2.36 min, (m/z) [M+H]* = 338.20, calculated

mass [M+H]*= 338.4.

N-((2-((5-(dimethylamino)naphthalene)-1-sulfonamido)ethyl)(2-
hydroxyethyl)carbamothioyl) benzamide (8)

VRN

Chemical Formula: Cz4H28N40482
Exact Mass: 500.16
Molecular Weight: 500.63

Benzoyl isothiocyanate (47 uL, 0.35 mmol, 1 eq.)
and dry DCM (3 mL) were added to a 10-mL RBF
equipped with a magnetic stirrer and septum with a
needle connected to a balloon containing nitrogen.
The mixture was cooled in an ice-water bath to a
temperature of 0 °C. Compound 7 (57.0 mg, 0.35
mmol, 1 eq.) in dry DCM (2 mL) was added
dropwise. The reaction mixture was allowed to stir
at room temperature (23 °C) for 1 hour. The crude
product was purified using column chromatography
with a mobile phase of petroleum ether and ethyl

acetate. Compound 8 was isolated as a green oil.

Yield: 144 mg, 82%; 'H-NMR (300 MHz, MeOD-d,) & 8.57 (d, J = 8.6 Hz, 1H, H-9), 8.35 (d, J
= 8.6 Hz, 1H, H-4), 8.26 (d, J = 7.2 Hz, 1H, H-8), 7.88 (d, J = 7.6 Hz, 2H, H-16,16"), 7.66 —
7.44 (m, 5H, H-9,7,18,17,17"), 7.26 (dd, J = 0.9 Hz, 7.6 Hz, 1H, H-2), 3.87 (t, J = 6.5 Hz, 2H,
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H-11), 3.67 (t, J = 6.5 Hz, 2H, H-11’), 3.55 (t, J = 6.6 Hz, 2H, H-12), 3.33 (t, J = 6.6 Hz, 2H, H-
127), 2.87 (s, 6H, N-(CHs),).HPLC-MS (ESI): Purity = 96%, tr = 2.49 min, m/z [M+H]* = 501.20,
calculated mass [M+H]" = 501.6.

(N-Benzoyl-N’,N’-di(2-hydroxyethylthioureato)-S,O)(5-(dimethylamino)-N-(2-((2-
hydroxyethyl)amino)ethyl)naphthalene-1-sulfonamido)(4,4’-di-tert-butyl-2,2’-

bipyridyl)platinum(ll) chloride (4a.7)

Exact Mass: 997.27
Molecular Weight: 998.56

VRN

Chemical Formula: [C4oH51NgO4PtS,]"CI

Compound 8 (61.9 mg, 0.124 mmol, 1.1 eq) and
triethylamine (17 pL, 0.124 mmol) in acetone (1
mL) were added dropwise to compound 3a (60.1
mg, 0.112 mmol, 1 eq.) in acetone (1 mL). The
reaction mixture was allowed to reflux for 1.5
hours. The resulting precipitate was filtered off
by gravity and the filtrate was purified using
reverse-phase column chromatography with
H.O/MeCN as the mobile phase. Compound
4a.7 was isolated as a yellow solid. Yield: 41.5
mg, 37%; '"H-NMR (600 MHz, MeOD-d,) & 8.94
-9.88 (m, 1H, H-9), 8.58 (d, J = 1.8 Hz 1H, H-
d), 8.5-8.43 (m, 2H, H-4,8), 8.40-8.29 (m, 1H,
H-a,a’), 8.21 (dd, J = 8.8 Hz, 1.6 Hz, 1H, H-b),
8.04 -8.00 (m, 3H,H-16,16’, d’), 7.69 — 7.57 (m,
2H, H-3,7),7.52 - 7.47 (m, 1H, H-2), 7.44 (t, J =
5.9 Hz, 1H, H-18),7.39 -7.33 (m, 2H, H-17,17"),
7.09 (dd, J = 8.8 Hz, 1.6 Hz,1, H, H-b’), 4.03 (t,

J=6.4 Hz, 2H, H-11), 3.93 (t, J = 5.3 Hz, 2H, H-11"), 3.78 (dd, J = 6.0 Hz, 18 Hz, H-12), 3.53
(t, J=6.4 Hz, 1H, H-12'), 2.71 (d, J = 3.9 Hz, 6H, N-(CHs)2), 1.53 (s, 9H, (CHs)3), 1.46 (s, 9H,
(CH3)s‘). HPLC-MS (ESI): Purity = 98%, tr = 1.12 min, m/z [M-CI]* = 963.2, calculated mass

m/z [M-CI]* = 963.1.
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tert-butyl (2-((2-hydroxyethyl)amino)ethyl)carbamate (9)*%

a )
i Ik
N\/\
Ho/\,/ N o)
7 7 Hb

Chemical Formula: CgH5gN,O3

Exact Mass: 204.15
Molecular Weight: 204.27

N-Boc-2-aminoacetaldehyde (956 mg, 6.00
mmol, 1.5 eq.) and ethanolamine (245, 4.00
mmol, 1 eq.) in MeOH (50 mL) were allowed to stir
at room temperature (25 °C) for 2 hours. The
reaction mixture was put on ice and NaBH4 (309

mg, 8.19 mol, 5 eq.) was added slowly over 20

minutes. The reaction mixture was allowed to stir at room temperature for 18 hours. 1 M HCI

(~15 mL) was added until the mixture had a pH of 6. The solvent was removed via rotary

evaporation and DCM (5 mL) was added. The resulting precipitate was removed using gravity

filtration and the filtrate was purified using reverse-phase column chromatography with

H.O/MeOH as the mobile phase. Compound 9 was isolated as a yellow oil. Crude yield: 110
mg, 13%; *H-NMR (300 MHz, MeOD-d,) & 3.67 (t, J = 6.0 Hz, 2H, H-7), 3.57 (t, J = 6.3 Hz 1H,
NH?), 3.25 — 3.11 (m, 3H, NH°®, H-7), 2.75 — 2.69 (m, 4H, H-8,8"), 1.46 (s, 9H, (CHz3)3).

tert-butyl (2-(3-benzoyl-1-(2-hydroxyethyl)thioureido)ethyl)carbamate (10)

OH

Chemical Formula: C47H25N304S
Exact Mass: 367.16
Molecular Weight: 367.46

Benzoyl isothiocyanate (34.6 L, 0.258 mmol, 1 eq.)
and dry DCM (1 mL) were added to a 10 mL RBF
purged with argon. The contents of the RBF were
cooled on ice to 0 °C. Compound 9 (52.6 mg, 0.258
mmol, 1 eq.) in dry DCM (3 mL) was added dropwise
and the reaction mixture was allowed to stir at room
temperature for 18 hours. Compound 10 was
purified via column chromatography using
DCM/MeOH as the mobile phase. Compound 10

was isolated as a yellow oil. Yield: 41.2 mg, 43%; *H-

NMR (300 MHz, MeOD-d4) & 7.93 (d, J = 6.0 Hz, 2H, H-3,3), 7.62 (t, J = 6.0 Hz, 1H, H-5),
7.52 (t, J=7.0 Hz, 2H, H-4,4’), 4.06 (t, J = 6.6 Hz, 2H, H-7), 3.89 — 3.73 (m, 4H, H-8,8’), 3.65
(t, J = 5.2 Hz, 1H, NH?), 3.52 (t, J = 6.5 Hz, 2H, H-7"), 3.17 (t, J = 5.2 Hz, 1H, NH") , 1.46 (s,
9H, (CHzs)3). HPLC-MS (ESI): Purity = 98 %, tr = 0.941 min, m/z [M+H]" = 368.2.
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(N-Benzoyl-N',N’-((2-aminoethyl)(2-hydroxyethylthioureato)-S,0)(4,4’-di-tert-butyl-2,2’-
bipyridyl)platinum(ll) chloride (4a.8a)

Compound 10 (42.8 mg, 0.116 mmol, 1.1 eq) and
triethylamine (16 uL, 0.116 mmol, 1.1 eq.) in acetone
(2 mL) was added dropwise to compound 3a (56.6
mg, 0.106 mmol, 1 eq) in acetone (1 mL). The
reaction mixture was allowed to reflux for 2 hours.
The resulting precipitate was filtered off by gravity
and the filtrate was purified using reverse-phase

column chromatography with 0.1% formic acid in

H20/ 0.1% formic acid in MeCN as the mobile phase.
Chemical Formula: [CsoH4oN,O,PtS]*Cl-| The solvent was removed via rotary evaporation and
Exact Mass: 764.22 DCM (1 mL) and trifluoroacetic acid (TFA, 0.5 mL)

Molecular Weight: 765.28 were added to the residue. The mixture was allowed

to stir for 2 hours after which the solvent and TFA
were removed using rotary evaporation. MeOH (5 mL) was added to quench the residual TFA
and the solvent was removed using rotary evaporation. Compound 4a.8a was isolated as a
yellow solid. Yield: 2.3 mg, 3%; "H-NMR (300 MHz, D,O) & 8.66 (br s, 2H, H-a,a’), 8.23 — 8.05
(m, 7H, Ar), 7.86 (t, J = 7.7 Hz, 2H, H-4,4"), 4.36 — 4.23 (m, 4H, H-7,7’), 4.18 (s, 4H, H-8,8"),
2.59 (s, 3H, (CHs)s3), 2.56 (s, 3H, (CHs)s). HPLC-MS (ESI): Purity = 99%, tr = 0.904, (m/z) [M-
CIJ* = 729.2, calculated mass [M-CI]* = 729.8.

7.3. Cultivation of Plasmodium falciparum parasites

Pf-NF54 (drug-sensitive), Pf-K1 (multidrug-resistant), and Pf-Dd2 (multidrug-resistant) strains
were used to investigate the in vitro antiplasmodium efficacy of the mixed-ligand platinum(ll)
complexes. The parasites were maintained at 2% hematocrit (HCT) in B+ or O+ human red
blood cells in a growth medium containing RPMI-1640; 4.2% sodium bicarbonate; 1 mL/L
gentamycin; 6 g/L HEPES; glucose 4 g/L; hypoxanthine 0.088 g/L and 5 g/L Albumax. The
parasites were incubated at 37 °C in an atmosphere of 5% CO,, 5% O, and 90% N..
Synchronous cultures of the ring stage were obtained with 5% (w/v) D-sorbitol treatment.3%
During the synchronization step, 5x the volume of D-sorbitol was added to the pellet and the
culture was incubated at 37 °C for 10 minutes. Post incubation, the culture was spun at 750
rcf for 5 minutes and the supernatant was removed with an aspirator. The morphology and
development of the parasites were monitored using Giemsa-stained smears under a

microscope.

196



Chapter 7: Experimental Procedures

7.4. In vitro assessment of the test complexes' antiplasmodium activity using the
SYBR Green | and pLDH assays

7.4.1. SYBR Green | assay

This assay was conducted by collaborators, Professor Lyn-Marie Birkholtz and her team from

the Institute for Sustainable Malaria Control at the University of Pretoria, South Africa.

The in vitro activities of the test platinum(ll) complexes were evaluated against the asexual
blood stages of Pf (NF54 and K1) using the Malaria SYBR Green I-based fluorescence
assay.'’® Compounds were dissolved in DMSO and diluted accordingly to make either a 2 uM
or 10 uM solution which was added to and serially diluted down a 96-well plate. Each
compound was tested with three technical repeats as well as one to three independent
biological repeats. The ring stage of Pf (2% parasitemia (P), 2% HCT) was added to each well
and the plates were incubated at 37 °C for 96 hours. Subsequently, SYBR Green | lysis buffer
(200 pL) which consists of: 0.2 yL/mL of 10 000x SYBR Green | (Invitrogen); 20 mM Tris (pH
7.5); 5 mM EDTA; 0.008% (w/v) saponin and 0.08% (v/v) Triton X-100 was added to the
parasite suspension. The plates were incubated in the dark at ambient temperature for 1 hour.
The fluorescence was determined on a microplate reader at an excitation of 485 nm and an
emission of 538 nm. Dose-response curves were generated using Sigma Plot 11.0, from which

the ICso was determined.

7.4.2. pLDH assay

The in vitro asexual blood stage activity of the selected test compounds against Pf-Dd2 was
determined using the pLDH assay. A 10 mM stock of the test compounds in DMSO was diluted
to 10 uM using a complete growth medium. Complete growth medium (100 pL) was added to
all wells in columns 1 — 2 and 4 — 12. The test compounds in a complete growth medium (200
ML) were added in triplicate to well 3 of a 96-well plate and serially diluted two-fold down the
plate (from wells 3 — 12). Unparasitized RBCs (100 L) at 2% HCT were added to all wells in
column 1. A trophozoite stage Pf-Dd2 culture (2% P, 2% HCT) was added to each well in
columns 2 — 12 and the plates were incubated at 37 °C for 48 hours after which they were
frozen to lyse the cells. A Malstat solution (100 pL) was added to a new 96-well plate
(developing plate), followed by 20 pL of the thawed and lysed cell suspension and 25 pL of
nitroblue tetrazolium (NBT). The Malstat consisted of Triton X-100 (339 uM), L-lactate (92
mM), Tris buffer (54 mM) and 3-acetyl pyridine adenine dinucleotide (APAD, 166 pM) in milli-
Q water. The pH of the solution was then adjusted to 9. The NBT solution contained NBT (2

KM) and phenazine ethosulphate (261 pM) in milli-Q water. The plates were incubated in the
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dark at ambient temperature (20 — 25 °C) for 30 minutes after which the absorbance values
were read on a microplate reader (Thermo scientific Multiskan GO) at a wavelength of 620
nm. Dose-response curves and ICsp values were generated as per the SYBR Green | assay,
using GraphPad Prism 10.

7.5. In vitro activity against gametocyte stages

This assay was conducted by collaborators, Professor Lyn-Marie Birkholtz and her team from

the Institute for Sustainable Malaria Control at the University of Pretoria, South Africa.

Pf-NF54 gametocytes were prepared and isolated according to the method reported by
Reader et al.®%53%¢ Briefly, gametocytogenesis was induced from a culture of synchronous
rings using nutrient starvation (growth medium without glucose) in combination with a
reduction in hematocrit. The in vitro gametocyte activities of the synthesized complexes were
determined using a luciferase reporter line-based assay. In each instance, assays were set
up using three technical repeats and one to three independent biological repeats. Methylene
blue (MB) was used as a positive control in this assay. NF54-PfS16-GFP-Luc (transgenic
parasite line) was used for the stage-specific assessment of gametocyte activity. Early-stage
(ES) gametocyte (stages I-lll) experiments were performed on day 5 (representing >90% of
early-stage GAM) and late-stage (LS) gametocyte (stages IV/V) experiments were performed
on day 10. In each experiment, 2 — 3% gametocytaemia at 1.5% hematocrit was used for each
assay. The treated cultures were incubated for 48 hours at 37 °C in a gas chamber (90% N,
5% O, and 5% CO,). Luciferin substrate (30 pL) (Promega Luciferase Assay System) was
added to parasite lysates (30 pL). The luciferase activity was determined by reading the
resulting bioluminescence at an integration constant of 10 s which was detected using the

GloMax®-Multi+ Detection System with Instinct® Software.

7.6. In vitro cytotoxicity assay using the Chinese hamster ovarian (CHO) cell line

This assay was conducted by the pharmacology team at the Holistic Drug Discovery and
Development (H3D) Centre, Division of Clinical Pharmacology, Department of Medicine,

University of Cape Town.

Cultivation of the CHO cell-line

CHO cells were donated from S. Schwager, Department of Medical Biochemistry, University
of Cape Town, South Africa. These cells were originally obtained from the ATCC (American
Type Culture Collection) in 2001.

198



Chapter 7: Experimental Procedures

To maintain the CHO-cell line in culture, the medium is removed from the flask using aspiration
and the cells are rinsed twice with 10 ml PBS. 10% Trypsin (5 mL, heated to 37°C) was added
after which complete medium is added (5 mL) and the suspension was centrifuged at 750 rpm
for 5 minutes. The supernatant was removed via aspiration and the pellet was resuspended
in complete medium (5 mL). Approximately 1 ml of the cell suspension was transferred to a
new culture flask containing a complete medium (9 mL). This flask was kept under gas (5%
CO2) at 37 °C for 48 hours or until needed for the MTT assay.

MTT assay
A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT) assay was used to

screen the metal complexes against the mammalian Chinese hamster ovarian (CHO) cell line.
A stock solution of each test compound (2 mg/mL) in DMSO was prepared and kept at -20 °C
until needed. Emetine was used as a reference drug for this assay. A starting concentration
of 100 pg/mL was serially diluted ten-fold in a complete medium, resulting in a final
concentration of 0.001 ug/mL (6 dilutions). The assay plates with treated CHO cells were
incubated for 48 hours. Sterile MTT (Thermo Fisher Scientific) (25 pL) was added to the
treated cell suspensions in each well, followed by 4 hours incubation in the dark at room
temperature (20 — 25 °C). This was followed by centrifugation and removal of the supernatant
via aspiration. DMSO (100 pL) was then added to assist the solubilization of the formed
crystals. The absorbance of each well was determined at a wavelength of 540 nm. The full
dose-response curves were plotted using a non-linear dose-response curve fitting analysis via
GraphPad Prism v.4.0 software. The ICso values of each compound were determined from

their dose-response curves and converted from pg/mL to pM.

7.7. Kinetic solubility by HPLC (pH 6.5)%
This assay was conducted by the DMPK team at the H3D Centre.

Solubility was measured at pH 6.5 using an adapted miniaturized shake-flask method, in 96-
well plate format. Briefly, 4 yL of a 10 mM stock in DMSO was added to a 96-well plate and
evaporated using a GeneVac system. Phosphate buffer pH 6.5 (196 L) was then added to
the wells and the plate was incubated for 24 h at 25 °C with shaking. At the end of this
incubation, the samples were centrifuged at 3500 g for 15 min and then transferred to an
analysis plate. A calibration curve in DMSO for each sample between 10 — 220 uM was
prepared and included in the analysis plate. Analysis was then performed by HPLC-DAD and

the solubility of each sample was determined from the corresponding calibration curve.
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Reserpine (solubility <5 puM) and hydrocortisone (solubility >180 pM) were used as controls
and gave data that compared well to historical data in our laboratory.

7.8. In vitro hepatic microsomal metabolic stability studies

This assay was conducted by the DMPK team at the H3D Centre.

Preparation of liver microsomes

Thaw microsomes (XenoTech) at 37 °C and dilute to 0.4 mg/mL using 0.1 M phosphate buffer.

Assay

In vitro microsomal metabolic stability studies were conducted in duplicate in a 96-well
microtiter plate, following previously reported methods.®® Briefly, a solution of the test
compounds (1 pM, in phosphate buffer (pH 7.4)) was incubated at 37 °C in the presence of
either mouse or pooled human liver microsomes (0.5 mg/mL) for 30 minutes. Incubation was
conducted in both the presence and absence of the cofactor NADPH regeneration system (1
mM). Carbamazepine, 0.0236 pg/mL (internal standard) in ice-cold acetonitrile was used to
guench the reaction. The samples were centrifuged (4200 rpm) for 20 minutes (20 °C). The
supernatant was diluted by half the concentration with water and then filtered. Analysis was
conducted using HPLC-MS/MS (Agilent Rapid Resolution HPLC, AB SCIEX 4500 MS). The
percentage (%) of the parent compound that remained after 30 minutes of incubation was
calculated using Equation 7.1. This was used to calculate the degradation half-life (tis,

Equation 7.1) and in vitro intrinsic clearance (CLin;, Equation 7.2) value.

peak area or height at time point
peak area or heightatt =0

% parent remaining = x 100 Eq.7.1

t1/2 = % Eq.7.2 (where A is the slope of Ln % remaing vs. time)

In2 X volume of incubation (puL)

Clipe = Eq.7.3

t1/2 X mass of microsomes per incubation (mg)

7.9. Determination of pharmacokinetic parameters

This assay was conducted by Dr Liezl Gibhard and her team at the H3D Centre.

Triplicates of male Balb/C mice were used for the determination of in vivo pharmacokinetic
parameters. This work was conducted under the University of Cape Town’s ethics policies
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using protocols that have been approved by the research ethics committee (AEC017/026).
Compounds were administered either intravenously as a bolus solution
(DMA/PEG/PPG/H20:5/15/30/50) or orally as a solution containing 0.5% (w/v) HPMC with
0.2% Tween 80 to male Balb/C mice. Mice were not fasted overnight and were allowed to eat

and access water freely.

To determine the PK parameters, blood samples were collected from the tail vein of the mice
into heparinized microcentrifugation tubes at distinct sampling times (0.17, 0.5, 1, 3, 5, 7, 9,
24, and 48 hours for intravenous dosing; 0.5, 1, 3, 5, 7, 9, 24 and 48 hours for oral dosing).

All samples were stored at -80 °C until extraction.

For the bioanalysis, frozen whole blood was thawed at room temperature and 20 yL of each
sample was extracted by protein precipitation (using 100 uL of acetonitrile containing 10 ng/ml
of the internal standard, MMV394902). The sample was centrifuged. Supernatants of each
sample were injected into the LC-MS/MS column for analysis. The analytical limit of
quantitation (LOQ) was 2 ng/mL. The pharmacokinetic parameters were calculated using
noncompartmental analysis using PK Solutions 2.0 (Summit Research Services, Montrose,

CO, USA) and a curve stripping-based method.

7.10. In vitro parallel artificial membrane permeability assay (PAMPA) for permeability

determination
This assay was conducted by the ADME team at the H3D Centre.

In preparation for the assay, the required membrane filters were precoated with hexadecane
(5%) in hexane and were allowed to dry. The assay was performed with three technical
repeats in 96-well MultiScreen filter plates (Millipore, 0.4 um PCTE membrane). Lucifer yellow
was added to the apical wells of the precoated MultiScreen donor plate and served as an
integrity marker for the membrane. Phosphate buffer (pH 7.4) was added to the 96-well
acceptor plate followed by relevant amounts of the 10 mM stock of the test compound. The
donor plate was slotted into an acceptor plate and incubated at room temperature for 4 hours
with gentle shaking. Post incubation, aliquots of the samples from the acceptor plates were
transferred to the analysis plate, and the matrix was matched with a blank donor buffer.
Carbamazepine (0.0236 ng/mL) in acetonitrile was added to all samples as an internal
standard. The samples were analyzed using LCMS/MS (Agilent rapid resolution HPLC, AB
SCIEX 4500 MS). The permeability (Pap) was calculated by using the normalized
(analyte/internal standard) peak areas. Membrane integrity was calculated from the Pap, of

Lucifer yellow (acceptable values < 50nm/s) using a Modulus microplate reader.
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7.11. Plasma protein binding (PPB)

This assay was conducted by the ADME team at the H3D Centre.

To determine the percentage of test compound bound to plasma, ultracentrifugation was used.
The test compound (5 uM of a 10 mM DMSO stock) was used to spike pooled human plasma.
An aliquot of the spiked solution was removed immediately and quenched with
carbamazepine, 0.0236 pg/mL in ice-cold acetonitrile. The aliquot was frozen and served as
the total concentration sample to be referenced against later. Samples were pre-incubated for
1 hour at 37 °C. Following pre-incubation, aliquots of the spiked plasma were taken in
duplicate and were ftransferred to ultra-centrifugation tubes. The samples were
ultracentrifuged for 4 hours at 37 °C (42000 rpm, Beckman Optima L-80XP). This was followed
by analysis using LCMS/MS (Agilent Rapid Resolution HPLC, AB SCIEX 4500 QTRAP MS).
The percentage of the test compound bound to plasma protein was calculated by comparison
of the analyte: peak ratios of the ultracentrifuged sample to that of the total concentration

sample.

7.12. NP40-detergent-mediated 3-hematin inhibition assay

The B-hematin inhibition assay was followed according to the method outlined by Carter et
al.?® A 305.5 uM stock solution of NP-40 detergent was prepared. The test compounds were
dissolved in the relevant volumes of DMSO to produce stock solutions (20 mM). Milli-Q water
(140 pL), NP-40 detergent (40 uL, 305.5 yM), and the stock solution of the test compounds
(20 pL) were added to column 12 of a 96-well plate. A mixture of milli-Q water, NP-40 (305.5
M), and DMSO (v/v ratio of 7/2/1) was added to all wells in columns 1-11. The contents of
column 12 were serially diluted (2-fold) to well 2, discarding 100 uL from column 2. Therefore,
column 1 served as a no-drug blank. A pre-read of each of the well's absorbance values was
obtained at 405 nm on a plate reader. Hematin (16.3 g) in 1 mL of DMSO was prepared to
produce a 25 mM stock. A 178 L aliquot of this stock solution was added to the acetate buffer
(1 M, pH 4.8, 20 mL). The suspension (100 uL) of hematin in acetate buffer was added to
each well. The plates were covered with plate covers and incubated for 5 hours at 37 °C.
Finally, an analysis of the 3-hematin inhibition activities of the test compounds was carried out
using the pyridine-ferrichrome method developed by Ncokazi and Egan.®? A prepared solution
of pyridine/H.O/acetone/HEPES buffer (2 M, pH 7.4) in a v/v ratio of 5/2/2/1 (32 uL), and
acetone (60 uL) were added to each well of the original assay plate. The contents of each well
were thoroughly mixed by agitation and the UV/vis absorbance was recorded on a SpectraMax
P340 plate reader at 405 nm. Sigmoidal dose-response curves were obtained using the

absorbance values using GraphPad Prism v.10 software.
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7.13. Cellular heme fractionation assay

The cellular heme fractionation assay was carried out following the method described by

Combrinck et al. %% without modification.

Day 1: Pf-NF54 parasites in the ring stage (5% P and 2% HCT) were synchronized with
sorbitol and added to a 24-well plate containing varying multiples of the test compounds ICsq.
No drug controls were included and there were four technical repeats of each concentration
of the test compound per a plate. Two independent biological repeats were included for each
test compound. The plates were incubated at 37 °C for 32 hours. After 32 hours, the rings

mature into trophozoites and these trophozoites were harvested on day 2.

Day 2: The RBCs were lysed with saponin (5%), liberating the matured trophozoites. PBS
(100 uL) was added to each well and mixed before being transferred to a 500 uL 96-well round
bottom plate (Axygen Scientific), called the stock plate. Separately, a SYBR Green I-based
cell counting (FACS) solution was made by adding 0.125% (v/v) of glutaraldehyde and 0.5%
(v/v) DNase to PBS (pH 7.5). In a separate flat-bottom 96-well plate (counting plate), 10 uL of
resuspended trophozoites and 190 uL FACS solution were added. The stock plate was stored

at -20 °C until day 4 and the counting plate at 3 °C overnight (~ 16 hours).

Day 3: Cells were counted using a flow cytometer (Becton Dickinson (BD) AccuriTM C6 Plus
system with SSC/FL1530 nm) using BD AccuriTM C6 Plus software. In preparation for the
flow cytometry analysis, 160 pyL of SYBR Green | (2 pL, 10 000x in DMSO, Invitrogen Thermo
Fisher Scientific) in PBS (20 mL) solution was added to a 96-well round bottom plate. An
aliquot of resuspended cells (20 pL) from the counting plate and 20 pL of a Trucount bead
solution (in 1 mL PBS) were transferred into the same 96-well flat-bottom plate. This plate was
covered with aluminum foil to prevent exposure to light and incubated at 37 °C for 30 minutes.
The contents of each well were mixed thoroughly before reading on the flow cytometer. The
number of events in a 40 pL solution was counted for each sample. FlowJo software (V10)

was used to analyze the data.

Day 4: A series of cellular fraction steps were performed to quantify the amount of hemoglobin,
heme, and hemozoin in the cells post-incubation with the test compounds. The stock plate
was thawed at room temperature. 100 yL of water was added to each well and the plate was
sonicated for 5 minutes. 50 pyL of HEPES buffer (0.02 M, pH 7.5) was added, and the sample
was centrifuged at 3600 rpm for 20 minutes. The supernatant (hemoglobin fraction) was

transferred to an adjacent set of wells on the same plate. The three different heme species
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were then fractionated via the stepwise addition of several pre-made salt solutions and buffers.

The stepwise protocol can be seen in Table 7.1.

From here the absorbance maximum of the Fe(lll)heme-pyridine complex was recorded on a
multi-well plate reader and was used to calculate the percentage of each heme species. The
amount of total heme was calculated from the flow cytometry counting method developed by
Combrinck et al.*®® Briefly, the concentration of cells in each well was used to determine the
amount of total heme (fg/cell). This was done using Equation 7.4 below where Crowcytometry
refers to the concentration of cells in 1 mL as determined by flow cytometry. T is the gated
parasite cells, B is the number of gated Trucount beads and Cirycount beads IS the concentration

of Trucount beads, as specified by the supplier.

Cﬂowcytometryﬁ X CTrucount beads Eq- 7.4

Subsequently, the percentage of each fraction was determined from the absorbance maxima
where the absorbance of a particular fraction (Frac.) was divided by the sum of the
absorbances of all three fractions and converted to a percentage using Equation 7.5. The
fractions are either heme, hemoglobin, or hemozoin and the total absorbance refers to the

sum of the absorbances of all three fractions.

% F _ absorbance of frac. « 100 Ea.7. 5
o rrac.= Total absorbance a7

After that, the total heme Fe was divided by the number of cells calculated for a particular
concentration of test compound to determine the total amount of heme Fe per cell (fg/cell).
Therefore, the amount of heme Fe (fg/cell) for each fraction was determined using Equation
7.6, where V is a 0.2 normalizing constant and corresponds to the amount of Fe in 200 uL of

sample volume and the fraction (frac.) refers to either heme, hemoglobin, or hemozoin.

fg fg
Frac.Fe (—) = frac. % X total Fe (—) XVEq.7.6
cell cell
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Table 7.1. Steps for the fractionation of the three heme species. Numbered steps were

conducted in parallel, and the reagents were added to both the hemoglobin and heme

fractions.

To the supernatant (hemoglobin) To the pellet (heme)

1. | Add 50 pL 4% SDS Add 50 pL 4% SDS

2. | N/A Add 50 pL milliQ water

3. | N/A Re-suspend

4. | Sonicate 5 min Sonicate for 5 min

5. | Incubate at rt for 30 min Incubate at rt for 30 min

6. | N/A Add 50 pL HEPES (0.2 M, pH 7.5)

7. | Add 50 pL NaCl (0.3 M) Add 50 pL NaCl (0.3 M)

8. | Add 50 pL 25% pyridine (1 M in | Add 50 uL 25% pyridine (1 M in HEPES)
HEPES)

9. | Re-suspend and transfer 200 yL to a | N/A
flat bottom 96-well reading plate

10. | N/A Spin @ 3600 rpm for 20 min

11. | N/A Transfer supernatant to adjacent wells on

the same plate

12.| N/A Add 150 pL of milli-Q to supernatant

13.| N/A Resuspend and transfer 200 pL to reading
To the second pellet (hemozoin)

14. | Add 50 pL milli-Q N/A

15. | Add 50 pL 0f 0.3 M NaOH N/A

16. | Sonicate for 15 min N/A

17. | Incubate for 30 min @ rt N/A

18.| Add 50 yL HEPES (0.2 M, Ph 7.5) N/A

19. | Add 50 pL HCI N/A

20. | Add 50 pL 25% pyridine N/A

21.| Add 150 pL milli-Q water N/A

22.| Mix and transfer 200 uL to the reading | N/A
plate

Abbreviation: N/A- Not applicable
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7.14. Cyclic voltammetry

The general experimental set-up used to collect CV data is shown in Figure 7.1 and is called
an electrochemical cell. For this, the electrochemical cell, comprised of the three electrodes,
is placed in an electrolyte solution containing the test compound. As electrons are transferred
from the electrode to the analyte, ions move in solution, compensating for the charge produced
by the chemical species and closing the circuit.31° This electrolyte solution is a mixture of a
salt and an appropriate solvent. Common electrolyte solutions include potassium chloride in

water and tetrabutylammonium perchlorate in acetonitrile.

Electrode connections

Holes for degassing
or reagent addition

[ — Teflon cap

Glass solution reservoir
——— Electrolyte solution

Working electrode

Reference electrode
Counter elctrode

Figure 7.1. Schematic representation of an electrochemical cell used for CV experiments

republished from Elgrishi et al. under the standard ACS Author Choice/Editors Choices’

usage agreement.3°

As shown in Figure 7.1, there are three electrodes: namely, the working electrode, a reference
electrode, and a counter electrode. The electrochemical reaction is carried out by the working
electrode as it is redox inert. The electrochemical cell is attached to a potentiostat which
linearly sweeps the potential between the working and reference electrodes. When the
potentiostat reaches the pre-set limit, it will sweep back in the opposite direction. When a
potential is applied to the working electrode, oxidation/reduction of the analyte occurs and
current starts to flow. This current is recorded and reported as the flow of electrons between

the working electrode and the counter electrode, producing the voltammogram.

For the experiment a solution of the test compound (1 x 10%) in DMSO (3 mL) is added to the
electrolyte solution (0.1 M tetrabutylammonium chloride (TBACI) in DMSO). The

electrochemical measurements were then obtained using a Basi Epsilon Eclipse
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Electrochemical Analyzer Potentiostat and the CV graphs generated using Excel. The working
electrode was glassy carbon (GC) with platinum wire as the counter electrode (CE) and

Ag/AgCl as the reference.

7.15. Fluorescence Live-Cell Microscopy

This section of work was conducted at the University of Cape Town’s Confocal and Light

Microscope Imaging Facility by Dr John Woodland.

7.15.1. General Methods

Nunc Lab-Tek Il eight-well chamber slides were coated with a 0.01% (w/v) poly-L-lysine
solution (150 pL). After 10 minutes, the solution was removed, and the slides were allowed to
air dry. For imaging, Ringer’s solution was used to maintain the parasite cell out of culture and
to avoid the intrinsic fluorescence of phenol red which is typically present in standard culture
media. The Ringer’s solution was prepared as previously described by Kuhn et al.3®
Harvested parasites (5 pL, trophozoites, ~5% P, 2% HCT) were added to the Ringer’s solution
and gently vortexed to prevent the cells from forming clusters. The cell suspension (150 pL)
was added to the imaging chamber slide and the slide was incubated for 30 minutes. Excess
Ringer’s solution was removed post-incubation, removing all loose cells. The previous step
was repeated twice. The fluorescent compound in Ringer's solution (150 yL) was added to the

cells and the chamber slide was incubated for 30 minutes before imaging.

The ringer’s solution contained: NaCl (122.5 mM); KCI (5.4 mM), CaClI2 (1.2 mM), MgCI2 (0.8
mM), D-glucose (11 mM), Hepes (25 mM) and NaH2PO4 (1 mM) in milli-Q water. The pH of

the solution was then corrected to 7.4.

7.15.2. Live-Cell Confocal Microscopy

Confocal images were obtained using a Zeiss Axiovert 200 M LSM 150-META confocal
microscope. The ojective lens used for imaging was a Plan-Apochromat 63x/1.40 Oil DIC M27,
and the cells were incubated at 37 °C. Images were captured and processed using the
software on ZEN 2011 (Carl Zeiss Microscopy GmbH). To minimize cell phototoxicity, the laser
transmission was kept as low as possible. For the dansyl-linked probe, a 405 nm laser was
used with collection wavelengths spanning 465 nm to 600 nm. To maximize the collected
signal, a concentration of 20 uM of the probe was used. (Lower concentrations did not yield

sufficient signal for the detector.)
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7.16. In vitro resistance selection and cloning

The resistance selection assay was carried out following the method described by Ng et al.?®
Briefly, three flasks containing Pf-Dd2 parasites at 4% parasitemia (3 % HCT in 100 mL of
culture media) were cultured under 3x, 4x, 5x, or 7x the I1Cso of either complex 4a.1 or 4f, as

shown in Table 7.2.

Table 7.2. The multiples of complexes 4a.1 and 4f ICso values were used for the dosing in the

resistance selections.

Complex
4a.1 4f
Pf-Dd2 ICso (NM) 212 121
Multiple of I1Cso (flask #) 3x (FI1), 4x (FI2), 5x (FI3) 3x (Fl4), 5x (FI5), 7x (F16)

The growth medium was replaced daily for seven days with the dosing of the test compound
at the relevant concentrations. The morphological changes of parasites in each flask were
monitored using culture smears stained with Giemsa. After seven days, monitoring of each
flask occurred every second or third day in which media was replaced and fresh aliquots of
the test compound were added. Fresh RBCs (1% HCT) were added to each flask once a week

and the total culture volume decreased to 50 mL by the third week of culturing.

The bulk mutant culture of recrudesced parasites that resulted from selection with 3 x 1Cso of
4f was profiled against the test compound (4f) using the standard pLDH assay to confirm their
resistance. Monoclonal cells of the recrudesced parasites were then isolated using cloning via
the limiting dilution method described by Macedo-Silva et al.®3! with minor modifications. The
stock solution of bulk parasites was diluted using Equation 7.7 so that each well in a 96-well

plate contained either 0.25 or 0.5 parasites per well.

HCTxPx10% o (/5 )0r(Y/p)

104%200 200 pL X 24 000 ML Eq_ 7.7

The plates were incubated for 17 days, with changes to the growth medium and replenishment
of 0.4% RBCs every 7 days. The plates were screened for viable parasites on day 18 using

flow cytometry.
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For the flow cytometry experiment, a 1:1 (0.5 pL:0.5 pL) ratio of MitoTracker Deep Red Thermo
Fisher Scientific):SYBR Green | (Invitrogen Thermo Fisher Scientific) was added to PBS (5
mL). The staining solution (40 pL) was added to a new 96-well plate followed by 5 pL of
resuspended cells. The plates were incubated at 37 °C for 20 minutes before being read on
an Accuri BD C6 flow cytometer. Positive wells were expanded into a 24-well plate and further
expanded into 50 mL culture flasks for phenotypic profiling. Isolate clones were expanded into

larger culture flasks (100 mL) for harvesting of the resistant trophozoite cells.

7.17. Harvesting clone trophozoites to extract gDNA

A 100 mL culture at 3% hematocrit and approximately 10% parasitemia was divided into two
50 mL falcon tubes and spun down in a centrifuge at 1500 rpm for 3 minutes. The pellet was
washed with PBS (20 mL), spun down and the supernatant removed. Saponin lysis was
performed by resuspending the pellet in PBS (50 mL) containing 0.1% saponin. The
suspension was incubated on ice for 10 min. The solution was spun down at 4000 rpm for 10
minutes with a slow break setting (break 2) on the centrifuge. The supernatant was removed
with an aspirator and the pellet resuspended in 10 mL PBS containing 0.1% saponin and
incubated on ice for 5 minutes. The solution was once again spun down at 4000 rpm for 5
minutes with a slow break setting (break 2) and the supernatant was removed. PBS (1 mL)
was added to the tube and the pellet was resuspended and then transferred to an Eppendorf

and frozen in 3x aliquots at -20 °C until needed for gDNA extraction.

The clone and Dd2 parent gDNA were extracted from harvested cells using a Qiagen QlAamp
DNA blood mini kit after which its purity was verified using a NanoDropl000
spectrophotometer.

7.18. Whole genome sequencing (WGS) of harvested gDNA

WSG was performed via collaborators at the Columbia University Medical Center, New York
(Fidock group).

For the WGS of the extracted gDNA from parental Pf-Dd2 and clones isolated from the
resistant selection of complex 4f, an lllumina TruSeqDNA PCR-Free library preparation
protocol and a MiSeq sequencing platform were used. Briefly, gDNA (2 mg) was cut so that
there was an average length of 256 containing 550 bp. These were then end-repaired,
adenylated on their 3’ ends, and ligated to indexed adaptors. Sequencing of pooled samples
were conducted on lllumina MiSeq flow cells to obtain end reads of 300 bp pairs. Sequence

data were compared to that of the Pf-Dd2 (PlasmoDB version 48) using BWA (Burrow-
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Wheeler Alignment). Reads that did not correlate to the reference genome and PCR duplicates
were removed using Samtools and Picard. GATK Realigner Target Creator was used to
realign reads around indels while GATK Table-Recalibration was used to recalibrate the
quality scores. Variants were filtered using quality scores (as a function of depth QD > 1.5,
mapping quality > 40) and read depth (depth of reading > 5) on GATK HaplotypeCaller
(version 4.1.8; Min Base quality score = 20). This was done to obtain qualitative single
nucleotide polymorphisms (SNPs) which were annotated using snpEFF. SNPs of the 4f-
resistant clones were compared with those of P-Dd2 to identify homozygous SNPs exclusive
to the resistant clones. The SNPs were then confirmed with IGV. Copy number variants
(CNVs) in the gDNA sequence of the 4f-resistant clones were identified using BicSeq which

used the Pf~-Dd2 parent as a reference.
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