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Figure 1 - 1: Life cycle of PLASMODIUM FALCIPARUM ®

{a) An infected Anopheline female mosquito takes up a blood meal from a human host and injects
infective sporozoites into the peripheral circulation.

{b) Invasion of hepatocytes in the liver by sporozoites where they undergo asexual multiplication for one.
week to produce merozoites.

{c) Rupture of the infected hepatocytes to release merozoites into peripheral circulation.

{d) The merozoites invade red blood cells (RBC).

{e} Multiplication in the RBC within 4872 h leading fo the production of 1620 merozoites per RBC.
Merozoites initially form rings/schizonts which mature to trophozoites which transform into merozoites.
{f) The released merozoites invade additional RBCs and carry on the cycle.

{g) Some invading merozoites do not divide, but differentiate into male (microgametocyte) and female
{macrogametocyte) sexual forms.

{h) Sexual forms are taken from the bloodstream by a feeding female Anopheles mosquito.

(i} Fertilization in the mosquito midgut to form zygotes. These zygotes further differentiate into motile
forms, called ookinetes, migrate through the mosquito gut wall and divide within oocysts on the external
gut wall to form thousands of sporozoites.

(i} The infective sporozoites are released into the mosquito haemocoele and move 1o the salivary gland,
where they await injection into another human host, thus completing the life cycle.



The zygote matures to form a flagellated ookinete which makes its way to the
hemolymph located on the side of the mosquito mid-gut where it undergoes
mitotic division to form sporozoites which are the infective form of the parasite
’. The sporozoites are released into the human blood stream during the next
blood meal of an infected mosquito. The sporozoites invade the heptatocytes
in the liver where they form schizonts which differentiate and mature into
merozoites. These are released into the blood stream. This marks the
beginning of clinical disease. The merozoites invade red blood cells (RBC)
and form rings within the cell. The ring stage matures into a trophozoite which
undergoes cellular division to form schizonts. Forty eight hours after the
invasion of the RBC, it ruptures to release merozoites which in turn infect
more RBCs. The release of merozoites is associated with clinical signs such

as fever, chills and vomiting.

1.1.3 The Epidemiology of malaria

The estimated average annual number of clinical attacks due to malaria is 515
(300 - 860) million of which 70 % occur in Africa ®. The Democratic Republic
of Congo and East Africa have the highest transmission rates of malaria in
Africa ' "' In sub-Saharan Africa, malaria is the leading cause of death in
children aged between 0 to 4 years. It is the secdnd leading cause of death
amongst adults aged between 15 to 59 years 2. About 80 % of the people at
risk in Africa live in hyperendemic and haloendemic regions where the
prevalence of malaria is over 50 %. The endemic distribution of malaria is

presented in Figure 1-2 "°.
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Figure 1 - 2: Geographic distribution of malaria

Mortality and morbidity due to malaria have been increasing since 1970. Child
mortality due to malaria has increased from 6.0 deaths per 1000 children in
the 1990s to 8.0 deaths per 1000 children in 2001 '2. Reasons for the
increased morbidity and mortality due to malaria include: global warming;
persistent use of ineffective drugs; human migration; deforestation;
overcrowding; and resistance to insecticides * ''. A one degree rise in global
mean temperature due to global warming is expected to cause an additional
64, 475 deaths worldwide due to increased incidence of malaria and other

mosquito borne infections ™.

Malaria is a disease of the poor and is restricted to low income countries °
Poor people in Africa are particularly susceptible to malaria because they
cannot afford personal protective measures such as insecticide sprays and
insecticide treated nets and lack access to effective health care > ''. The
additional burden of disease due to malaria and other vector borne diseases
due to global warming is likely to have negative economic impacts and reduce

economic growth in Africa by 13 % *°.



1.2 Antimalarial Agents in Clinical Use

Drugs are the mainstay for the management and prevention of malaria since
there is no effective vaccine for malaria. It may not be technically feasible to
produce an effective vaccine because Plasmodia produce many antigens '
7. The antimalarials in clinical use are classified as: arylamino alcohols, 4-

and 8-aminoquinolines, antifolates, endoperoxides and antibiotics.

1.2.1 An overview of Antimalarials in Clinical Use

The arylaminoalcohols include: quinine (1.1); mefloquine (1.2); halofantrine
(1.3) and lumefantrine (1.4, Figure 1-3) *. |

MeO

Figure 1 - 3: Chemical structures of the aryl amino alcohols: quinine (1.1), mefioquine
{1.2}, halofantrine (1.3) and lumefantrine (1.4).




Quinine (1.1) is the most widely used agent in this class and is used for the
management of severe complicated malaria as a slow infusion. Mefloquine
(1.2) and halofantrine (1.3) are second line drugs for management of
chloroquine-resistant uncomplicated malaria '®. Lumefantrine (1.4) is used in
drug combinations such as CoArtem™ which is currently the first line drug for

the management of uncomplicated malaria '°.

The 4-aminoquinolines include chloroquine (1.5), amodiaquine (1.6) and

isoquine (1.7) while the 8-aminoquinoclines include primaquine (1.8, Figure 1-
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Figure 1 - 4: Chemical structures of chioroquine (1.5), amodiaquine (1.6), isoquine (1.7)

and primaquine (1.8)

Chloroquine (1.5) was the first line drug for the management of uncomplicated
malaria for a long time but its use was discontinued due to widespread

2. 21 Amodiaquine (1.6) is active against chloroquine resistant

resistance
malaria but its use is restricted due to its propensity to cause hepatotoxicity
and agranulocytosis. Isoquine (1.7) is an isomer of amodiaquine and is less
toxic because it is not metabolized to a quinoneimine ?2. Primaquine (1.8), is
active against the hepatic forms of the parasite and is used to eradicate

dormant parasites and as a chemoprophylactic agent .




The antifolates include: biguanides; 2-aminopyridimidines; sulfonamides; and
sulfones '®. Antifolates inhibit the de novo synthesis of folic acid by the
parasite. The biguanides include proguanil (1.8) and chlorproguanil (1.10).
The 2-aminopyrimidines include trimethoprim (1.11) and pyrimethamine
(1.12). The sulphonamides used for the treatment of malaria include
sulfamethoxazole (1.13) and sulfadoxine (1.14) while the sulfones are
represented by dapsone (1.15, Figure 1-5). ‘
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Figure 1 - 5: Chemical structures of antifolate antimalarial agents

Biguanides and 2-aminopyrimidines inhibit the enzyme dihydrofolate
reductase (DHFR) which is responsible for the reduction of dihydrofolate to
tetrahydrofolate. Sulphonamides and sulfones inhibit the enzyme
dihydropteroate reductase. The antifolates are slow acting against the
erythrocytic stages of the parasite. Antifolates are used as drug combinations
such as the combination pyrimethamine and sulfadoxine and the combination

chlorproguanil and dapsone *°

The endoperoxide antimalarials include artemisinin (1.16, Figure 1-6),
artesunate (1.17) and artemether (1.18). Artemether-lumefantrine



(coartemether or CoArtem™) is a fixed dose combination which is the WHO

recommended first line drug for the management of uncomplicated malaria 2.
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Figure 1 - 6: Chemical structures of Artemisinin {1.16) and first generation
endoperoxide derivatives., ’

Atovaquone (1.19, Figure 1-7) is a napthoquinone and is a structural
analogue of coenzyme Q. It acts on the mitochondrial electron transport chain
leading to collapse of the organelle’s membrane potential. It is not widely used
because of its high cost and resistance developed soon after its introduction.

It is used in combination with proguanil for the prophylaxis of malaria *®.

Cl

I I R
A
-“

0 1.19

Figure 1 - 7: Chemical structure of Atovaquone (1.18)



Antibiotics are not widely used for the management of malaria because they
have a slow and modest antimalarial effect. They include tetracycline (1.20,

Figure 1-8), doxycycline (1.21) and clindamycin (1.22)"2.
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Figure 1 - 8: Chemical structures of Tetracycline (1.20), Doxycycline (1.21) and
Clindamycin (1.22).

1.2.2 Short comings of Antimalarials in Clinical Use

An ideal antimalarial agent should have good in vivo efficacy and a rapid
onset of action. It should produce a radical cure by acting against the asexual
parasites in the liver. The half-life should be short enough so that residual
levels of the drug do not persist. Antimalarial agents with long half-lives such
as sulfadoxine are associated with persistent residual drug levels which
provide selection pressure for the development of resistance 2* . On the
other hand, the half-life should be long enough to allow a low dosing

% Artemisinin

frequency which is associated with improved adherence
derivatives have short half-lives and therefore require frequent dosing leading
to poor adherence. They are associated with high rates of recrudescence .
An ideal antimalarial drug should have a low potential for the development of
resistance. Compounds to which resistance develop rapidly usually act at a
single molecular target and are structurally related to compounds to which
drug resistance is established ?® ?°. Rapid resistance developed to antifolates

and atovaquone because they act at one point of the metabolic cycle of
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% % Resistance developed rapidly to mefloquine and

Plasmodium
halofantrine because of cross resistance to quinine. Since malaria is mainly
restrictéd to poor ftropical countries, an antimalarial agent should be
affordable. Drugs that can be.synthesized on a large scale in a few steps
tend to have a low cost. Artemisinin derivatives are very costly because the
starting material is costly since it is obtained from plants in very low yields. An
ideal antimalarial drug should have good oral bicavailability so that adequate
plasma levels are achieved on routine use. In addition there should be the
option for formulation of the drug for parenteral use for severe complicated

27, 31

malaria . An ideal antimalarial agent should have a low toxicity profile 2

3132 To reduce transmission of malaria, antimalarial agents should be active
against the gametocyte stage of the parasite. The only two agents that meet
this criterion are artemisinin derivatives and primaquine. All antimalarial
agents in clinical use do not meet the criteria of an ideal antimalarial agent.
The keyvadvantages and shortcomings of the most widely used agents are

summarized in Table 1-1.
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Table 1- 1: Short Comings of Antimalarial Drugs in Clinical Use

27-29

#] KEY. ADVANTAGE

Quinine

Effective in

severe

complicated malaria. half life, Poor Adherence
Drug resistance in Asia
Chloroquine Low cost, Long half-life, | Wide spread drug resistance
Rapidly acting, Good
adherence
Amodiaquine | Active against chloroquine | Toxicity - agranulocytosis

resistant strains (CQR), Low
cost, Long half -life

Mefloquine

Active against CQR strains

Cross-resistance with quinine,
Toxicity -  neuropsychiatric

disorders, High cost

Halofantrine

Active against CQR strains

Cardiac arrhythmias, Cross

resistance with quinine, High

cost
Artemisinin Not toxic, Rapidly acting Short half lives
derivatives Partially gametocidal Frequent dosing
Low chances of resistance High cost
Lumefantrine | Long half-life , active against | High cost, Ototoxicity

resistant strains

Erratic absorption

Sulphadoxine-
Pyrimethamine

Low toxicity, low cost

Slow acting, Wide spread drug

resistance

Atovaquone

Good prophylactic agent

High cost, Rapid development
of resistance, erratic absorption
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1.3 Drug Resistance to Antimalarials

Drug-resistant malaria is defined as “an infection that survives a deliberate

I” 2, Levels of drug

attempt to eradicate it using a standard drug protoco
resistance range from low to high-level resistance. Most worrying is the
phenomenon of Accelerated Resistance to Multiple Drugs (ARMD) whereby
certain P. falciparum strains are capable of developing resistance to multiple
unrelated drugs ** **. Though drug combinations are likely to slow the
development of resistance, resistance to drug combinations such as
atovaquone and cycloguanil (Malarone™) developed soon after their

introduction 353

Drug resistance has resulted in epidemics of malaria in areas of highland
areas where there is low endemicity and low partial immunity . Drug
resistant malaria causes more severe iliness with higher mortality rates and
increased rates of recrudescence. However, in some cases, the mutant drug
resistant parasites are less virulent than the wild-type and cause less severe
disease **. Drug resistance has forced many African countries to switch to
~more expensive antimalarial drugs such as artemisinin-lumefantrine. The

increased case loads have overburdened the health systems ¥.

The earliest record of drug resistance was resistance to quinine in 1908 in
Brazil and later in 1938 in German railway workers returning from Brazil %°.
Today there are varying degrees of resistance to quinine worldwide.
~ Fortunately, high-level resistance to quinine is restricted to South East Asia.
The gene responsible for quinine resistance is P. falciparum Na'/H'
exchanger-1 (pfnhe-1) which codes for the Na*/H* exchanger located on the

food vacuole *°.

Chloroquine was synthesized in 1944 and marketed in 1945. It was the most
widely used antimalarial agent until the late 80s because of its low cost.
Unlike many antimalarial drugs that were subsequently introduced, resistance
to chloroquine took a long time to develop. Resistance to chloroquine began
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to appear around 1960 and gradually spread to South East Asia and South
America. There was a considerable delay in the appearance of chloroquine
resistant strains in Africa where it only appeared from 1979 to 1984. Today,
high level resistance to chloroquine is now widespread through out the world
and it is no longer a first line agent for the management of uncomplicated

malaria 2% 2!,

Chloroquine resistance is associated with low drug concentrations in the food
vacuole which is the site of action of chloroquine. There is lack of agreement
as to whether the low drug concentrations in the food vacuole is caused by

40. 41 or decreased uptake into the

increased transporter mediated efflux
vacuole by transporter proteins 42 Some researchers argue that reduced
accumulation in the food vacuole is not transporter mediated but is a result of
change in the pH gradient between the cytosol and food vacuole due to the
presence of dysfunctional proton pumps which are incapable of maintaining

43-46

the acidity of the food vacuole The resultant increase in vacuolar pH

prevents chloroquine influx by ion trapping.

While most of the proposed mechanisms focus on chloroquine transport
across the food vacuole membrane, a diverging view is that resistance is a
result of increased energy-dependent efflux of chloroquine from the cytoplasm

resulting in decreased levels in the food vacuole 47°.

The two main genes implicated in quinoline resistance are P. falciparum multi-
drug resistance1 (pfmdr1) and P. falciparum chloroquine resistance
transporter (pfcrf). The pfert gene codes for a transporter called P. falciparum
Chloroquine Resistance Transporter (PfCRT) which is a trans-membrane
protein with 424 amino acid residues. Replacement of the charged lysine
residue at codon K76T with uncharged threonine reduces the ability of PFCRT
to maintain the acidity of the food vacuole *'*2. The gene, pfmdr1, codes for a
protein called P-glycoprotein homologue 1 (Pgh1) which causes the efflux of
drugs from the cytoplasm and is responsible for cross resistance across the

quinolines %4,
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Antifolates replaced chloroquine as the first line agents for the management of
uncomplicated malaria in the early 90s. Unfortunately resistance to the
combination sulfadoxine-pyrimethamine spread so fast that in less than 5
years it was no longer the first line drug for the treatment of malaria °°. It was
quickly replaced by lumefantrine-artemether combination. About 5 amino acid
changes on dihydropteroate reductase are responsible for resistance to
sulfadoxine and dapsone. About 13 amino acid changes in dihydrofolate
reductase have been identified in mutants resistant to pyrimethamine,

chlorproguanil and trimethoprim %-°°,

There are early warnings that resistance to the most recently introduced
antimalarial agents may develop soon. Tolerance to the lumefantrine
component of artemether-lumefantrine combination has been reported €.
The mutation responsible for in vitro resistance to artemisinin is S76N which
abolishes the ability of the drug to inhibit ‘(Plasmodium falciparum adenosine
triphosphotase) PfATPase which is one of the targets of artemisinin °'.
Resistance to atovaquone appeared shortly after its introduction and was
caused by point mutations which caused changes at amino acid Y268S/N of

cytochrome b %5263,

1.4 Natural Products as Sources of New Drugs

In view of the fact that existing antimalarial agents have many shortcomings
and there is widespread resistance, there is an urgent need to develop
efficacious new agents. Since time immemorial plants have been used for the
treatment of disease. in both man and animals in their crude form as
decoctions, infusions and powders. Empirical studies showed that natural
products are more likely to make it to the market compared to purely synthetic
molecules because they have molecular properties required of drug

64, 65

molecules . Natural products are used as starting materials in medicinal

chemistry to produce more efficacious compounds.
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1.4.1 Antimalarials from Plants

In antimalarial chemotherapy, the most important source of lead compounds
is plants. A series of clinical trials have proven the in vivo efficacy of a number
of medicinal plants used for the management of malaria %. The first
antimalarial drug, quinine, is obtained from the bark of Cinchona officinalis
(Rubiaceae family) and other minor species such as: C. calisaya; C.
pubescens (C. succirubra); and C. ledgeriana ®". Since quinine had a short
half-life and its supply was erratic, it was replaced by synthetic quinoline
based antimalarials such as chloroquine, mefloquine and halofantrine. These
derivatives have a better pharmacokinetic profile compared to quinine.

The mdst recent addition to antimalarial drugs is artemisinin and its synthetic
derivatives. Artemisinin was isolated from the Qinghaosu plant (Artemisia
annua) in 1971. Artemisinin derivatives are the recommended first line drugs
for the management of both uhcomplicated and complicated malaria. It is a
sesquiterpene lactone. Due to the fact the artemisinin had low water solubility,
more water soluble semi-synthetic derivatives such as sodium artesunate
were developed % Recently, much simpler endoperoxide containing
compounds such as G1 (1.23, Figure 1-9) have been isolated from
Eucalpytus grandis and related species ®*7'. These compounds have in vitro

antiplasmodial activity.

1.23

Figure 1 - 9: Chemical structure of G-1 (1.23), a natural product with an endoperoxide

group.
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Tazopsine (1.24, Figure 1-10), a morphinan isolated from the stem bark of
Strychnopsis thouaréii, is a very interesting lead compound because it is
active against the hepatic stage of Plasmodium but is totally inactive against
the erythrocytic stage 2. Its N-alkyl derivative, N-cyclopentyl-tazopsine (1.25)
is less toxic. These compounds are promising leads for the development of

prophylactic antimalarial agents and drugs that can produce a radical cure.

MeO MeO

HO HO
N-Alkylation

HO HO

Figure 1 - 10: Chemical structures of Tazopsine (1.24) and N-cyclopentyl-tazopsine (1.25).

1.4.2 Lead Optimization of Natural Products

Unfortunately, natural products often lack the required pharmacokinetic,
potency, selectivity and toxicological profile required of drug molecules. They
are often structurally complex and hence are not amenable to commercial
large scale synthesis "°>. To overcome these challenges promising natural
products are subjected to the developmental processes outlined in Figure 1-
11.
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Figure 1 - 11: The process of lead optimization of natural products.
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1.5 The Role of Stereoisomerism in Antimalarial Drug
Development |

Stereoisomers are compounds that have the same structure but differ in the
spatial arrangement in selected or whole parts of the molecule. Different
sterecisomers differ qualitatively and quantitatively in their pharmacological
and pharmacodynamic properties " 7°. Twenty five percent of drugs in clinical
use are racemic mixtures of sterecisomers. Sterecisomers are classified into
two categories: geometric and optical isomers. The latter are more widely
known. Geometrical isomerism is usually found in cyclic molecules or across
double bonds ™. In addition, a given sterecisomer may exist in 2 or more
conformations. Different conformers arise from the ability of parts of a
molecule to rotate along a single bond and therefore adopt different spatial
arrangements. The most thermodynamically stable conformer is the most
abundant and it can be predicted using quantum mechanical calculations.

During drug development, it is necessary to identify the possible
sterecisomers of a compound and to identify possible differences in their
pharmacokinetic and pharmacodynamic profiles. Where there are significant
differences, the cost of drug development is likely to increase due to costs of
separating the isomers ’°. Techniques used for the identification of
sterecisomers include X-ray crystallography, NMR, gas- and liquid
chromatography-mass spectrometry (GC-MS) 777°. Duptiéate NMR signals
may be a sign of geometric isomerism or slowly interconverting conformers "

An example of an antimalarial agent that exhibit stereoisomerism is
chalcones. The E-isomer of chalcone (1.26a, Figure 1-12) has greater

antiplasmodial activity than the Z-isomer (1.26b) *°.
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O H 1.26a

Figure 1 - 12: The sterecisomers of chalcone (1.26A and 1.26B).

1.6 Selected Molecular Targets within Plasmodium falciparum

Rational structure-based drug discovery is “the design of lead compounds that
selectively inhibit a well characterized molecular target such as an enzyme on
the basis of knowledge gained from previous structure activity relationship
studies (SAR)” 8. Structure-based rational drug design has been used in the
design of new antimalarial targets ®%. In this study the potential molecular
targets of interest were: cysteine proteases; hemozoin formation; iron-
dependent enzymes, parasite induced new permeability pathways (NPPs).
This section describes these molecular targets and the structural features or
pharmacophores of known inhibitors. Some of these pharmacophores were
subsequently incorporated in the natural product of interest, curcurnin.

1.6.1 Hemozoin formation

1.6.1.1 Hemoglobin Degradation by Parasitic Proteases

The parasite degrades about 80% of the host's hemoglobin in the parasite
food vacuole ® #. Hemoglobin degradation creates space for the parasite

within the RBC and supplies essential amino acids 5.

Hemoglobin
degradation begins with invagination of the parasitophorous and plasma

membranes of the parasite to form a double membrane transport vesicle 2
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The transport vesicle, containing part of the host's cytoplasm and hemoglobin,
fuses with the parasite food vacuole which is highly acidic and rich in oxygen.
Within the parasite food vacuole, hemoglobin is degraded by parasitic
proteases to release free amino acids and a lipophilic prosthetic group called
ferrous heme (1.28, Figure 1-13). |

Heme is an iron-protoporphyrin complex in which 4 pyrrole groups are linked

by —~C=C-H bridges. Heme is electrically neutral and highly hydrophobic %; #.

N

HOOCCH,CHy”

HOOCCH,CH

? 1.28

Figure 1 - 13: Structure of heme (1.28) (Ferroprotoporphyrin).

The ferrous moiety within heme undergoes oxidation in the oxygen rich
environment of the food vacuole to form ferric heme which is also called
ferriprotoporphyrin or hemin. It is positively charged and is associated with a
chloride ion. Ferric heme is toxic to the parasite and human host. Heme
causes oxidative stress and direct cellular death. Heme is oxidatively active
and causes the formation of free radicals called Iron-derived reactive oxygen
species (ROS). The free radicals cause peroxidation of DNA, membranes,
lipoproteins and proteins % ®. Because of its toxicity, the heme is detoxified
by the parasite and this process is the molecular target of chloroquine and
related antimalarial agents. By disrupting heme detoxification, chloroquine
increases levels of heme which causes death of the parasite.
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Heme detoxification by the parasite is proposed to take place by 5 different
mechanisms. These mechanisms include: complexation with histidine-rich
protein 2 (HRP2) *; detoxification by cystolic proteins called peroxiredoxins
%0 destruction of the porphyrin ring by peroxidation with hydrogen peroxide *’
; and glutathione mediated heme detoxification % % The most widely
accepted mechanism for heme detoxification is hemozoin formation.

1.6.1.2 Heme Detoxification by Hemozoin Formation

The main route of heme detoxification is formation of triclinic crystals called
hemozoin. Hemozoin is a brown-black pigment which is insoluble in water.
About 70 to 95 % of free heme is converted to hemozoin and about 200
pg/mol of hemozoin are released during the erythrocytic phase of the
parasite’s life cycle . Hemozoin is chemically, structurally, biologically and
spectroscopically identical to B-hematin which is synthesized in the lab under

acidic conditions ¥'.

Hemozoin formation begins with the dimerization of heme by reciprocal
bonding of the propyl carboxylate group of one heme molecule with the ferric
moiety of a second heme molecule to form an iron-carboxylate bond. The
heme dimers undergo stacking to form hemozoin % %°. Although hemozoin is
often referred to as a polymer, it is made up of dimers of heme linked together
by hydrogen bonding of free propyl carboxylic acid groups. The exact
mechanism by which hemozoin crystals are formed is rather controversial and
5 different mechanisms have been proposed.

It has been proposed that hemozoin formation is the result of spontaneous
crystallization of heme dimers. However, this may not be the case since this

% The autocatalytic

process is too slow at physiological conditions
mechanism proposes that preformed hemozoin acts as a catalyst for heme
formation. However, this proposal does not explain how the initial hemozoin is
formed 3 %. Hemozoin formation might be mediated by two proteins with

heme polymerase activity called Histdine Rich Proteins Il and Il (HRP il and
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Iy ® "% It has been proposed that hemozoin formation is mediated by
saturated fatty acids such as arachidonic acid and oleic acid, which tend to
concentrate heme and maintain it in a state favorable for dimerization " 12,
This mechanism may not be plausible since the reaction efficiency is too low
(0.5 — 20 %) to allow for rapid hemozoin formation in vivo . Secondly, the
stoichiometry of the reaction demands equimolar amounts of heme and lipids
which cannot be achieved intracellularly %% ' Hempelmann et al. '® put
forward the membrane sacrifice mechanism. They proposed hemozoin
formation takes place in parasite transport vesicles whose membranes act as-
a scaffold for the growth of hemozoin crystals. This mechanism is supported
by the fact that hemozoin is usually associated with membrane fragments.
Alternatively, hemozoin formation may take place by biomineralization which
is a spontaneous crystallization process mediated by lipids. This process has
been demonstrated in vitro and is fast enough to allow for hemozoin formation

in vivo "%,

1.6.1.3 Role of Hemozoin in the Pathophysiology of Malaria

Hemozoin was initially thought to be inert but it has been recently shown to
induce detrimental immunological responses in the human host. It causes
over activation of the cellular component of the immune system leading to
increased production of cytokines which cause end organ damage observed
in complicated malaria ' '®. Hemozoin causes activation of neutrophils and
macrophages leading to chemotaxis and increased expression of Tumor
Necrosis Factor alpha (TNF-a) and other inflammatory agents 0%
Hemozoin increases the immune response of dendritic and splenic cells ''°.
When hemozoin binds to Toll-like receptor 9 (TLRS), located on a sub-type of
dendritic cells, a cascade of signaling reactions is triggered and this leads the
eventual production of inflammatory agents ''".An acute infection with P.
falciparum may be followed by a state of immunosuppression. The immuno-
suppressive effects of the parasite may be mediated by hemozoin which acts

by suppressing maturation of dendritic cells in vitro "2,
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1.6.1.4 Antimalarial Agents that Inhibit Hemozoin Formation

Drugs that accumulate in the parasite food vacuole tend to interfere with
hemozoin formation. Such drugs include: artemisinin and other antimalarial
peroxides and 4-arninoquinolines and aryl alcohol antimalarials ''*. High
concentrations of artemisinin and other related endoperoxide antimalarial
derivatives inhibit B-hematin formation ''*. They may inhibit hemozoin
formation by forming complexes with HRP2 and 3 115 or by forming covalent
bonds with free heme ''®. Despite the fact that they inhibit hemozoin
formation, this is not the main mechanism through which endoperoxide

antimalarials act "7,

It is widely accepted that 4-aminoquinoline antimalarials act by inhibiting
hemozoin formation. However, they may exert their antimalarial effects
through other mechanisms. Quinoline antimalarials reversibly reduce the rate
of beta-hematin formation in vitro ''®. Other agents that inhibit beta hematin
formation in vifro include: hydroxanthones (2, 3, 4, 5, 6-pentahydroxyxénthone
(1.29, Figure 1-14) '% clotrimazole (1.30) '?°; and cyproheptadine (1.31) '2".

N
o NG Se
BSOS ; )
HO 0 OH c’
OH OH 1.30 T 1.31

1.29

Figure 1 - 14: Structures of compounds'that inhibit beta-hematin formation:
pentahydroxyxanthone (1.29), clotrimazole (1.30) and cyproheptadine (131).
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A common feature of these compounds is the presence of delocalized
electrons that interact with the 1 electrons of the porphyrin rings in heme. This
results in the formation of a complex with heme which prevents the
subsequent formation of hemozoin % % The formation of the complex is
called - 1 stacking. Cationic- 1 interactions may also occur between the
ferric moiety and the edge of the quinoline ring that contains the N and C8 2%
25 The structure of the quinoline-ferriheme complex is unknown since no
crystals are available. Recent models show that the stacking is not entirely

planar and is tilted "%+ 1%

While it is widely accepted that quinoline antimalarial agents inhibit hemozoin
formation by complexing with heme, alternative mechanisms have been
proposed. Quinolines may act by inhibiting glutathione and hydrogen-peroxide
dependent heme detoxification *!' %%, This has been demonstrated in vitro but
has never been observed in vivo. Quinolines may also act by masking lipids

which are involved in hemozoin formation %% 1%7,

1.6.1.5 Structure Activity Relationship of 4-aminoquinolines

The structural features of chlorogquine essential for its antimalarial activity are

summarized in Figure 1-15.
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Amino alky side chain - length and size
do not influence binding.

Enhances association
slightly.
HN
= \
S Enhances accumulation in the food
vacuole.
N

A hydrophobic 2 or 4 quinoline
nucleus in involved in interaction
with the porphyrin ring. 3,5, 6
and 8 aminoquinolines lack
approriate electron distribution
for interaction.

Hydrophobic and electron withdrawing
groups improve binding to heme. In
synergy with the 4 aminoethyl group
binding is improved 5 fold. Chloro group
gives optimal activity and movement to
position 6 reduces binding C-8 and quinoline nitregen are the most
electron dense and are involved in cationic
interactions with Fe?- Protonation of the
nitrogen may improve accumulation in the
parasite food vacuole ion trapping.

Figure 1 - 15: Summary of the structure activity relationship of 4 aminoquinoline

antimalarials 128.

The quinoline ring N is essential for binding to heme to occur '*. Since the
nature of interaction of quinoline is electronic, substitutions that cause
changes in the electron density reduce or abolish the ability to complex with

128-131

heme The electron density distributions of 3, 5, 6 and 8

aminoquinolines do not allow them to interact with ferric heme 2.

The 7-chloro group and the alkyl group on the amino group independently do
not improve binding to hematin significantly '*® '*°. However, the 7-chloro
group and the terminal amino-ethyl side chain synergistically imvprove binding
to ferric heme five fold ™. A terminal ethyl group in CQ is critical for the
synergistic effect. '

The strength of ferric heme complexes is mainly determined by the
hydrophobicity of the molecule. Hydrophobic substituents at position 7
increase the strength of association between ferric heme and the quinoline
134 Although the amino alkyl side chain is not directly involved in hematin
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binding,' shortening or increasing the length of this side chain abolishes

3 In 4-aminoquinoline derivatives, the 7-

resistance in CQR strains
chloroquine ring is weakly correlated with cross-resistance with CQ. The
length and nature of the basic side chain is the determinant of activity against

chloroquine-resistant parasite strains "°.

1.6.2 Cysteine proteases as Molecular Targets in Plasmodium

Proteases are a fa‘mily of enzymes found in eukaryotes and prokaryotes and
are involved in proteolysis, which is the break down of proteins to peptides
and amino acids. Cysteine proteases, also called thioproteases, belong to the
Clan CA of the papain family of proteins "> "8 In this clan the amino acid
residue, Cysteine 25 and Histidine159 are highly conserved as the principle
amino acids at the site of action. They are involved in hemoglobin
degradation, erythrocyte invasion by the merozoites and rupture of the
infected RBC %% "0 The recombinant cysteine proteases isolated from P.
falciparum include: falcipains and Pf68. Pf68 is responsible for erythrocyte
rupture by the mature schizonts. Four types of falcipains have been identified:
falcipaih—1 (FP-1); falcipain 2A (FP-2A); falcipain 2B (FP-2B); and falcipain 3
(FP-3) "% The falcipains are closely related and genes coding for them are
located on chromosome 11 of the parasite. The falcipains are mainly involved

in haemoglobin degradation and are located in the parasite food vacuole.

FP-2 cleaves the erythrocyte membrane proteins ankyrin and protein 4 during
rupture of the infected RBC ' 8. FP-2 is responsible for over 90% of the
cysteine protease activity in the trophozoite stage. Falcipain 2A is a product of
duplication of the gene encoding for FP-2B 2. The two have the same
substrate specificity and similar kinetic properties '** 7. 148 FP_.2B may be
involved in RBC rupture. Falcipain 1 is distantly related to the other falcipains
and its biological role is unknown. It may be involved in oocyst release in the
mosquito mid-gut or may be involved in red blood cell invasion and cleavage

of Pfs230 during gametogenesis "9,
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1.6.2.1 Mechanism of inhibition of the cysteine proteases

The active site of cysteine proteases contains cysteine which has a highly
active thiol group. The activity of the enzyme is dependent on His-159 which

is in close proximity with the cysteine residue "%

The close proximity of the
two residues results in the deprotonation of the thiol group. At neutral and
slightly acidic pH, the two residues exist as a highly nucleophilic thiolate-
imidazolium ion pair. An amino acid at position S149 is critical for activity and
mutations at this site completely abolish activity of falcipains 4. The exact
role of this amino acid is unknown. S149 is more critical for the activity of FP-

2A compared to FP-2B.

The mechanism of the proteolytic action of cysteine proteases is presented in
Figure 1-16.
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Figure 1 - 16: Mechanism of proteolysis by cysteine proteases "> '*

Deprotonation of the thiol group on Cys-25 by His-159 to form the thiolate and
imidazolium ion pair. _

The highly nucleophilic thiolate ion attacks the carbonyl bond of scissile
amide bond resulting in the formation of an Oxyanion intermediate. This intermediate
is stabilized by hydrogen bonding with NH and NH, of Cys.-25 and GIn-18
respectively. |

Protonation of the amine group within the oxyanion with electronic
rearrangement leading to lysis of the amino end of the protein and formation of
acylated cysteine protease enzyme. The proton is supplied by the imidazolium ion.

Nucleophilic attack on the carbonyl of the acylated enzyme by water or a
base leading to the formation of a tetrahedral intermediate.

Regeneration of the thiolate-imidazolium ion pair with loss of the acyl group.
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1.6.2.2 Inhibitors of Cysteine Proteases

Most inhibitors contain an electrophilic center such as a carbonyl or
thiocarbonyl group which is attacked by the negatively charged active site

153

thiolate group of the cysteine residue . Compounds with an a, B

unsaturated ketone have a great affinity for the thiol in cysteine compared to

amino and hydroxy! nucleophiles "% 1%,

Ideally, an inhibitor of the falcipains should be active against all the 4 isoforms
of falcipain because selective reduction of the activity of any one of the
isoforms results in compensatory over expression of the other isoforms '*°. To
minimize toxicity, the inhibitor should be selective for the parasitic cysteine
proteases and should not inhibit human cysteine proteases such as cathepsin
L " Inhibitors that bind to the amino acids at positions $149 and either
position 185 or A151 of the falcipains are unlikely to interact with the human

protease analogue .

Inhibitors block the rupture of the infected RBC leading to the accumulation of
mature schizonts in RBC '°" '8 They also cause accumulation of native
hemoglobin and swelling of the food vacuole '*°. They inhibit gametogenesis

in vitro '¢°,

Inhibitors are classified into three categories: irreversible; slow turnover; and
the reversible inhibitors. The irreversible inhibitors form stable covalent bonds
with cysteine proteases. They include epoxides (1.32), a, B-unsaturated ester
Michael acceptors (1.33) and vinyl sulfones (1.34, Figure 1-17) '®'. Though
irreversible cysteine protease inhibitors inhibit human cysteine proteases,
undue toxicity has not been demonstrated in rodents and dogs because

mammals have large reserves of cysteine proteases.
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Figure 1 - 17: Structures of irreversible cysteine protease inhibitors.

Slow turn-over inhibitors form stable thicacyl complexes with cysteine

proteases that hydrolyze slowly with time. The reversible inhibitors form a

reversible transition state intermediate with cysteine proteases '®2. Slow turn-
over inhibitors are made up of aza-substituted peptides such as peptidyl
carbazate ester (1.35, Figure 1-18) '®® while reversible inhibitors include

162 164

ketone based peptide derivatives (1.36) " and pyrazolines (1.37)
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Figure 1 - 18: Structures of slow turnover and reversible inhibitors of cysteine
proteases: a peptidyl carbazate ester {1.35); a ketone based peptide derivative (1.36);
and a pyrazoline (1.37).

1.6.3 Antimalarial Activity of Iron Chelators

Iron chelators such as desferrooxamine (DFO) (1.38, Figure 1-19), have
antimalarial activity '®°. Desferrooxamine inhibits the erythrocytic and hepatic
phases of the parasite. Clinical trials showed it is effective in non-complicated

malaria %% 67,

T
NN W N
s Y
| OH 0 138 0

Figure 1 - 19: Chemical structure of desferroxamine {1.38).

iron chelators act by forming chelates with iron thus withholding iron from iron-
dependent enzymes. Some chelators, such as 8-hydroxyquinoline and 2, 2’-
Bipyridyl, form toxic complexes with iron '®®. The parasite is more sensitive to
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iron deprivation than mammalian cells. The metabolic processes in the
parasite that are dependent on iron are presented in Table 1-2.

Table 1- 2: Iron-dependent enzymes in Plasmodium'®®

Enzyme Metabolic Processes catalyzed by the enzyme
Ribonucleotide reductase DNA synthesis "0

Dihydroorotate Pyrimidine synthesis 7 172

dehydrogenase

Phosphoenol pyruvate | Carbon dioxide fixation "

carboxykinase

Delta-aminolevulinate Heme synthesis '™
synthase
Cytochrome oxidase, | Mitochondrial electron transport /% 17>

cytochrome b

Glycolytic enzymes Pentose phosphate shunt 17> 7/

Iron chelators with antimalarial activity are highly lipophilic and this enables

169. 178 They have a high affinity for iron '"® and are

them penetrate RBCs
relatively selective for iron compared to other divalent cations such as zinc
and calcium '®. The ability to accumulate and persist in the infected RBCs

0

improves the activity of the iron chelators '®. The structures and afffinity

constants of selected iron chelating agents are presented in Table 1-3.
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Table 1- 3: The affinity constants of iron chelators with antimalarial activity.

IRON CHELATOR STRUCTURE Affinity constant
(Ka)
Desferrooxamine 1.38, Figure 1-19 10 1
(DFO) 165
Acetomethoxy-calcein H - H\l 10
H
(1.39) 181, 182 - /N S
e
7 “OH
CH,
Hydroxyl pyridine-4- - 10 *°
one (1.40)'"® H TI
C(\N/N AN
OH
8-hydroxyquinoline 10 *°
(1.41) "% -
N o

1.6.4 New Permeability Pathways as Potential Drug Targets

Following infection of the red blood cell, new pathways appear on the red

blood cell membrane that differ biochemically from the host's cells native

pathways. These pathways are called new permeability pathways (NPPs) and

are produced 15 hours after RBC invasion '®. They increase the permeability

of the infected RBCs to electrolytes and other molecular currents '®°. Some of

the NPPs are native to the RBC and are activated on infection

186-188

. Other

NPPs are encoded by the parasite and are transported to the surface of the
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RBC. They are synthesized during the ring phase and appear at the RBC

surface only at the mid-trophozoite stage '°.

The functions of these pathways are still unclear but they may be responsible
for entry of essential nutrients such as pantothenate, glucose and choline *%
192 Other nutrients that are acquired through the NPPs include: purine and
pyrimidine nucleosides; isoleucine; small carbohydrates such as pentitols,
pentose, and hexitols; and polyamines ' % The NPPs are used for the
excretion of metabolic wastes such as lactic acid > 1%. NPPs are involved in
the regulation of the volume of infected RBCs by the extrusion of amino acids
that accumulate after hemoglobin degradation. They regulate the intracellular

concentrations of sodium and potassium ions '%’.

The NPPs have pharmacological and biochemical properties that are distinct
from mammalian transporters. This enables the design of drug molecules that
specifically target the NPPs. They are not inhibited by the classical inhibitors
that inhibit corresponding mammalian transporters '%* % They are not

199,200 gelectivity

saturable and show a preference for hydrophobic solutes
for parasite encoded NPPs can be improved by improving the lipophilicity of
an inhibitor 2. They are not stereospecific and transport both the levo and

dextro enantiomers of solutes 2" 202,

The anion transporters are the most predominant NPPs. They have very
broad substrate specificity and transport monovalent anions and cations,

201, 203

amino acids, sugars and nucleosides Due to their broad specificity,

anionic transporters are ideal targets for antimalarial drugs.

1.6.4.1 Anionic Transporters as Potential Drug Targets

The most common anionic transporters in nature are the chloride channels.
They are ubiquitous in nature. The chloride channels are involved in cell
volume regulation, transportation of salt and water and maintenance of the
electrical excitability of a cell 2°*. Anionic transporters in an infected RBC have

a greater preference for anions over cations and they tend to be inward
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rectifying '®® '°'. There are about 5 different types of anionic channels in the
infected RBC. Two of these anionic channels are Volume-Activated Anion
channel and Small Conductance Channel (SCC) 1% 187. 205

The anionic channel that has been validated as a potential drug target is the
Plasmodial Surface Anion Channels (PSAC). It is encoded by the parasite
and is a chloride transporter but is also permeable to purines, amino acids

and vitamins 2. It c 207,

is located on the Vexternal surface of the infected RB
208 PSAC is a good potential drug target for malaria since its biochemical
properties are different from that of the mammalian anionic channel. This
implies that inhibitors that are specific for PSAC are unlikely to bind to
mammalian anionic channels thus minimizing the chances of toxicity. Its
location on the external surface of the RBC implies that there is no need to
design drugs that penetrate the RBC and this reduces the potential for drug
resistance developing . This target has been validated and known
antagonists of this channel inhibit parasite growth in vitro "' 2'°. The ICsos of

compounds that inhibit anionic channels are presented in Table 1-4.
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Table 1- 4: The antiplasmodial activity of selected anionic channel inhibitors.

188, 202

Inhibitor Structure ICsp ICs0
{Inhibition {Inhibition of parasite
of choline | growth)
transport) {uM)
(LM)

Phlorozin and its 3 3-17

aglycone (1.42)

Piperine (1.43) 13 3-50

Furosemide 1 004-9

(1.44)

5-Nitro-2-(3- OOH 0.8 01-11

phenyl-

propyamino) O/\/\E NO,

benzoic acid

NPPB (1.45)

Anionic channel inhibitors tend to have an anionic head (-COO’) and an

uncharged hydrophobic tail end. Increasing the hydrophobicity of the tail end

improves the anion channel inhibition. Interaction between the inhibitor and

the anionic channels is stereospecific and R-enantiomers tend to be more

potent inhibitors 2''. The in vitro antiplasmodial effects of these compounds

may be mediated through other mechanisms unrelated to ion channel

inhibition 2'°.
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1.7 The Antiplasmodial and Anti-inflammatory Activities of the
Natural Product Curcumin

Curcumin, also called 1, 7-bis-(4-hydroxy-3-methoxyphenyl)-1, 6-heptadiene-
3, 5-dione) (1.46, Figure 1-20), is a yellow-crange pigment isolated from
turmeric powder which is the dried rhizome of the plant Curcuma
longa/domestica L.

(Zingiberaceae).

Figure 1 - 20: Chemical structure of the natural product curcumin {1.46}.

Curcumin is a promising lead molecule for the development of anticancer,
anti-inflammatory and antimicrobial agents because of its low toxicity, low
molecular mass and ease of synthesis. Curcumin has a wide range of
activities such as antiprotozoal, anticancer, anti-inflammatory and antioxidant
212 Curcumin was selected for chemical modification because it is easily
available at a low cost. Moreover, the presence of hydroxyl and carbonyl
groups on the molecule provide chemical diversity sites. Curcumin has a
favorable toxicity profile and moderate antiplasmodial activity. The ICsg
values of curcumin and its naturally occurring analogues, demethoxycurcumin
and bis-demethoxycurcumin, against a chloroquine sensitive strain of P.
falciparum are of 3.5, 4.2 and 3.0 pg/ml respectively 2'>. The in vitro activity of
curcumin against a chloroquine resistant strain of P. falciparum is about 5 yM
214 An oral dose of 100 mg/kg of body weight reduced parasitemia and

improved survival in rodents infected with P. berghei #'*.

A curcumin - q, B
arteether combination was found to improve survival of P. berghei infected

 mice compared to either agent administered alone 2'°. A combination of
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arteminisinin and curcumin the delayed appearance of parasitemia compared
to either agent used alone in artemisinin-resistant Plasmodium chabaudi
infected mice #'®. Curcumin did not appear effective in reversing resistance to

6

artemisinin 2'®. In addition to its antiplasmodial activity, curcumin has also

| 213, 217-222

been reported to have antileishmania and antitrypanosomal

activities %°,

1.7.1 Proposed mechanisms of the antimalarial activity | of

curcumin

Curcumin may cause its antimalarial effects by intercalating with DNA 2%,
Since curcumin has o, B-unsaturated carbonyl groups, it may also have the
ability to inhibit cysteine proteases. Compounds with an a, B-unsaturated
ketone group have a great affinity for the thiol groups in the active site of
cysteine proteases '** '%°. The antimalarial activity of curcumin may also be
due to its ability to chelate iron. The affinity of curcumin for Fe>* is similar to
that of desferroxamine 2%, Because of its iron chelating ability curcumin
reduces the enzymatic activity of iron-dependent enzymes %*°. The iron
chelating properties of curcumin are due to the di-ketone and phenolic
hydroxyl groups. However, alkylation of the phenolic groups does not abolish
the iron chelating ability of curcumin. Curcumin may share the same
mechanism of action with artemisinin since it inhibits human sarcoplasmic
reticulum Ca?* ATPase (SERCA) which is the orthologue of P. falciparum
Ca?* ATPase ( PfATPS8) 2%, Curcumin has not been demonstrated to inhibit
the NPPs. However, its structural similarity to chalcones indicates that it may
inhibit NPPs. Dimethoxy- and methoxychalcones (1.47, Figure 1-21) are

potent inhibitors of NPPs 2%,
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Figure 1 - 21: General structure of chalcones that inhibit new permeability pathways227

Curcumin has potent anti-inflammatory activity which is a useful property in

228, 229 part of the antimalarial activity of

the management of malaria
chloroquine and artemisinin is due to their anti-inflammatory activity.
Chioroquine and artemisinin derivatives inhibit the production of pro-
inflammatory cytokines and increase the production of interleukins 10 (I1L-10)
and 12 (IL-12) which confer protection against intracellular parasitic infection
230-232  Curcumin inhibits both cyclooxygenase and lipoxygenase which are

233, 234 It

involved in the generation of inflammatory agents down-regulates

the expression of pro-inflammatory agents such as COX2 2% ¢ LOX,
inducible nitric oxide synthase (INOS) 2*” 8. matrix metalloproteinase-
9/gelatinase B (MMP-9) 2°, TNF-a ?*° and chemokines such as IL- 1B, IL-6,

IL 8, ICAM-1 24",

1.7.2 Disadvantages of Curcumin

One of the major draw backs in the clinical use of curcumin is its poor water
solubility which results in low oral biocavailability. It is poorly absorbed when
taken orally. Over 75 % of an orally administered dose is excreted unchanged
in feces 24> 24*, Secondly, curcumin has a short half life because it is rapidly
metabolized in the liver. Due to its short half-life, curcumin cannot be used
clinically for management of malaria because it has to be administered
frequently and this will reduce adherence. In clinical trials, curcumin has to be
administered frequently and at very high doses to overcome its poor
pharmacokinetic properties. Compared to agents like chloroquine, curcumin

has a low antimalarial potency.
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1.8 Aim and Obijectives of the Study

The main aim of the study was to improve the antimalarial potency and
pharmacokinetics properties of the natural product curcumin by chemical
modifications targeted at specific biochemical pathways in Plasmodium
falciparum.

The specific objectives of the study were:

1. Synthesis of derivatives of curcumin by incorporating moieties known
to target specific biochemical pathways within P. flaciparum.

2. Improvement of the oral bioavailability and half-life of curcumin through
chemical modifications aimed at increasing water solubility and
reducing rate of metabolism.

3. Determination of the in vifro antiplasmodial activity of the derivatives
against chloroquine sensitive and resistant strains of P. falciparum

4. Determination of the ability of the derivatives to inhibit hemozoin
formation. _

5. Determination of the cytotoxicity of the derivatives against Chinese
Hamster Ovarian (CHO) cells.

6. Establishment of an optimal dose for in vivo antimalarial studies by pilot
single and repeated dose oral toxicity studies in mice.

7. Evaluation of in vivo efficacy of selected derivatives in murine model of
malaria.

8. Evaluation of the effect of chemical modification on the

pharmacokinetic parameters of a selected derivative in mice.

41



References

(1) Vythilingam, I.; Tan, C. H.; Asmad, M.; Chan, S. T.; Lee, K. S.; Singh, B.
Trans. R. Soc. Trop. Med. Hyg. 20086, 100, 1087-1088.

(2) Nguyen, C.; Day, N. P.; Pram, T. D.; Ferguson, D. J. P.; White, N. J.
Trans. R. Soc. Trop. Med. Hyg. 1995, 89, 200-204.

(3) Khasnis, A. A.; Nettleman, M. D. Arch. Med. Res. 2005, 36, 689-696.

(4) Talman, A. M.; Domarle, O.; McKenzie, F. E.; Ariey, F.; Robert, V. Malar J.
2004, 3, 24-24. '

(5) Baton, L. A.; Ranford-Cartwright, L. C. Trends Parasitol. 2005, 21, 573-
580. |

(6) Drakeley, C.; Sutherland, C.; Bousema, J. T.; Sauerwein, R. W.; Targett,
G. A. T. Trends Parasitol. 2006, 22, 424-430.

(7) Sinden, R. E. Parassitologia 1999, 41, 139-148.

(8) Carucci, D. J.; Gardner, M. J.; Tettelin, H.; Cummings, L. M.; Smith, H. O.;
Adams, M. D.; Hoffman, S. L.; Venter, C. Exp. Rev. Mol. Med. Centre for
Applied Research in Educational Technologies (CARET), Ed.; Cambridge
University Press: Cambridge, U.K. http://www-
ermm.cbcu.cam.ac.uk/den/fig001den.htm

(9) Snow, R. W.; Guerra, C. A.; Noor, A. M.; Myint, H. Y.; Hay, S. |. Nature
2005, 434, 214-217.

(10) Hay, S. I.; Shanks, D.; Stern, D. I.; Snow, R. W.; Randolph, S. E;
Rogers, D. J. Trends Parasitol. 2005, 21, 52-53.

(11) Olumese, P. Acta Trop. 2005, 95, 265-269.

(12) Lopez, A. D.; Mathers, C. D.; Ezzati, M.; Jamison, D. T.; Murray, C. J. L.
Lancet, 367, 1747-1757.

(13) World Health Organization 2005, WHO/HTM/MAL/2005.1 102.

42



(14) Patz, J. A.; Olson, S. H. Proc. Natl. Acad. Sci. U. S. A. 2006, 103, 5635-
5636.

(15) Bosello, F.; Roson R.; Tol, R. S. J. Ecol. Econ. 2006, 58, 579-591.
(16) Malkin, E.; Dubovsky, F.; Moree, M. Trends Parasitol. 2006, 22, 292-295.

(17) Plebanski, M.; Lopez, E.; Proudfoot, O.; Cooke, B. M.; ltzstein, M. v_;
Coppel, R. L. Methods 2006, 40, 77-85.

(18) Rosenthal, P. J.; Goldsmith, R. S. Antiprotozoal Drugs, Katzung, B. G.,
Ed.; In Basic and Clinical Pharmacology; Lange Medical Books/McGraw-
Hill: New York, U. S. A., 2001; Vol. 8, pp 882.

(19) Edwards, G.; Biagini, G. A. Br. J. Clin. Pharmacol. 2006, 61, 690-693.
(20) Gregson, A.; Plowe, C. V. Pharmacol. Rev. 2005, 57, 117-145.

(21) Hyde, J. E. FEBS J. 2007, 274, 4688-4698.

(22) Edwards, G.; Biagini, G. A. Br. J. Clin. Pharmacol. 2006, 61, 690-693.
(23) World Health Organization (WHO) 2005, WHO/HTM/MAL/2005.1 102.

(24) Watkins, W. M.; Sibley, C. H.; Hastings, I. M. Am. J. Trop. Med. Hyg.
2005, 72, 163-173.

(25) Hastings, I. M.; Watkins, W. M. Trends Parasitol. 2006, 22, 71-77.
(26) Ridley, R. G. Nature 2002, 415, 686-693.

(27) Ridley, R. G. Nature 2003, 424, 887.

(28) Ridley, R. G. Microbes Infect. 2002, 4, 155.

(29) Ridley, R. G. Nature 2002, 415, 686.

(30) Hastings, I. M.; Watkins, W. M. Acfa Trop. 2005, 94, 218-229.

(31) Nwaka, S.; Hudson, A. Nat. Rev. Drug Discov. 20086, 5, 941-955.

43



(32) Nwaka, S.; Ridley, R. G. Nat. Rev. Drug Discov. 2003, 2, 919-928.

(33) Rathod, P. K.; McErlean, T. Proc. Natl. Acad. Sci. U. S. A. 1997, 94,
9389.

(34) Osman, M. E.; Mockenhaupt, F. P.; Bienzle, U.; Elbashir, M. I.; Giha, H.
A. Infect. Genel. Evol. 2007, 7, 52-59. |

(35) Wichmann, O.; Muehlen, M.; Gruss, H.; Mockenhaupt, F. P.; Suttorp, N_;
Jelinek, T. Malar J. 2004, 3, 14-14.

(36) Wichmann, O.; Jelinek, T. J. Infect. Dis. 2005, 191, 822-823.
| (37) Bjérkman, A.; Bhattarai, A. Acta Trop. 2005, 94, 163-169.

(38) Giha, H. A.; Elbashir, M. |.; A-Elbasit, |. E.; A-Elgadir, T. M. E.; EIGhazali,
G. E.; Mackinnon, M. J.; Babiker, H. A. Acta Trop. 2006, 97, 181-187.

(39) Ferdig, M. T.; Roland A. Cooper; Mu, J.; Deng, B.; Joy, D. A.; Su, X,;
Wellems, T. E. Mol. Microbiol. 2004, 52, 985-997.

(40) Fitch, C. D. Proc. Natl. Acad. Sci. U. S. A. 1969, 64, 1181-1187.
(41) van Schalkwyk, D. A_; Egan, T. J. Drug Resist. Updat. 2006, 9, 211-226.
(42) Ridley, R. G. Curr. Biol. 1998, 8, R346-9.

(43) Krogstad, D. J.; Schilesinger, P. H.; Gluzman, |. Y. Prog. Clin. Biol. Res.
1989, 313, 53-59. |

(44) Ginsburg, H.; Stein, W. D. Biochem. Pharmacol. 1991, 41, 1463-1470.

(45) Bray, P. G.; Howells, R. E.; Ritchie, G. Y.; Ward, S. A. Biochem.
Pharmacol. 1992, 44, 1317-1324.

(46) Bray, P. G.; Howells, R. E.; Ward, S. A. Biochem. Pharmacol. 1992, 43,
1219-1227.

(47) Sanchez, C. P.; Stein, W.; Lanzer, M. Biochemistry) 2003, 42, 9383-
939%4.

44



(48) Sanchez, C. P.; MclLean, J. E.; Stein, W.; Lanzer, M. Biochemistry 2004,
43, 16365-16373.

(49) Sanchez, C. P.; McLean, J. E.; Rohrbach, P.; Fidock, D. A.; Stein, W. D.;
Lanzer, M. Biochemistry (N. Y. ) 2005, 44, 9862-9870.

(60) Sanchez, C. P.; Stein, W. D.; Lanzer, M. Trends Parasitol. 2007, 23, 332-
339.

(61) Johnson, D. J.; Fidock, D. A.; Mungthin, M.; Lakshmanan, V.; Sidhu, A.
B. S.; Bray, P. G.; Ward, S. A. Mol. Cell. 2004, 15, 867-877.

(52) Tran, C. V.; Saier, M. H., Microbiology 2004, 150, 1-3.

(53) Price, R. N.; Cassar, C.; Brockman, A. Antimicrob. Agents Chemother.
1999, 43, 2943-2949. ‘ '

(54) Durrand, V.; Berry, A.; Sem, R.; Glaziou, P.; Beaudou, J.; Fandeur, T.
Mol. Biochem. Parasitol. 2004, 136, 273-285.

(55) Thapa, S.; Hollander, J.; Linehan, M.; Cox-Singh, J.; Bista, M. B.; Thakur,
G. D.; Davis, W. A_; Davis, T. M. E. Am. J. Trop. Med. Hyg. 2007, 77, 423-
430.

(56) Arav-Boger, R.; Shapiro, T. A. Annu. Rev. Pharmacol. Toxicol. 2005, 45,
565-C-1.

(57) Uhlemann, A. C.; Krishna, S. Curr. Top. Microbiol. Immunol. 2005, 295,
39-53.

(58) Maiga, O.; Djimdé, A. A.; Hubert, V.; Renard, E.; Aubouy, A.; Kironde, F.;
Nsimba, B.; Koram, K.; Doumbo, O. K.; Le Bras, J.; Clain, J. J. Infect. Dis.
2007, 196, 165-172.

(69) Sandefur, C. I.; Wooden, J. M.; Quaye, |. K.; Sirawaraporn, W.; Sibley, C.
H. Mol. Biochem. Parasitol. 2007, 154, 1-5.

45



(60) Sisowath, C.; Ferreira, P. E.; Bustamante, L. Y.; Dahlstrém, S_;
Martensson, A.; Bjorkman, A.; Krishna, S.; Gil, J. P. Trop. Med. Int. Health
2007, 12, 736-742.

(61) Jambou, R.; Legrand, E.; Niang, M.; Khim, N.; Lim, P.; Volney, B.; Ekala,
M. T.; Bouchier, C.; Esterre, P.; Fandeur, T.; Mercereau-Puijalon, O.
Lancet 2005, 366, 1960-1963.

(62) Korsinczky, M.; Chen, N.; Kotecka, B.; Saul, A.; Rieckmann, K.; Cheng,
Q. Antimicrob. Agents Chemother. 2000, 44, 2100-2108.

(63) Fivelman, Q. L.; Butcher, G. A.; Adagu, |. S.; Warhurst, D. C.; Pasvol, G.
Malar J. 2002, 1, 1-1.

(64) Feher, M.; Schmidt, J. M. J. Chem. Inf. Comput. Sci. 2003, 43, 218-227.
(65) Balunas, M. J.; Kinghhorn, D. Life Sci. 2005, 78, 431-441.

(66) Wilcox, M.;: Bodeker, G. An overview of clinical studies on traditional
herbal antimalarials; Wilcox, M., Bodeker, G., Eds.; In Traditional
medicinal plants and malaria; CRC Press: London, U.K., 2004.

(67) Bruce-Chwatt, L. J. Br. Med. J. (Clin. Res. Ed) 1988, 296, 1486-1487.
(68) Wright, C. W. J. Ethnopharmacol. 2005, 100, 67-71.

(69) Baltas, M.; Benbakkar, M.; Gorrichon, L.; Zedde, C. J. Chromafogr. A,
1992, 600, 323-326.

(70) Naijjar, F.; Fréville, F.; Desmoulin, F.; Gorrichon, L.; Baltas, M.; Gornitzka,
H.; Tzedakis, T.; André-Barrés, C. Tefrahedron Letf., 2004, 45, 6919-
6922.

(71) Naijjar, F.; Gorrichon, L.; Baltas, M.; André-Barres, C.; Vial, H. Org.
Biomol. Chem. 2005, 3, 1612-1614.

(72) Carraz, M.; Jossang, A.; Franetich, J.; Siau, A.; Ciceron, L.; Hannoun, L ;
Sauerwein, R.; Frappier, F.; Rasoanaivo, P.; Snounou, G.; Mazier, D.
PLoS Med. 2006, 3, e513.

46



(73) Newman, D. J.; Cragg, G. M.; Snader, K. M. J. Nat. Prod. 2003, 1022-
1037.

(74) Casy, A. F. The steric factor in medicinal chemistry: disymmetric probes
of pharmacological receptors; Springer-Verlag: New York, U. S. A, 1993.

(75) Cordato, D. J.; Mather, L. E.; Herkes, G. K. J. Clin. Neurosci. 2003, 10,
649-654.

(76) Federsei, H. Endeavour 1994, 18, 163-172.

(77) Kulikov, N. S.; Bobyleva, M. S. Pure and Appl. Chem. 1989, 61, 2059-
2060.

(78) Kulikov, N. S.; Bobyleva, M. S. Chem. Soc., Perkin Trans. 2000, 2, 571-
576

(79) Suzuki, T.; Beuzenberg, V.; Mackenzie, L.; Quilliam, M. A. J.
Chromatogr. A 2003, 992, 141-150.

(80) Larsen, M.; Kromann, H.; Kharazmi, A.; Nielsen, S. F. Bioofg, Med.
Chem. Lett. 2005, 15, 4858-4861.

(81) Adam M. Stud. Hist. Phil. Biomed. Sci. 2004, 36, 513-537.

(82) Keenan, S. M.; Geyer, J. A.; Welsh, W. J.; Prigge, S. T.; Waters, N. C.
Comb. Chem. High Throughput Screen. 2008, 8, 27-38.

(83) Sullivan, D. J.; Gluzman, I. Y.; Goldberg, D. E. Science 1996, 271, 219-
222.

(84) Sullivan, D. Int. J. Parasitol. 2002, 32, 1645-1653. .
(85) Francis, S. E.; Sullivan, D. J. Annu. Rev. Microbiol. 1997, 51, 97.

(86) Adams, P.; Berman, P. M.; Egan, T.; Marsh, P.; Silver, J. J. Inorg.
Biochem. 1996, 63, 69-77. ‘

47



(87) Egan, T. Inorg. Biochem. 2006, 100, 916-926.
(88) Kumar, S.; Bandyopadhyay, U. Toxicol. Lett. 2005, 157, 175-188.

(89) Papalexis, V.; Siomos, M. A.; Campanale, N.; Guo, X.; Kocak, G.; Foley,'
M.; Tilley, L. Mol. Biochem. Parasitol. 2001, 115, 77-86.

(90) Kawazu, S.; lkenoue, N.; Takemae, H.; Komaki-Yasuda, K.; Kano, S.
FEBS J. 2005, 272, 1784-1791.

(91) Loria, P.; Miller, S.; Foley, M.; Tilley, L. Biochem. J. 1999, 339 { Pt 2),
363-370.

(92) Atamna, H.; Ginsburg, H. Eur. J. Biochem. 1997, 250, 670-679.

(93) Ginsburg, H.; Famin, O.; Zhang, J.; Krugliak, M. Biochem. Pharmacol.
1998, 56, 1305-1313.

(94) Sherry, B. A.; Alava, G.; Tracey, K. J.; Martiney, J.; Cerami, A.; Slater, A.
F. J. Inflamm. 1995, 45, 85-96.

(95) Pagola, S.; Stephens, P. W,; Bohie, D. S; Kosar, A. D.; Madsen, S. K. ‘
Nature 2000, 404, 307-310. |

(96) Egan, T. J. Inorg. Biochem. 2002, 91, 19-26.

(97) Bohle, D. 8.; Kosar, A. D.; Stephens, P. W. Acta Crystallogr. D Biol.
Crystallogr. 2002, 58, 1752-1756.

(98) Slater, A. F. Exp. Parasitol. 1992, 74, 362-365.

(99) Rathore, D.; Jani, D.; Nagarkatti, R.; Kumar, S. Drug Discov. Today:
Ther. Strat. 2006, 3, 153-158.

(100) Schneider, E. L.; Marietta, M. A. Biochemistry 2005, 44, 979-986.

(101) Fitch, C. D.; Cai, G. Z.; Chen, Y. F.; Shoemaker, J. D. Biochim. Biophys.
Acta 1999, 1454, 31-37.

(102) Fitch, C. D. Life Sci. 2004, 74, 1957.

48



(103) Hempelmann, E.; Motta, C.; Hughes, R.; Ward, S. A.; Bray, P. G.
Trends Parasitol. 2003, 19, 23-26.

(104) Egan, T. J.; Chen, J. Y.; de Villiers, K. A.; Mabotha, T. E.; Naidoo, K. J.;
Ncokazi, K. K.; Langford, S. J.; McNaughton, D.; Pandiancherri, S.; Wood,
B. R. FEBS Lett. 2006, 580, 5105-5110.

(105) Chen, L.; Zhang, Z. -.; Sendo, F. Clin. Exp. Immunol. 2000, 120, 125-
133.

(106) Chen, L.; Sendo, F. Parasitol. Int. 2001, 50, 139-143.

(107) Carney, C. K.; Schrimpe, A. C.; Halfpenny, K.; Harry, R. S.; Miller, C.
M.; Broncel, M.; Sewell, S. L.; Schaff, J. E.; Deol, R.; Carter, M. D_;
Wright, D. W. J. Biol. Inorg. Chem. 2006, 11, 917-929.

(108) Parroche, P.; Lauw, F. N.; Goutagny, N.; Latz, E.; Monks, B. G.;
Visintin, A.; Halmen, K. A.; Lamphier, M.; Olivier, M.; Bartholomeu, D. C;
Gazzinelli, R. T.; Golenbock, D. T. Proc. Natl. Acad. Sci. U. S. A. 2007,
104, 1919-1924.

(109) Schumann, R. R. Proc. Natl. Acad. Sci. U. S. A. 2007, 104, 1743-1744.

(110) Coban, C.; Ishii, K. J.; Kawai, T.; Hemmi, H.; Sato, S.; Uematsu, S,;
Yamamoto, M.; Takeuchi, O.; itagaki, S.; Kumar, N.; Horii, T.; Akira, S. J.
Exp. Med. 2005, 201, 19-25.

(111) Engwerda, C. R.; Good, M. F. Curr. Opin. Immunol. 2005, 17, 381-387.

(112) Skorokhod, O. A.; Alessio, M.; Mordmiiller, B.; Arese, P.; Schwarzer, E.
J. Immunol. 2004, 173, 4066-4074.

(113) Kumar, S.; Guha, M.; Choubey, V.; Maity, P.; Bandyopadhyay, U. Life
Sci. 2007, 80, 813-828.

(114) Loup, C.; Leliévre, J.; Benoit-Vical, F.; Meunier, B. Antimicrob. Agents
Chemother. 2007, 51, 3768-3770.

49



(115) Pandey, A. V.; Babbarwal, V. K.; Okoyeh, J. N.; Joshi, R. M.; Puri, S. K;
Singh, R. L.; Chauhan, V. S. Biochem. Biophys. Res. Commun. 2003,
308, 736.

(118) Meshnick, S. R. Antimicrob. Agents Chemother. 2003, 47, 2712.

(117) Haynes, R. K.; Monti, D.; Taramelli, D.; Basilico, N.; Parapini, S.; Olliaro,
P. Antimicrob. Agents Chemother. 2003, 47, 1175-1175.

(118) Ncokazi, K.; Egan, T. Anal. Biochem. 2005, 338, 306-319.

(119) Ignatushchenko, M. V.; Winter, R. W.; Bachinger, H. P.; Hinrichs, D. J.;
Riscoe, M. K. FEBS Lett. 1997, 409, 67-73.

(120) Huy, N. T.; Kamei, K.; Yamamoto, T.; Kondo, Y.; Kanaori, K.; Takano,
R.; Tajima, K.; Hara, S. J. Biol. Chem. 2002, 277, 4152-4158.

(121) lyer, J. K.; Shi, L.; Shankar, A. H.; Sullivan, D. J., Mol. Med. 2003, 9,
175-182.

(122) Chong, C.; Sulli\}an, D. Biochem. Pharm. 2003, 66, 2201-2212.
(123) Egan, T.; Ncokazi, K. J. Inorg. Biochem. 2005, 99, 1532-1539.

(124) Portela, C.; Afonso, C. M. M.; Pinto, M. M. M.; Jodo Ramos, M. Bioorg.
Med. Chem. 2004, 12, 3313-3321.

(125) Egan, T. J.; Chen, J. Y, de Villiers, K. A.; Mabotha, T. E.; Naidoo, K. J.;
Ncokazi, K. K.; Langford, S. J.; McNaughton, D, Pandiancherrﬁ, S.; Wood,
B. R. FEBS Lett. 2006, 580, 5105-5110.

(126) Leed, A.; DuBay, K.; Ursos, L. M. B.; Sears, D.; De Dios, A. C.; Roepe,
P. D. Biochemistry 2002, 41, 10245-10255.

(127) Tripathi, A. K.; Gupta, A.; Garg, S. K.; Tekwani, B. L. Life Sci. 2001, 69,
2725-2733.

(128) Egan, T. J.; Hunter, R.; Kaschula, C. H.; Marques, H. M.; Misplon, A.;
Walden, J. J. Med. Chem. 2000, 43, 283-291. ’

50



(129) Cheruku, S. R.; Maiti, S.; Dorn, A.; Scorneaux, B.: Bhattacharjee, A. K.;
Ellis, W. Y.; Vennerstrom, J. L. J. Med. Chem. 2003, 46, 3166-3169.

(130) Vippagunta, S. R.; Dorn, A.; Matile, H.: Bhattacharjee, A. K.; Karle, J. ‘
M.; Ellis, W. Y.; Ridley, R. G.; Vennerstrom, J. L. J. Med. Chem. 1999, 42,
4630-4639.

(131) O'Neill, P. M.; Ward, S. A,; Berry, N. G.; Jeyadevan, J. P.; Biagini, G. A.;
Asadollaly, E.; Park, B. K.; Bray, P. G. Curr. To.p Med. Chem. 20086, 6,
479-507.

(132) Egan, T.; Marques, H. Coord. Chem. Rev. 1999, 190-192, 493-517.

(133) Blauer, G.; Akkawi, M.; Bauminger, E. R. Biochem. Pharmacol. 1993,
46, 1573-1576.

(134) Kaschula, C. H.; Egan, T. J.; Hunter, R,; Basilico, N.; Parapini, S.;
Taramelli, D.; Pasini, E.; Monti, D. J. Med. Chem. 2002, 45, 3531-35309.

(135) De, D.; Krogstad, F. M.; Cogswell, F. B.; Krogstad, D. J. Am. J. Trop.
Med. Hyg. 1996, 55, 579-583.

(136) Madrid, P.; Sherrill, J.; Liou, A.; Weisman, J.; DeRisi, J.; Guy, R. K.
Bioorg. Med. Chem. Lett. 2005, 15, 1015-1018.

(137) Barrett, A.; Rawlings, N.; O'Brien, E. J. Struct. Biol. 2001, 134, 95-102.
(138) Sajid, M.; McKerrow, J. H. Mol. Biochem. Parasitol., 2002, 120, 1-21.
(139) Olaya, P.; Wasserman, M. Biochim. Biophys. Acta 1991, 1096, 217-221.

(140) Wickham, M. E.; Culvenor, J. G.; Cowan, G. M. J. Biol. Chem. 2003,
278, 37658-37663.

(141) Lasonder, E.; Ishihama, Y.; Andersen, J. S.; Vermunt, A. M.; Pain, A_;
Sauerwein, R. W.; Eling, W. M.; Hall, N.; Waters, A. P.; Stunnenberg, H.
G.; Mann, M. Nature 2002, 419, 537-542.

51



(142) Goh, L. L.; Loke, P.; Singh, M.; Sim, T. S. Protein Expr. Purif 2003, 32,
194-201.

(143) Goh, L. L; Sim, T. S. Biochem. Biophys. Res. Commun. 2004, 323,
565-572.

(144) Goh, L. L; Sim, T. S. Biochem. Biophys. Res. Commun. 2008, 335,
762-770.

(145) Dhawan, S.; Dua, M.; Chishti, A. H.; Hanspal, M. J. Biol. Chem. 2003,
278, 30180-30186.

(146) Dasaradhi, P. V. N.; Mohmmed, A.; Kumar, A.; Hossain, M. J.;
Bhatnagar, R. K.; Chauhan, V. S.; Malhotra, P. Biochem. Biophys. Res.
Commun. 2005, 336, 1062-1068. ‘

(147) Go, M. L.; Liu, M.; Wilairat, P.; Rosenthal, P. J.; Saliba, K. J.; Kirk, K.
Antimicrob. Agents Chemother. 2004, 48, 3241-3245.

(148) Singh, N_; Sijwali, P. S.; Pandey, K. C.; Rosenthal, P. J. Exp. Parasitol.
2006, 112, 187-192.

(149) Rosenthal, P. Int. J. Parasitol. 2004, 34, 1489-1499.

(150) Singh, N.; Sijwali, P.; Pandey, K.; Rosenthal, P. Exp. Par., 2006, 112,
187-192. ‘

(151) Sijwali, P.; Koo, J.; Singh, N.; Rosenthal, P. Mol. Biochem. Parasitol.
2006, 750, 96-106.

(152) Otto, H. -.; Schirmeister, T. Chem. Rev. 1997, 97, 133-172.
(153) Babine, R. E.; Bender, S. L. Chem. Rev. 1997, 97, 1359-1472.

(154) Mutus, B.; Wagner, J.; Talpas, C.; Dimmock, J.; Phillips, O.; Reid, R. S.
Anal. Biochem. 1989, 177, 237-243.

(155) Dimmock, J.; Phillips, O.; Wonko, S.; Hickie, R.; Tuer, R.; Ambrose, S.;
Reid, R. S.; Mutus, B.; Talpas, C. Eur. J. Med. Chem., 1989, 24, 217-226.

52



'(156) Sijwali, P. S.; Rosenthal, P. J. Proc. Natl. Acad. Sci. U. S. A. 2004, 101,
4384-4389.

(157) Lyon, J. A.; Haynes, J. D. J. Immunol. 1986, 136, 2245-2251.
(158) Debrabant, A.; Delplace, P. Mol. Biochem. Parasitol. 1989, 33, 151-158.

(159) Dominguez, J. N.; Lépez, S.; Charris, J.; larruso, L.; Lobo, G.;-
Semenov, A.; Olson, J. E.; Rosenthal, P. J. J. Med. Chem. 1997, 40,
2726-2732.

(160) Torres, J. A.; Rodriguez, M. H.; Rodriguez, M. C.; Hernandez-
Hernandez, F. d. |. C. Exp. Parasitol. 2005, 111, 255-259.

(161) Roush, W.; Gonzalez, F.; McKerrow, J.; Hansell, E. Bioorg. Med.
Chem. Lettf. 1998, 8, 2809-2812.

(162) Marquis, R. W.; Yamashita, D. S.; Ru, Y.; LoCastro, S. M.; Oh, H. J.;
Erhard, K. F.; DesJarlais, R. L.; Head, M. S.; Smith, W. W.; Zhao, B.;
Janson, C. A;; Abdel-Meguid, S. S.; Tomaszek, T. A.; Levy, M. A,; Veber,
D. F. J. Med. Chem. 1998, 41, 3563-3567.

(163) Venkatraman, S.; Kong, J.; Nimkar, S.; Wang, Q. M.; Aubé, J.; Hanzlik,
R. Bioorg. Med. Chem. Lelt. 1999, 9, 577-580.

(164) Du, X.; Guo, C.; Hansell, E.; Doyle, P. S.; Caffrey, C. R.; Holler, T. P.;
McKerrow, J. H.; Cohen, F. E. J. Med. Chem. 2002, 45, 2685-2707.

(1865) Raventos-Suarrez, C.; Pollack, S.; Nagel, R. L. Am. J. Trop. Med. Hyg.
1982, 31, 919-922.

(166) Gordeuk, V. R.; Thuma, P. E.; Brittenham, G. M.; Zulu, S.; Simwanza,
G.; Mhangu, A. Blood 1992, 79, 308-312.

(167) Gordeuk, V. R.; Thuma, P. E.; Brittenham, G. M.,; Biemba, G.; Zuly, S;
Simwanza, G. Am. J. Trop. Med. Hyg. 1993, 48, 193-197.

(168) Scheibel, L. W.; Stanton, G. G. Mol. Pharmacol. 1986, 30, 364-369.

53



(169) Loyevsky, M.; Gordeuk, V. R.Iron chelators; Rosenthal, P. J.. Ed.; In
Antimalarial Chemotherapy: Mechanisms of Action, Resistance, and New
Directions in Drug Discovery, Humana Press: Totowa, New Jersey, 2001;
pp 307-324.

(170) Wrigglesworth, J. M.; Baum, H. The biochemical functions of iron;
Jacobs, A., Worwood, M., Ed.; Iron in Biochemistry and Medicine II:
Academic Press: New York, 1980; pp 29-86.

(171) Bezkorovainy, A.; Czajka-Narins, D. M. In Biochemistry of Nonheme
Iron; Plenum: New York, 1980.

(172) Scheibel, L. W.; Sherman, |. W. Metabolism and organellar function
during various stages of the life cycle: broteins, lipids, nucleic acids and
vitamins, Wernsdorfer, W., McGregor, 1., Eds.; In Malaria: principles and
practice of Malariology, Churchill Livingstone: New York, 1988; pp 219.

(173)‘ Bonday, Z. Q.; Taketani, S.; Gupta, P. D.; Padmanaban, G. J. Biol.
Chem. 1997, 272, 839-846.

(174) Pradines, B.; Ramiandrasoa, F.; Basco, L. K.; Bricard, L.; Kunesh, G.;
Le-Bras, J. Antimicrobial Agenis Chemother. 1996, 40, 2094-2098.

(175) Moormann, A. M.; Hossler, P. A.; Meshnick, S. R. Mol. Biochem.
Parasitol. 1999, 98, 279-283.

(176) Scheibel, L. W.; Adler, A. Mol. Pharmacol. 1980, 18, 320-325.
(177) Scheibel, L. W.; Rodriguez, S. Prog. Clin. Biol. Res. 1989, 313, 149.

(178) Hershko, C.; Theanacho, E. N.; Spira, D. T.; Peter, H. H.; Dobbin, P_;
Hider, R. C. Blood 1991, 77, 637-643.

(179) Cabantchik, Z. I.; Glickstein, H.; Golenser, J.; Loyevsky, M.; Tsafack, A.
Acta Haematol. 1996, 85, 70-77.

(180) Scott, M. D.; Ranz, A.; Kuypers, F. A.; Lubin, B. H.; Meshnick, S. R. Br.
J. Haematol. 1990, 75, 598-602. '

54



(181) Ponka, P.; Baker, E.; Edward, J. T. Biochim. Biophys. Acta 1988, 967,
122-129. '

(182) Ponka, P.; Grady, R. W.; Wilczynska, A.; Schulman, H. M. Biochim.
Biophys. Acta 1984, 802, 477-489.

(183) Mouralian, C.; Buss, J. L.; Stranix, B.; Chin, J.; Ponka, P. Biochem.
Pharmacol. 2005, 71, 214-222.

(184) Staines, H. M.; Ellory, J. C.; Chibale, K. Comb. Chem. High Throughput
Screen. 2005, 8, 81-88.

(185) Wagner, M. A.; Andemariam, B.; Desai, S. A. Biophys 2003, 84, 116-
123. |

(186) Huber, S. M.; Uhlemann, A. C.; Gamper, N. L.; Duranton, C.; Kremsner,
P. G.; Lang, F. EMBO J. 2002, 21, 22-30.

(187) Egée, S.; Lapaix, F.; Decherf, G.; Staines, H. M.; Ellory, J. C.; Doerig,
C.; Thomas, S. L. J. Physiol. (Lond. ) 2002, 542, 795-801.

(188) Tanneur, V.; Duranton, C.; Verena, B. B.; Sandu, C. D.; Akkaya, C.;
Kasinathan, R. S.; Gachet, C.; Sluyter, R.; Barden, J. A.; Wiley, J. S;
Lang, F.; Huber, S. M. FASEB J. 2006, 20, 133-135.

(189) Krugliak, M.; Ginsburg, H. Exp. Parasitol. 2006, 114, 253-258.

(190) Saliba, K. J.; Horner, H. A.; Kirk, K. J. Biol. Chem. 1998, 273, 10190-
10195.

(191) Desai, S. A.; Bezrukov, S. M.; Zimmerberg, J. Nature 2000, 406, 1001-
1005.

(192) Fayolle, M.; lonita, M.; Krishna, S.; Morin, C.; Patel, A. P. Bioorg. Med.
Chemn. Lett. 2006, 16, 1267-1271.

(193) Gero, A. M.; Wood, A. M.; Hogue, D. L.; Upston, J. M. Mol. Biochem. -
Parasitol. 1991, 44, 195-206.

55



(194) Rowena, E. M.; Kirk, K. Blood 2007, 109, 2217-2224.
(195) Kanaani, J.; Ginsburg, H. J. Cell. Physiol. 1991, 149, 469-476.

(196) Cranmer, S. L.; Conant, A. R.; Gutteridge, W. E.; Halestrap, A. P. J.
Biol. Chem. 1995, 270, 15045-15052.

(197) Lew, V. L.; Tiffert, T.; Ginsburg, H. Blood 2003, 101, 4189-4194.

(198) Gero, A. M.; Bugledich, E. M.; Paterson, A. R. P.; Jamieson, G. P. Mol.
Biochem. Parasitol. 1988, 27, 159-170.

(199) Ginsburg, H.; Kutner, S.; Krugliak, M.; Cabantchik, Z. |. Mol. Biochem.
Parasitol 1985, 14, 313-322.

(200) Singh, S.; Puri, S. K,; Sing, S. K,; Srivastava, R.; Gupta, R. C.; Pandey,
V. C. J. Biol. Chem. 1997, 272, 506-513.

(201) Kirk, K.; Horner, H. A.; Elford, B. C.; Ellory, J. C.; Newbold, C. |. J. Biol.
Chem. 1994, 269, 3339-3347.

(202) Gero, A. M.; Upston, J. M. Parasitol. Today 1992, 8, 283-286.

(203) Kirk, K.; Horner, H. A.; Spillet, D. J.; Elford, B. C.; Ellory, J. C. FEBS _
Lett. 1993, 323, 123-128.

(204) Puljak, L.; Kilic, G. Biochim. Biophys. Acta 2008, 1762, 404-413.

(205) Bouyer, G.; Eg,e, S.; Thomas, S. L. Blood Cells Mol. Dis. 2006, 36, 248-
254,

(206) Desai, S. A. Curr. Drug Targets Infect. Disord. 2004, 4, 79-86.

(207) Alkhalil, A.; Cohn, J. V.; Wagner, M. A.; Cabrera, J. S.; Rajapandi, T.;
Desai, S. A. Blood 2004, 104, 4279-4286.

(208) Verloo, P.; Kocken, C. H.; Van der Wel, A; Tilly, B. C.; Hogema, B. M.;
Sinaasapel, M. J. Biol. Chem. 2004, 279, 10316-10322.

56



(209) Lisk, G.; Kang, M.; Cohn, J. V.; Desai, S. A. Eukaryof. Cell 2006, 5,
1882-1893.

(210) Desai, S. A; Alkhalil, A.; Kang, M.; Ashfaq, U.; Nguyen, C. J. Biol.
Chem. 2005, 280, 16861-16867.

(211) Kirk, K.; Horner, H. A. Biochem. J. 1995, 311, 761-768.

(212) Sharma, R. A.; Gescher, A. J.; Steward, W. P. Eur. J. Cancer, 2005, 41,
1955-1968.

(213) Rasmusen, H. B.; Christensen, S. B.; Kuist, L. P.; Karazami, A. Planta
Med. 2000, 66, 396-398.

(214) Reddy, R. C.; Vatsala, P. G.; Keshamouni, V. G.; Padmanaban, G.;
Rangarajan, P. N. Biochem. Biophys. Res. Commun. 2005, 326, 472-474.

(215) Nandakumar, D. N.; Nagaraj, V. A,; Vathsala, P. G.; Rangarajan P
Padmanaban, G. Antimicrob. Agents Chemother. 2006, 50, 1859-1860.

(216) Martinelli, A.; Rodrigues, A. L. Exp. Parasitol. 2008, 119, 304-307.

(217) Araujo, C. A; Alegrio, L. V., Gomes, D. C.; Lima, M. E.; Gomes-
Cardoso, L.; Leon, L. L. Mem. Inst. Oswaldo Cruz 19998, 94, 791-794.

(218) Koide, T.; Nose, M.; Ogihara, Y.; Yabu, Y.; Ohta, N. Bio/. Pharm. Bull.
2002, 25, 131-133.

(219) Gomes, D. de C F,; Alegrio, L. V.; de Lima,M. E. F.; Leon, L. L,; Araujo,
C. A.C. Arzneim.-Forsch. 2002, 52, 120-124.

(220) Gomes, D. de Castro F.; Alegrio, L. V.; Leon, L. L.; de Lima,M. E. F.
Arzneim.- Forsch. 2002, 52, 695-698.

(221) Koide, T.; Nose, M.; Ogihara, Y.; Yabu, Y.; Ohta, N. Biol. Pharm. Bull.
2002, 25, 131-133.

(222) Alves, L. V.; de Canto-Cavalheiro, M. M.; Cysne-Finkelstein, L.; Leon, L.
Biol. Pharm. Bull. 2003, 26, 453-456.

57



(223) Nose, M.; Koide, T.; Ogihara, Y.; Yabu, Y.; Ohta, N. Biol. Pharm. Bull.
1998, 271, 643-645.

(224) Borsari, M.; Ferrari, E.; Grandi, R.; Saladini, M. Inorg. Chim. Acta 2002,
328, 61.

(225) Jiao, Y.; Wilkinson, J.; Christine Pietsch, E.; Buss, J. L.; Wang, W.;
Planalp, R.; Torti, F. M.; Torti, S. V. Free Radic. Biol. Med. 20086, 40,
1152-1160.

(226) Bilmen, J. G.; Khan, S. Z.; Javed, M.; Michelangeli, F. Eur. J. Biochem.
2001, 268, 6318-6327.

(227) Go, M.-L.; Liu, M.; Wilairat, P.; Rosenthal, P. J.; Saliba, K. J.; Kirk, K.
Antimicrob. Agent Chemother. 2004, 48, 3241-3245.

(228) Ghatak, N.; Basu, N. Indian. J. Exp. Biol. 1972, 10, 235-236.

(229) Rao, T. S.; Basu, N.; Siddiqui, H. H. Indian J. Med. Res. 1982, 75, 574-
578.

(230) Mohan, K.; Sam, H.; Stevenson, M. M. Infect. Immun. 1999, 67, 513-
519.

(231) Aldieri, E.; Atragene, D.; Bergandi, L.; Riganti, C.; Costamagna, C.;
Bosia, A.; Ghigo, D. FEB Lett. 2003, 552, 141-144.

(232) Hugossona , E.; Montgomery, S. M.; Premijid, Z.; Trcye-Blomberge, M.;
Bjorkmana, A. Acta Trop. 2006, 99, 75-82.

(233) Huang, M. T.; Lysz, T.; Ferraro, T.; Abidi, T. F.; Laskin, J. D.; Conney,
A. H. Cancer Res. 1991, 51, 813-819.

(234) Ammon, H. P.; Anazodo, M. |.; Safayhi, H.; Dhawan, B. N.; Srimal, R. C.
Planta Med. 1992, 58, 226-226.

(235) Plummer, S. M.; Holloway, K. A_; Manson, M. M.; Munks, R. J.; Kaptein,
A.; Farrow, S.; Howells, L. Oncogene 1999, 18, 6013.

58 .



(238) Rao, C. V. Adv. Exp. Med. Biol. 2007, 595, 213-226.

(237) Brouet, I.; Ohshima, H. Biochem. Biophys. Res. Commun. 1995, 206,
533-540.

(238) Chan, M. M.; Huang, H. |; Fenton, M. R.; Fong, D. Biochem.
Pharmacol. 1998, 55, 1955-1962.

(239) Mohan, R.; Sivak, J.; Ashton, P.; Russo, L. A.; Pham, B. Q.; Kasahara,
N.; Raizman, M. B.; Fini, M. E. J. Biol. Chem. 2000, 275, 10405-10412.

(240) Bierhaus, A.; Zhang, Y.; Quehenberger, P.; Luther, T.; Haase, M;
Mdller, M.; Mackman, N.; Ziegler, R.; Nawroth, P. P. Thromb. Haemost.
1997, 77, 772-782.

(241) Bharti, A. C.; Donato, N.; Aggarwal, B. B. J. Immunol. 2003, 171, 3863-
3871. ‘

(242) Ravindranath, V.; Chandrasekhara, N. Toxicology 1980, 16, 259-265.

(243) Ravindranath, V.; Chandrasekhara, N. Toxicology 1981, 22, 337-344.

59



CHAPTER 2
SYNTHESIS AND CHARACTERIZATION OF
DERIVATIVES OF CURCUMIN

2.1 Introduction

This chapter describes the synthesis and characterization of derivatives of
curcumin. The main aim was to synthesize a lead compound with improved
antiplasmodial activity, oral bicavailability and a longer half-life compared to
curcumin. The synthetic procedures used were simple one step reactions
which may be scaled up at an industrial level. This was a critical consideration
in drug development since complex synthetic procedures are associated with
high costs and low yields which reduce the competitiveness of a drug in the
market 1' 2. The chemical modifications were aimed at the carbonyl group of
curcumin since it is the most important site of metabolism of the parent
compound. It was hoped that this would reduce metabolism and therefore
increase the half-life of the derivatives. Chemical modifications involved
addition of the following bioactiphores: azoles (2.2.1 and 2.2.2, Figure 2-1);
sulfonylurea (2.3); thiosemicarbazone (2.5); quinoline (2.7) and acyl
hydrazone (2.9). These bioactiphores were expected to increase activity
against selected molecular targets within Plasmodium falciparum. lsomerism
of synthetic derivatives was investigated. The synthesized derivatives were
evaluated for compliance with the minimum molecular requirements for good
oral bioavailability as described by Lipinski et al. > and Veber ef al. *. These
molecular properties include: octanol-water partition coefficient (cLogP);
topological surface area (tPSA); molecular weight (mwt.); and the total
number of hydrogen bond donors and acceptors. The cLog P, tPSA and Mwit.
were calculated using ChemDraw ultra™ Software version 8. Hydrogen bond
donors were the sum of all heteroatoms bonded to at least one hydrogen
group in a molecule. Though curcumin meets all the minimum
aforementioned requirements, it has a poor oral bioavailability due to its poor
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water solubility. To overcome this problem, the derivatives were required to
have a better water solubility profile than curcumin as indicated by a higher

cLogP relative to curcumin.

8]
0O \é
/H >LN3 \\\Ar
NN /U —N A ©
4 )\/}\
RJ\/LR R "R RN R
2.21 2.2.2 2.3
1
[? Cl Z l N\
S N. 0 Ar
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NH NH NH
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Z OMe 1
R = R =H or Akyl or Ar
OH

Figure 2 - 1: General structures of the pyrazole: (2.2.1); isoxazole {2.2.2); sulfonylureas
(2.3); thiosemicarbazone {2.5); quinoline (2.7} and acyl hydrazone (2.9) derivatives of
curcumin.

2.1.1 Reaction mechanisms

Nearly all the synthetic reactions involved 1, 2-nucleophilic attack at the
carbony! groups of curcumin as outlined in Figure 2-2°. The carbonyl group is
a good electrophile which reacts with nucleophiles at the carbon atom of the
carbonyl functional group. The reaction can proceed in either acidic or alkaliné
conditions. Under acidic conditions, nucleophilic attack was preceded by the
protonation of oxygen of the carbonyl group (Figure 2-2). Nucleophilic attack
under alkaline conditions began with the deprotonation of nucleophile.
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Figure 2 - 2: Mechanism of 1, 2-nucleophilic attack on the carbonyl carbon °

In the case of curcumin, a competing mechanism is, 1, 4-conjugate addition

where nucleophilic attack takes place on the double bond adjacent to the

carbonyl! group (Figure 2-3).

R \j\ R H+J\Nu

Nu

b

Figure 2 - 3: Mechanism of 1, 4-conjugate addition in «a, B unsaturated carbonyl

compounds °

The former reaction mechanism was expected to predominate since it is

faster but is reversible and results in compounds of lower stability

5

Conjugate addition proceeds slowly compared to 1, 2 nucleophilic addition

and its products are more stable. Conjugate addition is irreversible.
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2.2 Purification and characterization of curcumin

Curcumin (2.1.1) was purified from commercially available technical grade
curcumin by flash chromatography on phosphate impregnated silica gel as
described by Rasmussen et al. 5. The 1-D and 2-D spectral data of curcumin
are presented in Table 2-1. Its physcial and spectroscopic characteristics
were in agreement with those previously described in literature 7°. An
interesting feature in the '"H NMR spectrum of curcumin was the integration
due to H-10 which appeared as a single proton confirming the predominance

of the enol form as reported in literature  '°.

Table 2 - 1: *H, "*C, HSQC and HMQC spectral data of curcumin (2.1.1B)

o 0 ' o OH
eo. .l B T oMe MO A A AN A OMe
SR C L R o
| Ho~Fe ¢ NF NoH HO e~ 6 & N7 oH
POSITION { § H | J Value (Hz) 8 C ' HMQC
HSQC
1,17 - 127.7
2.2 7.0501d 18 109.7 C4 4. C1, C7, C
6',6”
3,3 - 146.8
4 4 - 147.9
5, 5" 6.931d, 8.1 114.9 c-1,1",C-3, 3
6', 6" 7.121dd, 8.1,1.8 122.9 c-4'4" C-1,7
7,13 7.591d, 15.7 140.5 c-2,2",C-2,6,C-3
8, 12 6.47 | d,15.7 121.8 C-17,1",C-3
9,11 - 183.3
10 580|s 1011 C-3
2x0OCH; |3.83 55.0 c-3,3”
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2.3 Synthesis of the Azole derivatives of curcumin

2.3.1 Rationale for the antimalarial activity of the azole derivatives

The synthesis of the pyrazole (2.2.1, Figure 2-1) and isoxazole (2.2.2)

derivatives has previously been reported 4.

T
Nl———N
MeO O - o - O OMe
H OH
© 2.2.1
NI—O
MeO N N O OMe
HO ‘ | OH
2.2.2

Figure 2 - 4: Structures of the Pyrazole (2.2.1) and lsoxazole (2.2.2) derivatives of
curcumin

In this class of derivatives, the diketone moiety was replaced by a rigid
pyrazole or isoxazole ring (Figure 2-4). It was envisaged that this modification
would improve the antimalarial activity since azole-containing compounds
have antiplasmodial activity '°. This activity is a result of a delocalized T ring
system that is capable of interacting with the = rings of hematin thus
interrupting hemozoin formation '°. The protonatable nitrogen group was likely
to improve the accumulation of the compound in the parasite’s acidic food
vacuole. The food vacuole is the site of action of antimalarial agents such as
the 4- and 8- aminoquinolines. In addition, azole derivatives have a superior
iron chelating ability compared to curcumin and were therefore hypothesized
to have better antimalarial activity '* '®. The azole derivatives have been
shown to have a greater anti-inflammatory activity than the parent compound

7 which is a useful property in the management of malaria '* %. The
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introduction of a protonatable nitrogen group was likely to improve the
aqueous solubility and thereby improve oral bicavailability. Increasing the
rigidity of the heptadiene-dione chain by replacement of the dicarbonyl group
with the azole ring was likely to reduce the rate of reductive metabolism of the

molecule.

2.3.2 Synthesis and Characterization of isomers of the Pyrazole

Derivative (Hydrazinocurcumin)

Curcumin was reacted with hydrazine monohydrate under acidic conditions as

l., 14

described by Selvam et a and basic conditions (Scheme 2-1).

H
8] O i N——N
— ]
R R. R R
: 2.2.1a, 91% (mixture of isomers)}
l i 2.2.1b, 20 % (isomer)

/\/NIK—/]T\/\ o
OH

2.2.1¢c, 79%

Scheme 2 - 1: Reagents and conditions i) NH,NH,, acetic acid, rt, 72 h; i) NH,NH,, NaOH,
EtOH, 65°C, 15 min.

When synthesis in acetic acid was carried out for 7 hours as described in
literature, the reaction yields were low (19 %). The yield increased to 91 %
when the reaction was carried out over 72 hours. Though elemental analysis
of the reaction product (2.2.1a) showed a high degree of purity, HPLC
chromatographic separation revealed that it was a mixture of 3 isomers
(Figure 2-4).
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Figure 2 - 5: Expanded HPLC chromatogram of the pyrazole derivative of curcumin -
hydrazinocurcumin (2.2.14)

The mixture was subjected to column chromatography on silica gel and the
isomer 2.2.1b was obtained at a low yield of 20 %. The low yield was
attributed to the difficulty in achieving chromatographic separation of the

mixture.

The alternative procedure for the synthesis of the pyrazole derivatives by
heating curcumin in ethanol at 65°C for 15 minutes using NaOH as a catalyst
afforded a red colored isomer 2.2.1¢. When the reaction was carried out for 1
hour instead of 15 minutes, the yellow colored mixture (2.2.1a) was obtained.
The two products, 2.2.1b and 2.2.1¢, were isomers because they had the
same mass charge ratio (m/z) of 364 on low resolution mass spectrometry
(LRMS). The former compound was yellow in color and had a melting point of
217-218 °C while the later compound had a melting point of 227°C. The
mixture (2.2.1a) was yellow in color and its melting point (211-212 °C) was
similar to that reported by Flynn et al. '". Interestingly, on crystallization from
isopropanol, 2.21b formed red colored crystals. Though isomers of
hydrazinocurcumin have not been reported in literature, different authors
report either a red or yellow colored compound > ™ 2" The 1 and 2 D
NMR spectral data of 2.2.1b and 2.2.1¢ are presented in Table 2-2 and 2-3
respectively. The 'H NMR spectrum of 2.2.1b was very similar to that reported
by Shim et al., 2", There were slight differences in the '*C spectra which may
have been due to differences in the NMR solvents used. The proton NMR
spectrum of 2.2.1¢ was similar to that reported to Flynn et al. '*.
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There were significant differences in the 'H and '*C spectra of 2.2.1b and
2.2.1c. In the '"H NMR spectrum of 2.2.1b, the shift due to H-2 and H-2'
appeared as a singlet as opposed to the expected doublet. Secondly, the
shifts due to the imine group (C=N) appeared in the **C spectrum of 2.2.1b
while in the *C spectrum of 2.2.1¢ it did not appear. This indicated that there
was limited tautomeric exchange of H-10 in 2.2.1¢. Secondly, the proton shift
due to the H-7 and H-13 was more deshielded at 6 7.48 in 2.2.1¢ compared to
2.2.1b where the shifts occurred at & 7.04. This indicated that resonance was

more effective in 2.2.1¢.
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Table 2 - 2:. The 'H, ®C, HSQC AND HMQC spectral data of the isomer of
hydrazinocurcumin (2.2.1B)

Position |§'H |Jvalues | HSQC | COSY HMQC
(Hz)
1,1 - 128.3° - |
2,2 713 |d, 1.8 109.6 |H-6, H-6' C 4 4.C 713, C-
6.6
3,3 - 146.7° -
4,4’ - 147 .82 -
5,5 6.78 |d, 84 1156 |H-2,H-2,H-6,6' |C1,1,C3,3
8, 6' 6.90 |m 120.0 |H-5, H-5 -
7,13 7.04 |d, 165 [1295 |- C-6; C-2
8, 12 6.90 |m - - -
9, 11 - - -
10 6.05 |s 99.3 - -
2XOCH; 382 |[s 55.6 C-3, C-3’

Assignment yone using HMQC data and not HSQC data
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Table 2 - 3: The 'H, "°C, HSQC AND HMQC spectral data of the isomer of
hydrazinocurcumin (2.2.1C)

Position [§'H | Jvalue |3C COoSsY HMQC
(Hz) (HSQC)
1,1 - 125.8 -
2,2 7.25 |d, 1.9 1112 | H-6, H-6' C-1, 15 C 4, 4; C
7,13, C-6, 6'
3,3 - 147.9° -
4,4 - 149.1° -
55 6.78 |d, 8.1 116.9 |H-2, H-2, H-6,|C-1, 1", C-3, 3 C-6,
H-6’ 6’
8, 6' 706 |d, 86, [1227 [H-5 H-5 C-2, 2'; C-5, 5'; C-4,
1.9 4 C-7,13
7,13 748 |d, 159 [1444 |- C-1, 1, C-2, 2'; C-6,
| 6 C-8,12; C-9,11
8,12 6.33 |d, 158 [1146 |- c-1, 1; C-2, 2 C-
8,12; C-9,11
9, 11 - 167.9° -
10 6.05 (s 109.6° |- -
2 x -[383 [s 55.7 C-3,C-3'; C-4,C-4'
OCHs

 Assignment done on the basis of HMQC data and not HSQC data.
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On the basis of these observations, it was concluded that 2.2.1b and 2.2.1c
are tautomers named 1-N-H-hydrazinocurcumin and 3-H-hydrazinocurcumin
respectively. The tautomer, 1-N-H-hydrazinocurcumin, had one imine bond
and an ethine bond in the pyrazole ring (Figure 2-6). The second tautomer,
2.2.1¢, had two imine bonds in the pyrazole ring.

o N—N
HN I|\l ] - OMe
R)\VLR R R R=
2.2.1b 2.2.1¢ OH

Figure 2 - 6: Chemical structures of tautomers of hydrazinocurcumin.

The differences in the 'H and 'C spectra of 2.2.1b and 2.2.1c are best
explained by differences in the resonance structures (Figure 2-7).

H. H -

s

"N—N N——N

E
RWR R/\)\A/\R

w\ 2

He.90 63 H 633
2.2.1b 2.21c

Figure 2 - 7: Key differences in the 'H shifts of tautomers of hydrazinocurcumin

In 2.2.1¢, resonance is more effective because of the presence of two imine
bonds hence the affected protons (H-7, 13 and H-8, 12) are more deshielded
or shielded. Crystals of 2.2.1b and 2.2.2¢ have been submitted for X-ray
crystallography to confirm the structures of the different isomers. The
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tautomer, 2.2.1b is° more thermodynamically stable because it is major
reaction product when reaction time was prolonged. In the *C NMR
spectrum of 2.2.1b, the carbon shifts due to C-9 and C-11 were not observed
due to rapid tautomerism of the proton H-10 ' (Figure 2-8).

Figure 2 - 8: Tautomeric exchange in 1-N-H-hydrazinocurcumin {2.2.1b) z

2.3.3 Synthesis and Characterization of Isomers of the Isoxazole

derivative of Curcumin

The isoxazole derivatives were synthesized using the method described by
Selvam et al. '* (Scheme 2-2).

. N
N o s
R/VW\R R R

OMe 2.2.2a, 7%

- 2.2.2b. 14 %

R= 2.2.2¢, 23 %
OH

Scheme 2 - 2: Reagents and Conditions. NH,OH, acetic acid, 85°C, 48 h.

On column chromatography, three reaction products were obtained whose
molecular ions had the same mass charge ratio of 366.4. The isomers had
different colors and melting points (Table 2-4). The most abundant isomer

was white as reported in literature %.
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Table 2 - 4: The Physical Characteristics of Isomers of the Isoxazole derivative of

Curcumin
Isomer | Color Yield %age purity | Ry m.p. (°C)
(EtOAc: CH.CI,
1:19)
2.2.2a | Dullyellow | 7 % 88 0.3 168-169
(tr = 14.956)
2.2.2b | Off white |23 % 88 0.26 173
(tr = 14.952)
2.2.2¢ | Bright 14% 97 0.3 169-170
yellow (tr = 14.929)

Unlike, hydrazocurcumin and curcumin, the 'H NMR spectra of the isoxazole

derivative was more complex and this was due to loss of compound

symmetry. There were subtle differences in the coupling constants and

chemical shifts of the 'H NMR spectra of the different isomers (Table 2-5).

Unlike 2.2.2a, the shifts due to the methoxy groups, phenolic OH groups and

protons H-7 and H-13 were equivalent for isomers 2.2.2b and 2.2.2¢. It was

difficult to deduce the differences in the structures of the isomers using the 'H

NMR spectrum alone. The isomers have been submitted for X-ray

crystallographic evaluation and results are being awaited.
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Table 2 - 5: Comparison of the Chemical Shifts of 'H Spectra of Isomers of the

Isoxazole derivative of Curcumin (2.2.2)

2.2.2b 2.2.2a 2.2.2¢
POSITION | Yellow Dull yellow White
4- Ar-OH [ 9.37 (s) 9.36 (s) 9.31 (2H,s)
4- Ar-OH | 9.30 (s) 9.29 (s)
(s)
H-2 (d) 7.29 (J1.8) 7.28(d, J1.6) 7.29(d, J1.8)
H-2’ (d) 7.27(d, J1.8) 7.27 (J1.6) 7.28 (J 2.1)
H-5 (d) 6.80 (J8.4) 6.80 (J 8.4) 7.05(J 9.3)
H-5’ 6.80 (d, J8.0) 6.78 (d, J 8.0) 7.05 (d, J9.3)
H-6, H-6" |7.07 (J8.2, 1.8) 7.06 (J 8.2, 1.6) 6.81(J8.1,24)
(dd)
H-7 (d) 7.28 (J 16.4) 7.07 (J 16.8) 7.28 (2H, J 16.5)
H-13 (d) 7.04 (J 16.4)
H-8 7.07 J 16.4) 7.07 J16.4) 7.07 (J 16.8)
H-12 7.05 (d, J 16.8) 7.05(d, J 16.8) 7.05 (d, J 16.8)
H-10 (s) 6.83 6.83 6.84
4 -OCH3

3.84 (6H,s) 3.83 (3H,s) 3.85 (6H, s)
4’ -OCHjs 3.82 (3H,s)
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2.3.4 The predictive bioavailability molecular properties of the
Azole derivatives

The pyrazole and isoxazole derivatives meet all the minimum requirements for
good oral bioavailability as outlined by Lipinski et al. > 2 (Table 2-6). The
clogP values of the pyrazole and isoxazole derivative were greater than that
of curcumin indicating the derivatives had higher water solubility and were

therefore more likely to have a better absorption profile.

. Table 2 - 6: Molecular Properties of the Azole Derivatives (2.2.1 and 2.2.2} that Predict

COral Bioavailability

cLog |tPSA | H- - H-bond Mwt. Criteria
P bond acceptors met
donors
Rule <5 <140 } <5 <10 < 500
Curcumin 2939 [1219 |3 |6 368.39 |5
(enolic form)
2.2 3.989 |99.9 |3 9 364.14 |5
2.2.2 3.869 |80.28 |2 6 365.39 5

2.4 Synthesis and characterization of Sulfonylurea Derivatives

of Curcumin

241 Ratibnale for the synthesis of Sulfonylurea Derivatives

Sulfonylureas are anionic channel inhibitors and are used clinically for the
management of diabetes 2. Sulfonylureas have anticancer activity °. The
sulfonylureas, glibenclamide and meglitinide have antimalarial -and
antileishmanial activity ?® 2”. Their antimalarial activity is attributed to inhibition
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of parasite induced anioriic charinels on the host red blood cell. They inhibit
the transport of low molecular weight solutes into the infected erythrocytes. In
addition they inhibit formation of beta-hematin and cysteine proteases 2. It
was envisaged that the addition of the sulfonylurea pharmacophore to
hydrazinocurcumin would increase its antimalarial activity by imparting the
ability to inhibit anionic channels. Retention of the pyrazole pharmacophore
would confer the ability to inhibit hemozoin formation. The sulfonylurea
pharmacophore was likely to improve the water solubility and thus enhance

bioavailability by improving dissolution in the gut.

2.4.2 Synthesis of sulfonylurea derivatives

The sulfonylurea derivatives of curcumin were synthesized by reacting

hydrazinocurcumin (2.2.1) with an arene sulfonyl isocyanate %° (Scheme 2-3).

\

2.31-235 OH

Scheme 2 - 3: Reagents and conditions i) arene sulfonyl isocyanate, DMF, 65°C, N,, 24 h

The reaction involved nucleophilic attack of the pyrazole amine group on the
isocyanate carbon group. The reaction was performed under nitrogen in an

aprotic solvent, N, N-dimethyl formamide.
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The isocyanates were used in excess. The yields, purity and melting points of

the reaction products are presented in Table 2-7.

Table 2 - 7: The yields of the sulfonylurea derivatives of curcumin.

Compound | R’ Y Melting | HPLC Yield
Point | Purity (%)
(°C)
2.3.1 H |H |140 (93 24
(tr=11.89)
2.3.2 CH, [H |1812 |ND° 33
233 cl |H 218 |93 26
| (tr=11.61)
2.34 F_|H |186-8 |100 13
(tr=11.63)
2.3.5 H |CHs | 1812 | 100 25
(te=11.60)

8 Purity determined by elemental analysis

The presence of a carbonyl shift from 5159 to 5168 in the '*C NMR spectra of
the derivatives confirmed the formation of a sulfonylurea. The 'H NMR of the
sulfonylurea urea derivatives was similar to that of pyrazole parent compound
except of the appearance of addition peaks due to the phenyl substituents. As
was previously observed for the tautomer, 2.2.1b, the shift due to H-2 and H-
2' appeared as single{s as opposed to the expected doublets in the '"H NMR
spectra of 2.3.3 and 2.3.5.

The sulfonylurea derivatives met only 2 structural requirements for good oral
bioavailability (Table 2-8). This class of derivatives may therefore present
biocavailability problems. Though the molecular masses of these compounds
exceeded 500, this may not be a significant consideration since most anti-

infective agents in clinical use have high molecular weights *°.

76



These compounds had high cLog P values which were consistent with the

observation that they are highly soluble in polar solvents like methanol as

opposed to solvents with low polarity.

Table 2 - 8: The predictive bioavailability molecular properties of Sulfonylurea

derivatives of curcumin

Compound | cLog | tPSA H-bond | H-bond Mwt. Criteria
P donors | acceptors met

RULE <5 <140 |<5 <10 <500

2.3.1 498911695 |3 8 5476 |2

2.3.2 548811695 |3 8 5616 |2

2.3.3 570211695 |3 9 5820 |2

2.34 513211695 |3 9 5656 |2

2.35 548811695 |3 8 5616 |2

2.5 Synthesis and characterization of Thiosemicarbazone

Derivatives of Curcumin

2.5.1 Rationale for the Synthesis of Thiosemicarbazone Derivatives

The general structure and IUPAC nurnbering of thiosemicarbazones are

presented in Figure 2-9.

Figure 2 - 9: General Structure and IUPAC numbering of Thiosemicarbazones
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Thiosemicarbazones are easy and cheap to synthesize by a Schiff

condensation reaction between a ketone and aldehyde with the appropriate

31

thiosemicarbazide Thiosemicarbazone derivatives exhibit geometric

isomerism (Figure 2-8)*24,

; N
y}% o g:_/ﬁ(

E
2a 2b

Figure 2 - 10: The general structures of E and Z sterecisomers of thiosemicarbazones

The presence of geometric isomers of thiosemicarbazones is revealed by

% In solution,

peak replicaton in 'H and "C NMR spectra
thiosemicarbazones coexist as thione and thiol tautomers (Figure 2-11). Infra-

red spectroscopy can be used to determine the predominant form .

. H
R1 /ﬁ\ - R AN A
/N\H N 3 I N N 3

HR HR
2 2
Thione Thiol

Figure 2 - 11: Thione and thiol tautomers of thiosemicarbazones

3638 antiviral *° antibacterial “© 4,

43, 44

Thiosemicarbazones have antitumour
antiprotozoal *%> **; antifungal, anti-inflammatory and anti-HIV activities
The antimalarial activity of thiosemicarbazones was first reported by Klayman
et al.*®. Thiosemicarbazones are potent inhibitors of recombinant falcipain 1
% 4 The imine (C=N) and thiocarbonyl (C=S) carbons of the
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thiosemicarbazone derivatives are electrophilic sites for nucleophilic attack by
the thiolate group in cysteine proteases *'. Attack on the later is favored
because the sulphur atom is more electron withdrawing than nitrogen which
makes thiocarbonyl carbon a better site for nucleophilic attack. In addition to
inhibition of cysteine proteases, thiosemicarbazones are bidendate or
tridentate iron chelators. The sulfur and hydrazinic nitrogen atoms are
responsible for interaction with the metallic ions. The iron chelating activity of
thiosemicarbazones is highly positively correlated with their in vifro

antimalarial activity 2.

A thiosemicarbazone derivative of curcumin has previously been synthesized
9. %0 The derivative had metal chelating ability. In this study additional N-
methyl and N-aryl substituted thiosemicarbazone derivatives were
synthesized. It was hoped that the derivatives would have good iron chelating
and cysteine protease inhibitory abilities which would enhance the
antiplasmodial activity of curcumin. The derivatives were expected to have
improved water solubility and hence improved oral bioavailability compared to

curcumin.

2.5.2 Synthesis of the thiosemicarbazide reagents and the

thiosemicarbazone derivatives

Two reagents, phenyl and 4-fluoro phenylithiosemicarbazides, were not
commercially available and were therefore synthesized by reacting an
isothiocyanate with hydrazine at ambient temperatures as described by Wiles
and Suprunchuk *! (Scheme 2-4).
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R + NHNH, — > @'
~ b

241R=H (94%)
242 R=F (93 %) H,

S

Scheme 2 - 4. Reagents aqd conditions i) diethyl ether, 25°C, 4 h

Two methods were applied for the synthesis of the thiosemicarbazone
derivatives. In the first method, curcumin was reacted with the
thiosemicarbazide in glacial acetic acid at 85°C. In the second method,
curcumin and methyl thiosemicarbazide were heated in acidified isopropanol
for 6 hours (Scheme 2-5).

=CH, 2.5.2a, b
1
| /R
H\N
1
S«_NHR S OMe
AT -
o) r\|1’ : RN AN R OH
2.6.1
R11=H, 251 |
R=-CiH, 253
R=PhF, 2.5.4

Scheme 2 - 5. Reagents and conditions (i) Acetic acid, 85°C, 72 h (i) isopropanol (10 ml),
acetic acid (0.5 ml), 65°C, 3 hr '
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Table 2 - 9: Yields, purity and melting points of thiosemicarbazone derivatives of

curcumin

Compound R Yield | HPLC Melting
(%) Purity Point (°C)
(%)

2.5.1a H 1 95 163-5
2.5.1b H 50 96 163-4
2.5.2a CH; 10 ND 173
2.5.2b CH3 13 81 171-2
253 Ph 5 3 peaks | 185-186
254 4-Ph-F | 3 2 peaks | 212-4

The first method gave low yields of less than 5 % because the reactions did
not go to completion even after 3 days (Table 2-9). When the reaction
duration was increased to 9 days, the yield of 2.5.1 increased from 1 % to 50
%. A second reason for the low yields was the formation of multiple reaction
products due to the formation of isomers. The isomers were difficult to

separate by column chromatography and prep. TLC.

2.5.3 Characterization of thiosemicarbazone derivatives

The 'H NMR spectra of 2.5.2a and 2.5.3 had peaks that were replicated 2 or 3
times. This provided evidence for sterecisomerism. This was confirmed by
HPLC. Two isomers of N-methyl hydrazine carbothioamide (2.5.2a and b)
were separated by preparative TLC but the yields were quite low. There were
significant differences in the 'H and "> C NMR spectra of the isomers. The "*C
NMR spectrum of the isomer 2.5.2a had a peak at 8179 (C=0) which was
absent in the spectrum of 2.5.2b. The isomer, 2.5.2b, had a peak at 6157
(C=N) which was absent in the spectrum of 2.5.2a. The differences in the 'H

NMR spectra were more subtle.

81



The 'H NMR spectra of all the thiosemicarbazone derivatives were very
similar to that of curcumin with the exception of 2.5.2a and 2.5.2b. In these
two derivatives, there was loss of symmetry and the '"H NMR spectra were
more complex. All the hydrazine carbothioamide derivatives with the
exception of N-methyl substituted derivatives (2.5.2a and b) did not form
molecular ions on chemical ionization, fast atomic bombardment and electron
spray mass spectrometry. The most abundant product ion in the mass spectra
of the hydrazine carbothioamides had a mass-charge ratio of 369 which
indicated loss of the thiosemicarbazone moiety. Elemental analysis was

therefore used to confirm the identity of the compounds.

The IR spectra of all the thiosemicarbazone derivatives, with the exception of
2.5.2a and b, showed the strong thiocarbonyl stretch at about 1277 cm™ and
imine stretch at about 1509 cm™. This was similar to the spectral details
reported by Dutta et al. *°. With the exception of the N-methyl derivatives
(2.5.2a and b), there was no evidence of a carbonyl group in IR spectra of

these compounds.

All the thiosemicarbazone derivatives met at least 4 out of 5 molecular
requirements for good oral bioavailability (Table 2-10). This indicated that the
thiosemicarbazone derivatives were likely to have good oral bicavailability. All
the derivatives had tPSA and clogP values that were greater than that of
curcumin indicating that they potentially have a better water solubility profile.
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Table 2 - 10: Molecular properties of the thiosemicarbazone derivatives that predict

oral bioavailability

R cLog P H-bond Mwt. Criteria
acceptors met

LS B Wl”
251 | H 3.511 9 441.51 4
25.2 [ CH; 3.129 9 455.54 5
253 | Ph 4.574 9 517.61 4
254 1 4- 4.719 9 535.60 4

Fluoro

Ph

2.6 Synthesis and Characterization of 7-Chloroquinoline

Derivatives of Curcumin

2.6.1 Rationale for the synthesis of 7-chloroquinoline derivatives of

curcumin

The 7-chloroquinoline derivatives were synthesized by a condensation

reaction between curcumin and 7-chloro-4-hydrazinoquinoline. The rationale

for the synthesis of this derivative is presented in Figure 2-12. Cross

resistance to the quinoline moiety was likely to be a problem but it was hoped

the two aryl groups in curcumin would reverse resistance >,
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with heme, CH N
™ il 3
Bulky groupto ~ l P ~
freduce metabolism of carbonyl Increase water solubility}
group and accumulation in
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o NH |

MeQ [ SN SN / e OMe
HO ‘ OH

Two aryl groups to

reverse resistance and
intercalate with DNA

Figure 2 - 12: Rational for the synthesis of 7-chloroquinoline derivative of curcumin

2.6.2 Synthesis of the 7-chloro-quinoline derivatives

The 7-chloroquinoline derivatives'were synthesized by a Schiff condensation
reaction between curcumin and 7-chloro-4-hydrazinoquinoline under acidic
conditions (Scheme 2-6). Both the imine derivative (2.7.1) and the pyrazole-
based derivatives were obtained (2.8.1).
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cl N
MeO NS - OMe = =~

HO OH

HO 2.71a,4 % OH
2.7.1b, 1 %
i

cl Ne

Ug
Ni——N
MeO NN N OMe
)
HO 2.8.1,1 % OH

Scheme 2 - 6: Reagents and conditions (i) glacial acetic acid, 80°C, 120h

The reaction yields were very low because the reaction did not go to
completion despite running the reaction for 120 hrs. Separation of the reaction
mixture by column chromatography gave two isomers, 2.7.1a and 2.7.1b
which had same melting point of 156°C but different colors. The former was
bright yellow and the latter was yellow-green in color. Both 2.7.1a and 2.7.1b
did not form molecular ions on both low ‘and high resolution mass
spectrometry. The mass spectra of the two isomers were similar and the most
abundant product ions had mass charge ratios of 453.3 and 495. The results
from elemental analysis were used to confirm the identity of the compounds.
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There were substantial differences in the '"H NMR spectra of 2.7.1a and b.
The 'H NMR spectra of 2.7.1a and b were rather unusual since most chemical
shifts associated with the 7-chloro-4-hydrazinoquinoline did not appear. This
phenomenon was attributed either rapid tautomerism or rapid interchange
between two or more conformers . In the case of 2.7.1b, none of the peaks
associated with the quinoline moiety appeared in the '"H NMR spectrum. The
appearance of a number of peaks not found in the '"H NMR spectrum of
curcumin provided evidence for the successful synthesis of the quinoline
derivative. The chemical shift at 6168.3 revealed the presence of an imine
double bond. | |

The "H NMR spectrum of 2.7.1a had two peaks due to H-3" and H-5" in
addition to those typically associated with curcumin. All the peaks associated
with heptadiene dione chain of curcumin (H-7 to H-13) were replicated three

or four times.

2.6.3 Characterization of the 1-pyrazole-7-chlor-4-

hydrazinoquinoline derivative (2.8.1)

Unlike the 7-chloro-quinoline derivative of curcumin (2.7.1), pyrazole based
derivative (2.8.1), formed a molecular ion on mass spectroscopy. The
absence of carbonyl shifts in the >C NMR and IR spectra confirmed that both
carbonyl groups in curcumin had undergone nucleophilic attack. All the proton
shifts due to both the 7-chloro-quinoline and curcumin moieties appeared in
the '"H NMR spectrum. Though elemental analysis showed a high degree of
purity, HPLC separation showed 2.8.1 is a mixture of 3 isomers. Further
evidence for stereoisomerism was provided by the '"H NMR spectrum in which

most peaks were replicated twice or thrice.
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2.6.4 The predicted oral bioavailability of the 7-chloroquinoline

derivatives of Curcumin

The 7-chloroquinoline based derivatives met 3 out of 5 requirements for good
oral bioavailability (Table 11). This implies that the compounds may have

good oral bioavailability.

Table 2 - 11: Molecular properties of the 7chloro-quinoline derivatives that predict oral

bioavailability

cLog P | tPSA | H-bond | H-bond Mwt. | Criteria
donors | acceptors met
RULE | <5 <140 | <5 <10 <500
271 [6.493 135 3 7 560.1 |3
2.8.2 |6.663 101.1 | 2 4 526.0 |3

2.7 Synthesis and Characterization of the N-Acyl Hydrazone

Derivatives of Curcumin

2.7.1 Rationale for the antiplasmodial activity of the N-Acyl

hydrazones derivatives

N-Acyl hydrazones are structural analogues of thiosemicarbazones. Like
thiosemicarbazones, they inhibit the enzyme cysteine protease and act as
iron chelators. The general structure and sites for nucleophilic attack by the

cysteine thiolate are presented in Figure 2-12.
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'R, R = Aromatic or heterocyclic substituents.

Figure 2 - 13: The general structure and electrophilic sites of N-Acyl hydrazones

An N-acyl hydrazone derivative of curcumin, curcuminsemicarbazone, has
been previously synthesized ** . Curcuminsemicarbazone has good metal
chelating activity and formed a tridendate complex with copper (ll) ions
(Figure 2-14)*.  The stability of the complex was determined by cyclic
voltammetry. Differences in the IR spectra of curcuminsemicarbazone and the
copper complex showed that imine bond and two carbonyl groups were
involved in complexation. The metal chelating ability of the N-acyl hydrazone
derivatives was likely to improve the antiplasmodial activity compared to the

parent compound.

H,N O /Cl

N__

H
MeO . N P O OMe
HO OH
Complex of curcuminsemicarbazone and copper (11) ions

Figure 2 - 14: Structure of curcuminsemicarbazone and its copper complex®
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N-Acy! hydrazone derivatives are easy to synthesize by nucleophilic attack on
the carbonyl group in either acidic or basic conditions (2.8). Further
nucleophilic addition on the second carbonyl group of curcumin was expected

to produce pyrazole-1-yl methanone derivatives (2.10, Figure 2-15).

b |
! R

0
oo, 1 g o
NN T g NNy T T "
i J L 2
R R
2.9

| =
2.10

Figure 2 - 15: Aryl hydrazine methanone {2.8) and pyrazole-1-methanone (2.10)
derivatives of curcumin.

Stereocisomerism was expected since N-acyl hydrazones exist as geometric
isomers with the E-isomers being predominant >°. The E-isomers exist in at
least 4 different conformations. The aromatic substituents on the derivatives
included isonicotyl, salicylaldehye, furoyl, benzoyl and 4-hydryoxyl benzoyl
groups. These groups were selected because they have been reported to play

a role in antiplasmodial activities of acyl hydrazones reported in literature **%,

2.7.2 Synthesis of the N-acyl hydrazone derivatives of curcumin

Two methods were applied in the synthesis of acyl hydrazone derivatives
(Scheme 2-7). In the first method, Method A, the acyl hydrazine was heated in
acetic acid at 70°C
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294 R=Ph, 2% 2101 R'=Ph, 1 %
2.9.2R'=4CI-Ph, 1%
. .,  2103RI=4HOPh 2%
T ,
Method B 204R1=( N2
3
1 1
RO R
hd i ) OMe
NG o N—N
RMR R)\%R OH
o
2.9.3 R'=4 HO-Ph, 26 % 2105 R'- \ /. 65%

Scheme 2 - 7: Reagents and conditions i) Acetic acid, 70°C, 72 h ii) isopropanol, sodium
acetate, 65°C, 48 h

Low yields of less than 3 percent were obtained because of the complexity of
the reaction mixture due to the presence of aryl hydrazine and pyrazole-1-yl
methanone derivatives. Secondly, the reaction did not go to completion. Both
aryl hydrazine (2.9.2 and 2.9.5) and pyrazole-1-yl methanone derivatives
(2.10.1 and 2.10.3) were obtained. The second method, Method B, was
performed in isopropanol using sodium acetate as the catalyst. This method
gave higher reaction vields and the work up was much easier. The precipitate
that formed at the end of reaction was simply filtered, washed and dried. The
reaction products included the aryl hydrazine methanone derivatives 2.9.1
and 2.9.4 and the 2-furolyl derivative (2.10.6).
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2.7.3 Characterization of the N-acyl hydrazone derivatives

All the aryl pyrazol-1-yl derivatives (2.10.1 and 2.10.5) with the exception of
2.10.3 gave molecular ions on mass spectrometry. On the other hand, aryl
hydrazine methanone derivatives did not give molecular ions on MS except

the isonicotoyl derivative (2.9.5).

The 'H NMR spectra of the aryl methanone derivatives (2.9.1 to 2.9.4) were
similar to that of curcumin. The *C NMR spectral peaks at about 183 and &
157 which confirmed the presence of the curcumin carbonyl bond and the
formation of an imine bond respectively. The most abundant product ion in the
MS spectra of the aryl hydrazine methanone derivatives has an m/z ratio of
369 with relative abundance of 100 %. Though HPLC and peak replication
revealed the existence of isomers, none of the isomers were successfully

separated.

There was a significant difference in | the '"H NMR spectra of the aryl
methanone derivative, 2.9.2, when the spectrum was run in different solvents.
When the spectrum was run in d-DMSO the peak due to H-2”, 6” had an
integration of about 0.25. The same peak gave an integration of 2 protons
when the spectrum was run in d-MeOH. The peak due to H-37, 5" did not
appear when the spectrum was run in d-MeOH. The difference in the two
spectra seems to suggest that H-2", 8” are involved in rapid interconversion
between two or more resonance states or conformers which made them
appear as a small peak that gives an integration of less than a full proton
when the spectrum was run in d-DMSO®. The other parts of the spectra were

similar.

- The '"H NMR spectra of the pyrazole-1-yl methanone (2.10.1, 2.10.3 and
2.10.5) derivatives were similar to that of hydrazinocurcumin (2.2.1). The
éppearance of NMR chemical shifts associated with the aryl group was used
to confirm formation of the reaction product. The *C NMR spectrum lacked
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the carbonyl shift at about 6183. This confirmed that nucleophilic attack took

place on both carbonyl groups of curcumin.

2.7.4 The molecular properties of the N-acyl hydrazone derivatives
that predict oral bioavailability

All the synthesized N-acyl hydrazone derivatives, except 2.9.2, met at least 3
out of the 5 criteria for good oral bioavailability (Table 2-12). These

compounds are therefore likely to have a good absorption profile.

Table 2 - 12: Molecular properties of the N-acyl hydrazone derivatives that predict oral
bioavailability

R cLog [tPSA | H-bond | H-bond Mwt. Criteria
P donors | acceptors met

RULE |<5 <140 §<5 <10 < 500

2.9.1 4.407 11445 |3 8 4865 |4

2.9.2 5321 {1445 |3 8 521 2

293 |4.079 1683 |4 9 520.5 3

294 3654 1558 |3 8 487.5 4
2101 |6.744 | 112.1 |2 5 4685 |4
2.10.3 |5.168 11359 |3 6 4845 14
2.10.5 } 5920 §1126.2 |2 5 4585 |4
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2.8 Conclusion

Azole, sulfonylurea, quinoline, thiosemicarbazone and N-acyl hydrazone
derivatives of curcumin were successfully synthesized by nucleophilic attack
on the carbonyl group. In the case of the N-acyl hydrazone derivatives,
nucleophilic attack also took place on the second carbonyl group of curcumin
to yield a series of methanone derivatives. HPLC and 'H NMR revealed the
derivatives displayed isomerism. Isomers of azole and quinoline derivatives
were successfully separated by column chromatography. More work is

required to identify the structural differences between the isomers.
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CHAPTER 3
IN VITRO ANTIPLASMODIAL ACTIVITY AND
CYTOTOXICITY OF DERIVATIVES OF CURCUMIN

3.1 Introduction

After synthesizing derivatives of curcumin, it was necessary to determine if
the chemical modifications had resulted in compounds with improved
antiplasmodial activity. The derivatives were tested for their in vifro
antiplasmodial activity against the chloroquine sensitive (CQS) D10 and
chloroquine resistant (CQR) K1 strains of Plasmodium falciparum using the
Parasite Lactate Dehydrogenase (pLDH) assay " 2. The cut off for good in
vitro activity was an ICs of less than 1 uM 3 In addition, the cytotoxicity
against the Chinese Hamster Ovarian (CHO) cells was determined using the
MTT assay *. The cytotoxicity was used to determine the selectivity of the
compounds for Plasmodium as opposed to mammalian cells. Selected
compounds were tested for their ability to inhibit the formation of beta-hematin
using the pyridine hemichrome inhibition assay °. This test was deemed
important since ability to hemozoin formation is linked to the activity of 4-
aminoquincline antimalarials °. The beta-hematin assay has been successfully
used in pharmaceutical industry in high throughput drug discovery ’. The cut
off for good activity was an ICsg of less than 200 uM or 5 equivalents of heme.

The in vitro activities of derivatives were compared with that of the curcumin.
The selectivity index (Sl) was used to access the specificity of action of the
test compounds. It was also used to access the lack of toxicity to mammalian
cells at concentrations where the test compound was effective against P.
falciparum. 1t was calculated by dividing the CCsy against the CHO cells by
the ICsp against the CQR strain (Si= CCx/ICsp) by the CCq .
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The resistance index (RI) was used to access activity against the CQR
strains. It predicts the likelihood of development of resistance if a compound
were in clinical use. It was calculated by dividing the I1Cs, against the CQR
strain by the ICsq against the CQS strain.

3.2 Results and Discussion

3.2.1 The in vitro biological activities of curcumin and the azole

derivatives

Although the antiplasmodial activity of curcumin has been reported, no
comparison between the activity against CQS and CQR has been made. In
this study curcumin was found to be equally active against both the CQS and
CQR strains with 1Csy values of 1.674 and 1.647ug/ml respectively. The
resistance index (Rl} was 1. The ICs0 values of curcumin were similar to
values reported in literature 3 °. The ability of curcumin to act against the CQR
strain may have been due to the a, B-unsaturated carbonyl groups within
curcumin. The a, B-unsaturated carbonyl groups have been shown toc confer
the ability to inhibit multidrug resistance proteins thus overcoming drug
resistance '°. Curcumin showed no cytotoxicity against the CHO cells (CCs >
100 pg/ml). However, this finding was interpreted with caution since
compounds with antioxidant and chelating activity are known to interfere with

MTT assay to give false negative results ">,

The antiplasmodial activities of isomers of pyrazole derivative of curcumin
were compared (Table 3-1). The mixture of isomers, 2.2.1a, and the tautomer,
2.2.1b, had a 9-fold greater activity against the CQS compared to curcumin.
The ICso values were 0.183 and 0.085 ug/ml respectively. The enhanced
antiplasmodial activity of the pyrazole derivative was afttributed fo the azole
ring which conferred the ability to inhibit beta-hematin formation. However, the
isomer 2.2.1¢ had an ICsp of 1.084 pg/ml and its activity was comparable to

that of curcumin. The superior antiplasmodial activity of the tautomer, 2.2.1b,
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may have been due to the presence of the amine group (N-H) which

enhanced solubility and the ability to accumulate in the parasitic food vacuole

by pH ion trapping.

The antiplasmodial activities of the different isomers of the isoxazole

derivative were compared (Table 3-2). There was no difference in the

activities of the isomers of the isoxazole derivatives. The ICsy values of the

isomers, 2.2.2a, b and ¢, were 1.573, 2.180 and 1.866 ug/ml respectively.

There was comparable in vitro activity between isomers.

Table 3 - 1:

derivative of curcumin / hydrazinocurcumin

In vitro antiplasmodial and cytotoxicity of the isomers of the pyrazole

N|_N/H NN OMe
R)\)\R R)\)\R < OH
2.21a,b 2.2.1c
ICs0 ° CCso°
pg/mi (pM) pg/ml (uM)
D10 K1 CHO sl |RI°
cQ 5.521 + 1.547° | 182.523 + | ND ND |33.1
10.253
Emetine |ND ND 0.067 + 0.011 ND |ND
Curcumin | 1.674+0.708 |[1.657 +0.496 |> 100 ND [0.99
(4.545 + 1.922) | (4.496 + 1.346)
2.2.1a 0.183+0.082 |[1.832+0.731 |2.151 + 0.4264 1.17 | 10.01
(0.502 +0.227) | (5.030 +£2.008) | (5.908 + 1.171)
2.2.1b 0.0850°
(1.909)
2.2.1¢c 1.084 + 0.143 [5.790 + 1.771 5.34

(2.976 +0.394)

(15.900 + 4.864)

2 mean + SD,

n=3, b S| selectivity index, ¢ RI Resistance Index, d

performed due to low amounts of material.

ng/ml, € Only one assay was
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Table 3 - 2: /n vitro antiplasmodial and cytotoxicity of the isomers of isoxazole

derivative of curcumin

222
ICs0? CCs°®
Hg/ml (UM/ml) Hg/ml (uM/ml)
D10 K1 CHO Si RI
CcQ 5521 +1.547° |182.523 +10.253° | ND | ND |33.1
Emetine | ND ND 0.067 £ 0.011 ND |[ND
2.2.2a 1.573 £0.703 3.173 0. + 688 2.02
(4.305 £ 1.924) | (8.690 + 1.884)
2.2.2b 2.180 £ 0.833 3.018 £ 0.070 1.38
(5.967 +2.278) |(8.266 +0.191)
2.2.2¢c 1.866 +0.503 |3.921+0.618 11.339 +0.854 2.89 |2.10
(5.105+£1.375) ](10.739 +1.694) | (31.032 +2.336)

®mean * SD, n=3,

The pyrazole derivative (2.2.1a and b) had greater antiplasmodial activity

against the CQS strain compared to isoxazole derivative (2.2.2) (Figure 3-1).

The activity of the latter was comparable to that of curcumin.

All the azole derivatives had reduced activity against the CQR strain (Figure

3-1). The activity against the CQR strain was less than that of curcumin.

102


















































































































































































































































































































































































