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ABSTRACT

An abstract of the dissertation of Steven James Burgess for the Doctor of Philosophy

in Chemistry presented July 11, 2008.

Title: Design and Synthesis of Antimalarial Drugs Based on a Chloroquine Scaffold

There are between 350 and 500 million clinical cases of malaria each year, and
over 1 million deaths, with pregnant women and children under the age of 5 being
most at risk. Chloroquine (CQ) became the preferred drug to treat malaria in the late
1940s, but is now rendered mostly ineffective in many parts of the world, due to
widespread CQ resistance by the malaria parasite. All other malaria treatments suffer
from some drawbacks, whfch include development of resistance, side effects including
toxicity, risk for pregnant women and young children, and high cost. Some existing,
non-antimalarial, drugs have been found to reverse the effects of resistance in
chloroquine-resistant (CQR) Plasmodium, when co-administered with CQ. However
these drugs, called reversal agents (RAs), were designed for other targets, and suffer
from side effects and the need for high dose.

Compound PLO1 was designed to have both a CQ-like and a RA-like moiety,
which resulted in in vitro ICsy values of 2.9 nM against chloroquine sensitive (CQS)
Plasmodium falciparum, the malaria parasite, and 5.3 nM against CQR P. falciparum.
This is an improvement over CQ’s ICsos of 6.9 nM and 102 nM against the same

malaria strains.



Subsequent development produced a number of analogues with ICsy values
lower than CQ, with the best (PL69) having a 0.9 nM ICs, against CQS and 1.6 nM
against CQR P. falciparum. This molecule is active in vivo, against P. berghei in
mice. A dose of 45.7 mg/Kg/day for 4 days (the molar equivalent dose to 30
mg/Kg/day of CQ) resulted in <0.1% parasitemia after 30 days in 9 out of 10
surviving mice.

Mechanistic investigations indicated that the CQ-like moiety acts like CQ
against the parasite, and that the RA-like moiety acts as a reversal agent. An
accumulation experiment showed uptake by the parasite was reversible by raising the
pH of the digestive vacuole (DV). When viewed under a microscope, an enlarged DV
with reduced hemozoin formation was apparent in drug-treated parasites. All these
results support the hypothetical mechanism, and hence the design of these drugs

against CQR malaria.
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CHAPTER 1

Introduction

There are between 350 and 500 million clinical cases of malaria each year, and
over 1 million of these result in death, with 90% of these are in Africa (Figure 1.1).!
The most vulnerable are children under the age of 5, with an estimated 3000 deaths
each day in sub-Saharan Africa alone,> but pregnant women are at great at risk
because their immunity to malaria is reduced before childbirth.> The children die
either from an acute attack of cerebral malaria, which leads to a coma, or from the
severe anemia which often results from repeated infections.”> Many complications,
some fatal, are also caused by low birth weight due to malaria infection in the
pregnant mother.” In addition to the deaths there is the economic cost, with an
estimated 1.3% loss of economic growth per year in affected countries.' It is
estimated that $10 billion to $12 billion is lost each year from the gross domestic
product of Africa.> The cost of controlling the malaria would be substantially less if
all available measures were in place.

Malaria is caused by the Plasmodium parasite, which is transmitted by a bite

3 The parasite undergoes sexual reproduction

from the female Anopheles mosquito.
inside the mosquito, and then moves to the salivary gland, until the mosquito feeds.

The parasite is transferred to a human in the mosquito saliva as a sporozoite. This

sporozoite quickly travels to the liver, and over the next 2-3 of weeks develops
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Figure 1.1 Map of global distribution of malaria transmission risk in 2003. The darker areas
indicate high malaria endemicity. From WHQ World Malaria Report World Health
Organization: 2005.

into schizonts. This structure contains thousands of tiny merozoites, which are
released into the bloodstream when the schizont matures and ruptures. The merozoites
invade red blood cells where most undergo another round of asexual reproduction,
forming schizonts containing more merozoites. The energy for this process is
obtained by oxidation of host glucose via glycolysis.* > When these schizonts rupture,
so do the red blood cells. This releases more merozoites into the bloodstream to
complete the 48 to 72 hour cycle (Figure 1.2).

However, the Plasmodium parasite still needs the mosquito. The merozoites
that do not form schizonts in the red blood cells, instead form gametocytes. These are
the male and female forms required for sexual reproduction. They stay in the
bloodstream until a female Anopheles mosquito takes a blood meal, whereupon they

2



return to the mosquito to carryout the sexual reproductive phase of the lifecycle

(Figure 1.2).3

In mosquito gut

Gamete———-pzygote
wnmee b OOKIN QL@ e OO CY ST

Gametocytes

Rupturing \

schizont

. Schizont
0
Figure 1.2 Lifecycle of the malaria parasite. From Greenwood, B. M.; Bojang, K.; Whitty, C.
J.; Targett, G. A. T., Malaria. Lancet 2005, 365, 1487-98.

Plasmodium vivax and Plasmodium ovale have an extra stage in their cycle. In
these species of Plasmodia not all of the parasites in the liver become schizoints.®
Some turn into “hypnozoites”, which can remain dormant in the liver for many months
or even years. When they become active again they cause relapses in the host.®

There are over 100 known species of Plasmodia, but only four commonly
infect humans,® and a person can be infected with more than a single type at once.’

Plasmodium vivax is the most widespread from a geographical perspective, but the

3



symptoms of a P. vivax infection are rarely fatal. However, P. vivax malaria relapses
can occur years after initial infection.® P. vivax is now mostly found in the tropics,
especially in Asia.®

In addition to causing the usual malarial symptoms, including fever,
headaches, sweats, chills, nausea and vomiting, Plasmodium malariae can cause
chronic infections that last for years, | and which can cause symptoms to reoccur
decades after the initial exposure, even if the patient has long since left the endemic
area.” People who have asymptomatic P. malariae are still infectious, and a mosquito
bite or blood donation can transmit the disease. P. malariae is rare in temperate
regions, and is found mainly in Africa, and the southwest Pacific.’

Plasmodium ovale is another species which can cause relapses, but is quite
rare. It is mainly found in West Africa, The Philippines, Eastern Indonesia and Papua
New Guinea.”

Plasmodium falciparum causes the most deadly form of malaria. It is
responsible for most malarial deaths, and is especially deadly in sub-Saharan Africa
where drug resistant forms are common.” The symptoms develop suddenly, and there
can be life-threatening complications. However, with prompt and correct medication,

the disease is curable, unless the causative agent is resistant to the medication.'®

Malaria treatments
The origins of malaria are in antiquity. It was known in ancient Egypt and

China, and was prominent in the Roman Empire, being described accurately in the



medical literature of the time.” Many remedies were tried, some with more success
than chers, but the first effective treatment used in the West came from the bark of the
cinchona tree of South America. Originally introduced as a treatment for “ague” by
Jesuit priests, the bark became the treatment of choice for malaria in Europe, and was
extremely valuable. In 1820 two French chemists, Joseph Pelletier and Joseph
Bienaimé Caventou, isolated quinine (Figure 1.3) from the bark,'' and this extract
quickly became the standard therapy throughout the world. This is generally
considered the beginning of natural product medicinal chemistry.

Before and during the Second World War there was a shortage of quinine, due
to the threat of and eventual Japanese invasion of the Dutch plantations in Java,'? and
so synthetic alternatives were developed and introduced. Since the late 1940s,
chloroquine (CQ) (Figure 1.3), first chemically synthesized in 1934 by Hans Andersag

12,13

at the Bayer laboatories, replaced quinine as the mainstay of malaria treatment.'>

" There are several reasons why CQ became the most important synthetic
antimalarial of its time: the excellent clinical efficiency, low human toxicity, ease of
use, and simple cost-effective synthesis. In the early 1950s the World Health
Organization (WHO) declared a “war” on malaria and CQ was their primary
weapon.”> It was a “wonder drug”, safe for everyone to use, including pregnant
women and children under the age of 5. CQ was so popular that in some places it was

added to the salt supplies.'®* However, as early as 1957, resistance was reported in

East Asia, followed by reports from Columbia in 1960."



Kenya and Tanzania. had reported their first cases of resistance to CQ in 1978,
and by the mid-1980s chloroquihe-resistant (CQR) malaria was found over almost all
sub-Saharan Africa. Today, CQR malaria is so widespread that the WHO
recommends CQ for prophylaxis for international travelers to Haiti and the Dominican
Republic only.!

There are many other antimalarial drugs which have been introduced since CQ
was developed, but none are as safe to use as CQ, and all except artemisinin and its
derivatives have had some resistance develop since their introduction. Figure 1.3
gives the structures of the compounds that are discussed here. Table 1.1 compares
ICsp values of antimalarial drugs against CQS and CQR P. falciparum strains as given
in the literature.

Amodiaquine (Figure 1.3) is a 4-aminoquinoline introduced in the early 1980s
as a replacement for CQ. Although some resistance to amodiaquine has been
reported,'® the main reason for amodiaquine’s fall from favor is its implication as a
rare cause of bone marrow and liver damage when used for chemoprophylaxis.19
Recently, however, amodiaquine has made a small recovery with reports that it is
effective as a partner in artemisinin combination therapy (ACT),20 and that in

combination with sulphadoxine-pyrimethamine (SP) (Figure 1.3) it may be safe for

use during pregnamcy.21
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Figure 1.3 Selected current and possible future(*) antimalarial drugs from literature. * Edwards, G.;
Biagini, G. A., Resisting resistance: dealing with the irrepressible problem of malaria. Br. J. Clin.

Pharmacol. 2006, 61, (6), 690-3.
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430, (7002), 900-4. ° Posner, G. H.; Paik, I. H.; Chang, W.; Borstnik, K.; Sinishtaj, S.; Rosenthal,
A. S.; Shapiro, T. A., Malaria-infected mice are cured by a single dose of novel artemisinin
derivatives. J. Med. Chem. 2007, 50, (10),2516-9.




Table 1.1 Literature ICs, values in nM of antimalarial drugs against various P. falciparum strains.

CQ Sensitive CQ Resistant
Drug D6 3D7 Dd2 W2 K1
CQ 11 8.9° 20° 734 500% 100° 117°
Quinine 66° 168° 320° 90°
Mefloquine 33° 130° 9.9 7.8°
Piperaquine 8.3%¢ 16° 10.6°
Amodiaquine 6.2° 25% 7.8°
Halofantrin 5.0* 1.5%
Artemisinin 17.29° 20.36" 3.98
Artemether 5.87° 8.4° 1.76°
Artesunate 4.35° 5.22° 1.28°

*Dow, G. S.; Koenig, M. L.; Wolf, L.; Gerena, L.; Lopez-Sanchez, M.; Hudson, T. H.; Bhattacharjee,
A. K., The antimalarial potential of 4-quinolinecarbinolamines may be limited due to neurotoxicity and
cross-resistance in mefloquine-resistant Plasmodium falciparum strains. Antimicrob. Agents Chemother.
2004, 48, (7), 2624-32.

® Akoachere, M.; Buchholz, K.; Fischer, E.; Burhenne, J .; Haefeli, W. E.; Schirmer, R. H.; Becker, K.,
In vitro assessment of methylene blue on chloroquine-sensitive and -resistant Plasmodium falciparum
strains reveals synergistic action with artemisinins. Antimicrob. Agents Chemother. 2005, 49, (11),
4592-7.

° Vennerstrom, J. L.; Ellis, W. Y.; Ager, A. L., Jr.; Andersen, S. L.; Gerena, L.; Milhous, W. K.,
Bisquinolines. 1. N,N-bis(7-chloroquinolin-4-yl)alkanediamines with potential against chloroquine-
resistant malaria. J. Med. Chem. 1992, 35, (11), 2129-34.

d Jenett-Siems, K.; Kohler, L.; Kraft, C.; Pertz, H. H.; Kren, V.; Fiserova, A.; Kuzma, M.; Ulrichova, J.;
Bienzle, U.; Eich, E., In vitro antiplasmodial activities of semisynthetic N,N'-spacer-linked oligomeric
ergolines. Bioorg. Med. Chem. 2004, 12, (4), 817-24.

® Myrick, A.; Munasinghe, A.; Patankar, S.; Wirth, D. F., Mapping of the Plasmodium falciparum
multidrug resistance gene 5'-upstream region, and evidence of induction of transcript levels by
antimalarial drugs in chloroquine sensitive parasites. Mol. Microbiol. 2003, 49, (3), 671-83.

Other 4-aminoquinolines introduced to treat malaria include isoquine (Figure
1.3) , an analogue of amodiaquine, which GlaxoSmithKline anticipates advancing to

clinical trials, 2> 2

and piperaquine (Figure 1.3), a bisquinoline molecule which was
used in China in the 1970s and 1980s. Piperaquine is now being used in combination

with dihydroartemisinin.?*



Mefloquine and primaquine (Figure 1.3) are also quinoline based drugs.
Mefloquine is a synthetic drug which resulted from a collaboration between the Walter
Reed Army Institute of Research (WRAIR), the WHO, and Hoffman—Lé Roche in the
1970s. Its development was fueled by the need for a CQ replacement due to
widespread CQ resistance. Like other quinoline antimalarials, mefloquine is thought
to affect the formation of hemozoin, an insoluble matrix of heme dimers that form
inside the Plasmodia. The formation of hemozoin is critical to parasite survival
because it is the parasite’s means of detoxifying the highly reactive heme which is
released during proteolysis of hemoglobin (see below). Although resistance to
mefloquine is frequently found in Southeast Asia, the primary limitation to mefloquine
use relates to neuropsychiatric side effects, which can include depression,
hallucinations, seizures or uncontrollable shaking, violent behavior, and even suicide.
These are more commonly seen at treatment doses, but do show up to a lesser degree

2 Primaquine (Figure 1.3) is an 8-

with the lower doses used for prophylaxis.
aminoquinoline which acts in the liver against the hypnozoite stage of the parasite.6
This makes primaquine very useful in preventing relapses of P. vivax and P. ovale. It
also has been shown to be effective as a prophylactic against P. falciparum.17
However, primaquine does have one major drawback. In people with glucose-6-
phosphate dehydrogenase (G6PD) enzyme deficiencies, primaquine can cause severe
and potentially fatal hemolytic anemia.® It is also not safe for use during pregnancy.

Halofantrine (Figure 1.3) is another drug with activity against the blood borne

stage of the parasite, and is especially useful in areas with multidrug-resistant P.



falciparum malaria. However it does have a potential to induce heart arrhythmia, and
50 its use is now restricted.'’

Sulfadoxine-pyrimethamine (SP, Fansidar®) (Figure 1.3) is a fixed
.combination drug which is still used in sub-Saharan Africa as a frontline treatment,
although it has been withdrawn as a prophylactic after producing severe allergic
reactions in some American travelers.”’> Both sulfadoxine and pyrimethamine attack
the folate pathway of the parasite, with sulfadoxine inhibiting the enzyme
dihydropteroate synthase (DHPS) while pyrimethamine inhibits dihydrofolate
reductase (DHFR). In P. falciparum, DHPS is bound to 7,8-dihydro-6-
hydroxymethylpterin pyrophophokinase (PPPK), suggesting that it is a bifunctional
protein. The selectivity of the sulfa drugs, including sulfadoxine, is due to the fact that
neither of the two PPPK-DHPS enzyme activities are found in humans.”® The
selectivity of DHFR inhibitors has traditionally been attributed to higher affinity of the
drug for the Plasmodium bifunctional DHFR-thymidylate synthase (TS) than for the
human DHFR.>’ However, Zhang and Rathod have highlighted a difference in the
regulation of DHFR between the malaria parasite and humans, which may also have a
role in explaining the selectivity.”® In both cases the DHFR enzyme is bound to its
cognate messenger RNA (mRNA), inhibiting translation. In humans, when the
inhibitor binds to DHFR it causes the release of the mRNA, which results in enzyme
production. This counteracts the effect of the DHFR inhibitor. However, in the
malaria parasite, the Plasmodium DHFR-TS mRNA is bound at a site distant from the

catalytic sites of both the DHFR and the TS enzymes. Thus, a competitive inhibitor
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binding to either enzyme does not release the mRNA, and so the parasite cannot

replace the bound enzyme (Figure 1.4).
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Figure 1.4 Response of host and malaria parasite to pyrimethamine. In humans, when
pyrimethamine binds to DHFR it causes the release of the mRNA, which results in enzyme
production. In P. falciparum mRNA is bound at a site distant from the catalytic sites of both
the DHFR and the TS. Thus, when pyrimethamine binds to DHFR, the mRNA is not released,
so the parasite cannot replace the bound enzyme.

It was hoped that the combination of sulfadoxine and pyrimethamine, with
different modes of action, would prevent the development of resistance. However,
resistance to SP was first reported in 1967, the same year it was introduced, and has
since spread across Africa and Asia.?

Another combination drug currently used 1is atovaquone-proguanil
(Malarone™) (Figure 1.3). While proguanil functions as a prodrug for the DHFR
inhibitor cycloguanil, its combination with atovaquone, a hydroxynaphthoquinone, as
part of the Malarone formulation, is to block mitochondrial electron tra#sport at the

cytochrome bc; complex (Complex IIT).***  Although it is active in both host and

parasite, it has been shown to be over 1000 times more effective at inhibiting
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Plasmodium mitochrondrial respiration processes than that of the human host.*!
Resistance to Malarone has recently been detected, but only in isolated cases.”
Artemisinin (Figure 1.3) is a 1,2,4-trioxaline (an endoperoxide) which is
extracted from the plant Artemisia annua. The plant has been used in China for about
2000 years as a herbal remedy, and as early as A.D. 340 Ge Hong wrote about its use
in the treatment of fevers.” However artemisinin itself has limited use due to its poor
solubility in both water and oil, so research has been aimed at making semi-synthetic
derivatives with improved bioavailability. Reduction gives dihydroartemisinin, which
is the precursor to first generation derivatives including artemether and arteether
(Figure 1.3). Both are more potent than the parent drug, but both have short half-lives
in blood, and are fatally toxic to the central nervous system (CNS) of rats and dogs if
chronically dosed.>* Sodium artesunate (Figure 1.3) is the current, water soluble, drug
of choice, but it too has a very short half-life in the bloodstream, and suffers from a

I As a result it is used in

high incidence of recrudescence of infections in patients."
combination with other drugs. This approach is called artemisinin-based combination
therapy (ACT).! The hope is that this will prevent artemisinin resistance from
developing, as the parasite will always be subjected to two or more drugs with
different modes of action. However, resistance to Fansidar provides a warning against
complacency in this regard. Already artemether resistance has been found in
Cambodia, where it has been used in monotherapy.35 Recent work by Posner and co-

workers has shown that artemisinin dimers (Figure 1.3) are able to cure malaria

parasitemia in mice after just one dose, which is unusual in the artemisinin class of
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drugs.*® They suggest possible factors contributing to this could be an increase in
antimalarial potency, and longer plasma half-life due to a carbon-carbon link at C10
rather than the usual carbon-oxygen link present in artemether and artesunate (see
Table 1.1).

Unfortunately, the cost of ACT is high. Currently all artemisinin-based drugs
are derived from a plant extract, which means they are expensive to produce. When
this cost is combined with the costs of co-formulation and the cost of the second drug,
ACT become almost prohibitively expensive in many of the regions where malaria is
endemic. At the moment this is addressed by donations and/or governmental
solutions, but a long term solution is required.’” The use of synthetic endoperoxides is
one approach to a longer term solution. Several new methodologies have been
developed to incorporate the key endoperoxide functionality into “host” molecules,*®
which has had the effect of making synthetic endoperoxides less expensive than the
natural product artemisinin and its derivatives. An example of this is the work done
by Vennerstom and co-workers leading to OZ277 (also known as RBx 11160) (Figure
1.3).%- 40 Although this has recently been discontinued by the Medicine for Malaria
Venture (MMV), work on second generation compounds continues.*!

Another approach to reducing the cost of ACTs, is that of Keasling and co-
workers. They have engineered yeast to produce artemisinic acid, the immediate
synthetic pre-cursor to artemisinin.*> Currently they are able to produce up to 100

mg/L, but with optimization and industrial scale-up, they should be able to produce

enough to significantly reduce the cost of ACT. An additional advantage of this
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process is that it is not subject to weather or politics which may hamper plant
cultivation.

There has been considerable effort by medicinal chemists to elucidate the
mechanism of action of the artemisinin family of drugs. It is known that the active
pharmacophore is the endoperoxide bond,” but exactly how it works remains a
mystery. It is believed that the mechanism of action involves the free radical
chemistry of the peroxide bond, and several groups have investigated possible
chemical reactions based on this idea. Posner and co-workers in the early 1990s
showed that an initial chemical decomposition induced by a source of Fe(Il), such as
free heme, produces an initial oxy-radical which then rearranges to give one or both of
two distinct carbon-centered radical species.** Each of the carbon radical species has
been proposed as being the intermediate for antimalarial activity.' It has been
suggested that these reactive intermediates alkylate biomacromolecules such as heme,
specific proteins, and other targets, and that this is responsible for the toxicity to the
malaria parasite.*> *¢

An alternative mechanism has been proposed whereby artemisinin acts as a
source of hydroperoxide.*”* Degradation of the hydroperoxide results in the release
of a hydroxyl radical which can go on to oxidize susceptible amino acid residues.”’
This pathway provides a mechanism for producing a multitude of reactive oxygen
species which may play an important role in the antimalarial action of t\he artemisinin-

like drugs.*’* It has been proposed that the nonendoperoxide bridging oxygen of the
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