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Chapter 1

Introduction

1.1. Malaria

1.1.1. General Introduction to Malaria

Malaria has been known to mankind for centuries and was a prominent disease among the Etruscans
living in the Roman Republic as early as 200 B.c. Malaria had such a profound influence on the Etruscans
that some of the ancient Roman temples were dedicated to the goddess Febris, described as an old hag
with a prominent belly and swollen veins; a description of malaria symptoms in medical terms of the
day. Malaria was first known as “Roman fever” but was later renamed after what was thought to be the
cause of the disease, mal’aria, meaning “bad air”. Malaria is a devastating disease all over the world and
its existence can be traced back further than the Roman times. A malaria antigen was detected in skin
and lung tissue of mummies dating back 3200 years (Miller et al., 1994). Ebers Papyrus dating back to
1570 B.C. mentions splenomegaly and fevers, which coincides with mummies found 3000 years ago who

had enlarged spleens presumably due to malaria (Miller et al., 1994).

Increased movement of people during and after the Roman times caused malaria to spread throughout
Europe. During the 12! century malaria had spread to Spain in the west and to Poland and Russia in
the east of Europe. During the 14", 15", and 16" centuries seasonal fevers called “agues” were common
in England. In the 16" and 17*" century malaria was common in England and in many cases the patients
were soldiers returning from Africa and India. Malaria was not present in the Americas until they were
discovered by Europeans. It is postulated that malaria was first brought to the Americas by European

explorers and later by slaves imported from Africa (Miller et al., 1994; Sherman, 1998).

It was, however, not until the 1880’s that Charles Louis Alphonse Laveran (1845-1922), a doctor in
the French military, observed several transparent, mobile filaments emerging from a clear spherical body
(red blood cells), which he named Oscillaria malariae. He hypothesized that this was the causative

agent of malaria, but this hypothesis was initially received with skepticism. In 1907 Laveran received
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the Nobel price for the discovery of the malaria causative agent. Unknowingly, Laveran discovered the
erythrocytic cycle of the malaria parasite while in North-Africa. In 1948 the tissue stages of primate
and human malaria parasites were discovered. Ronald Ross (1857-1932), a Surgeon-Major in the British
Indian Medical Service, discovered in 1897 that the transmission of malaria took place via mosquitoes

(Shermann, 1998).

The life cycle of Plasmodium can be divided into three stages schizogony, gametogony and sporo-
gony (Miller and Harley, 1996). There are four species of Plasmodia that cause malaria Plasmodium
falciparum, P. malariae, P. o ale and P. i a . P. falciparum is the most lethal and causes most of the

deaths, especially in sub-Saharan Africa.

Humans can be infected with malaria when injected with sporozoites by a female mosquito from the
genus nop eles. One can also be infected by sharing of needles or transfusion with infected blood. The
infection by sporozoites is known as the start of schizogony, which is the asexual stage in the host cells
(Miller and Harley, 1996). The sporozoites form new individuals rapidly, which leave the circulation and
localize themselves in the hepatocytes. Here they transform, multiply and develop into tissue schizonts.
This is called the pre-erythrocytic or exo-erythrocytic stage of infection, which is asymptomatic and
can last between 5 and 15 days, depending on the Plasmodium species (Hardman et al., 2001). The
erythrocytic stage of the cyclic infection is initiated by the rupturing of the tissue schizonts, which
releases thousands of merozoites into circulation. After the release of merozoites, P. falciparum and P.
malariae leave no form of the parasite remaining in the liver. However, in the case of P. o ale and P.

i a tissue parasites remain, which can cause relapses of erythrocytic infection months or even years
after the initial infection (Hardman et al., 2001). Once Plasmodium enters the erythrocytes it cannot
invade any other tissues. Asexual development takes place in the erythrocytes where young ring forms
develop into trophozoites maturing to form schizonts (Miller and Harley, 1996). Febrile attacks are caused
by the rupturing of schizont-containing erythrocytes releasing between 6 and 24 merozoites depending
on the Plasmodium species (Hardman et al., 2001). The released merozoites invade more erythrocytes
to continue the cycle, which proceeds until death of the host or modulation by drugs or acquired partial

immunity (Figure 1.1).

Malaria can either be “tertian” or “quartan” depending on the periodicity of the rupturing of schizont-
containing erythrocytes. For “tertian” malaria, synchronous ruptures of infected erythrocytes and the
release of merozoites into the host’s circulation cause febrile attacks to occur on day 1 and 3. Thus,
the periodicity of the parasites and febrile clinical manifestation depends on the timing of schizogony

generation within the erythrocytes. In the “tertian” malaria infections caused by P. falciparum, P. o ale
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and P. i a the schizogony generation takes about 48 hours to complete, resulting in febrile attacks.
In the “quartan” malaria, which occurs in P. malariae, this process takes 72 hours resulting in malarial
attacks on days 1 and 4. In P. falciparum the periodic febrile pattern is less regular due to asynchronous

release of parasites and the segregation of infected erythrocytes on the periphery (Hardman et al., 2001).

The intra-erythrocytic ring stage can also undergo gametogony, which begins the sexual phase of the
life cycle. Gametocytes are taken up after a blood meal by a female mosquito of an infected person
(Miller and Harley, 1996). Exflagellation of the male gametocytes is followed by male gametogenesis and
the fertilization of the female gametocytes in the insect’s gut forms zygotes. These zygotes develop as
oocytes in the gut wall, giving rise to infective sporozoites. The sporozoites invade the salivary glands

of the mosquito and a new infection starts after a blood meal by a female mosquito (Hardman et al., 2001).

The different Plasmodium species not only cause characteristic illnesses but also show distinguishing
morphological features in blood smears. The most dangerous form of malaria is caused by P. falciparum,
which produces overwhelming parasitemia, sequestration of infected erythrocytes in the peripheral mi-
crovasculature, hypoglycemia, hemolysis and shock with multi-organ failure (Hardman et al., 2001). If
treatment of P. falciparum is delayed until after the demonstration of parasetaemia, it may lead to a
fatal outcome even if the peripheral blood can be freed from parasites (Hardman et al., 2001). If detected
early and treated, the infection usually responds within 48 hours. P. i a causes benign tertian malaria
and has a low mortality rate in untreated adults. P. ¢ a shows milder conditions than that of P.

falciparum but is characterized by relapses caused by latent malaria. P. o ale is similar to P. falciparum
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and P. 7 a in its periodicity and relapse. However, the malaria caused by P. o ale is rare and survival

rates are high. The quartan malaria caused by P. malariae is rare and relapses can occur after years.

1.1. . e eed or e nti alarial

Half of the world’s population live in 103 countries plagued by malaria, of which 90 of the between
300 and 500 million clinical cases annually occur in sub-Saharan Africa. More than a million people
die annually from malaria of which P. falciparum, being the most virulent human malaria, is the main
killer (Cambell et al., 2004). The poorest nations are most at risk and malaria is estimated to cost
these already poverty stricken countries nearly US 12 billion annually (Cambell et al., 2004). Pregnant
women, who lose their acquired immunity, and children are most at risk and usually the hardest hit.
One in every five children in sub-Saharan Africa lose their lives to this disease (Cambell et al., 2004).
Malaria is also the biggest killer of children of any infectious disease in the world today. Unfortunately,
mortality from malaria appears to be increasing especially among children. This is due to the emergence
of drug resistant parasites, insecticide resistant mosquitos and the return of malaria to regions where
it has previously disappeared from (Wongsrichanalai et al., 2002). P. falciparum has shown the most
resistance to current available drugs (Wongsrichanalai et al., 2002). Currently available drugs include
artemisinin and its derivatives, atovaquone, chloroquine and congeners, diaminopyrimidines, meflogiune
primagiune, proguanil, quinine and antibacterial agents (including sulfonamides and sulfones and tetra-

cyclines; Hardman et al., 2001).

Calancha, an Augustinian monk, first wrote on the effectiveness of cinchona (quinine) in the treat-
ment of fevers and tertians. uinine is an alkaloid found in the bark of a South American tree called the
chinchona tree. It was used in the 1600’s to cure “the ague” in England (Hardman et al., 2001). The first
resistance to quinine was reported 100 years ago in Brazil although widespread resistance only started
during the 1960’s (Wongsrichanalai et al., 2002). Therefore quinine is used today together with second
line antimalarials (antifolate or antibiotic drugs) in the treatment of infections with P. falciparum. This
combination is used against both chloroquine- and multi-drug resistant (MDR) strains of P. falciparum.

uinine is currently preserved as a second or third-line defense drug and is used in cases of severe malaria

(Wongsrichanalai et al., 2002).

Chloroquine, also known as Arelen, forms part of a large series of 4-aminoquinolines which were
studied and tested in field trials by the United States Army during World War II (Hardman et al.,
2001). In 1943 it was shown that of the 4-aminoquinolines, chloroquine was the best antimalarial. After
the war it was found that chloroquine had already been studied and tested by the Germans in 1934

under the name Resochin. For the next 40 years chloroquine was the most effective and widely used
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antimalarial (Wongsrichanalai et al., 2002). Chloroquine is highly effective against the erythrocytic forms
of P. ia,P. o ale, P. malariae and the chloroquine-sensitive strain of P. falciparum (Hardman et al.,
2001). It exerts activity against the gametocytes of P. ¢ a , P. o ale and P. malariae but not that of
P. falciparum. Chloroquine is also not effective against the latent stages of recurrent malaria caused by
P. 0 ale and P. i ¢ (Hardman et al., 2001). P. falciparum has shown resistance to chloroquine in all

the endemic regions, except in Central America and the Caribbean (Wernsdorfer et al., 1991).

Pyrimethamine, a diaminopyrimidine, has the ability to antagonize folic and folinic acids and was
found to be the most effective compound against P. falciparum of the diaminopyrimidines available. In
chemotherapy, pyrimethamine has been used in combination with the antibacterial agent sulfadoxine.
The sulfadoxine-pyrimethamine combination known as Fansidar has been used for prophylaxis and sup-
pression of human malaria, especially against chloroquine-resistant strains of P. falciparum (Hardman
et al., 2001). Sulfadoxine inhibits dihydropteroate synthase (DHPS) and pyrimethamine dihydrofolate
reductase (DHFR). With the spread of chloroquine resistance, some African countries have switched to
sulfadoxine-pyrimethamine as the first-line defense drug (Wongsrichanalai et al., 2002). The increasing
resistance to sulfadoxine-pyrimethamine throughout Africa is thus of great concern to Africa and the

world (Wongsrichanalai et al., 2002).

Mefloquine, also known as Lariam, is similar in structure to quinine, which was developed in the 1960’s
in the Walter Reed Army Institute of Research (WRAIR; Hardman et al., 2001). Resistance to mefloquine
was first reported in the 1980’s near the Thai-Cambodian border (Wongsrichanalai et al., 2001). It is
postulated that this resistance may have been influenced by prior use of drugs chemically related to
quinine. P. falciparum resistance to mefloquine was shown to be low in the late 1990’s in sub-Saharan
Africa (Lobel et al., 1998). Mefloquine was used first in combination with sulfadoxine-pyrimethamine to
prevent drug resistance. This, however, failed due to the slow elimination of mefloquine, which fostered
the selection of resistant parasites at sub-therapeutic drug concentrations (White, 1999). Mefloquine is
most effectively used in the treatment of malaria after the parasite burden in a patient has been reduced
by artemisinin (White, 1999). However, mefloquine is now recommended exclusively for oral use as a
prophylactic and in chemotherapy against chloroquine- and multi-drug resistant P. falciparum (Hardman

et al., 2001).

Artemisinin is a sesquiterpene lactone endoperoxide derived from the weed, ing oa ( rtemisia
annua). Tea made from ing oa has been used for more than 2 000 years to treat fevers and in
1596, Li Shizhen recommended its use to relieve the symptoms of malaria for the first time ( layman

et al., 1985). In 1972 Chinese scientists identified artemisinin to be the active compound in ing oa.
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Three artemisinin derivatives, dihydroartemisinin, artemether and artesunate were later synthesized with
greater antimalarial potency. The potency of these drugs showed 10-100 fold increase to that of other
antimalarials available (Hardman et al., 2001). Artemisinin is fast acting, effective and safe for use against
severe malaria. It is suggested that it should not be used as a prophylactic or against mild attacks of
malaria due to its rapid action against malarial infection (White, 1999). Therefore artemisinin is associ-
ated with a high rate of recrudescence after monotherapy and is used in a combination with longer-acting
antimalarials such as mefloquine (White, 1999). No artemisinin resistance has been reported to cause
clinical failure. However, some animal models have indicated artemisinin resistance (Wongsrichanalai et
al., 2002). The delay of artemisinin resistance can be contributed to its short half-life and its ability to
reduce the gametocyte-carriage rate (White, 1999). The combination of artesunate and mefloquine has
been used as a first-line drug in Thailand and has shown satisfactory results (Wongsrichanalai et al.,

2002).

P. falciparum is defined to be multi-drug resistant (MDR) if it shows resistance to more than two
groups of operational antimalarial compounds from different chemical classes (Wernsdorfer et al., 1991).
The two most common classes to which drug resistance has been shown are 4-aminoquinolines (chloro-
quine) and antifolates (sulfadoxine-pyrimethamine) as indicated in Figure 1.2 (Wongsrichanalai et al.,
2002). Plasmodium is classified as resistant to a drug if it shows a 25 treatment failure. MDR, can be di-
vided into two groups, established MDR, and emerging MDR (Wongsrichanalai et al., 2002). Established
MDR mainly occurs in southeast Asia and some focal areas in the Amazon Basin area where resistance
has been shown against both chloroquine and mefloquine. Emerging MDR areas are classified by the
widespread loss of clinical e cacy of chloroquine and sulfadoxine-pyrimethamine. Africa is of great con-
cern, since chloroquine and sulfadoxine-pyrimethamine are the cheapest drugs against malaria available
and it would be di cult to find suitable replacements in terms of the cost. East Africa (Tanzania and

enya) is one of the emerging MDR areas with wide-spread resistance against sulfadoxine-pyrimethamine

(Wongsrichanalai et al., 2002).

Considering the current drug resistance throughout the world it is clear that new antimalarials are
desperately needed (Figure 1.2). In developing a new antimalarial the normal constraints present in
drug discovery apply (Rosenthal, 2003). It needs to be e cient, safe and have additional properties
important for the specific disease indication. Antimalarials have some additional criteria, which need to
be taken into consideration during the drug discovery process. New antimalarials need to be used in the
widespread treatment of malaria, often in regions with little or no infrastructure and resources. Therefore,
it is preferred that new antimalarials should be administrated orally and should be effective with a one

dose per day administration. It is also required that the curative regimens should be short with an ideal
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length of 1-3 days (Rosenthal, 2003). The drug discovery of new antimalarials is hampered by finances
since most of the cases of malaria occur in developing countries. Therefore, marketing opportunities are

considered limited and the investment in antimalarial drug discovery is curtailed (Rosenthal, 2003).

The discovery of new antimalarials is therefore dependent on academics and public-private partner-
ships to specifically address this imbalance in the research funding between the First and Third World
diseases (Rosenthal, 2003). One condition is that an antimalarial needs to be inexpensive. A single
treatment of malaria with chloroquine costs about US 0.10. An increase to US 1 may be too expensive
in certain poverty-struck regions (Rosenthal, 2003). The artesunate-mefloquine drug combination used
in MDR cases costs US 3-5 per treatment, which is 3-30 times more expensive per treatment than the
current drugs (sulfadoxine-pyrimethamine and chloroquine) that are used in Africa (Wongsrichanalai et

al., 2002).

The development of new antimalarial chemotherapy can be divided into 6 stages and some will be
discussed briefly. These stages are the optimization of therapy with existing agents, the development of
analogues of existing agents, natural products, compounds active against other diseases, drug resistance

reversers and compounds active against new targets (Rosenthal, 2003). The optimization of therapy
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with existing agents entails new dosing regimens or new formulations to increase antimalarial activity.
This can be done by the inclusion of newer antimalarials in combination therapies, for example the
use of the artemisinin derivative, atovaquone, with mefloquine. It may also include new combinations
of older antimalarials (e.g. amodiaquine sulfadoxine pyrimethamine, chlorproguanil dapsone). New
combinations of older agents can be very valuable in Africa, since it will be cheap and therefore may
be used as first-line therapies. The development of analogues of existing agents entails the chemical
modification of existing antimalarials to increase activity against its targets. Chloroquine, primaquine
and mefloquine were derived from the chemical modification of quinine to improve its activity (Hardman

et al., 2001). This is also true for the three derivatives of artemisinin (Hardman et al., 2001).

The knowledge of medicinal plants from traditional healers living in endemic malaria areas can be
a valuable source of finding lead-like compounds that can be used in the synthesis of new antimalarials
(Rosenthal, 2003). Both quinine and artemisinin are naturally occurring compounds and can be seen as
lead-like compounds since many chemical compounds were derived from them and used as antimalarials.
Folate antagonists and tetracyclines were developed for their antibacterial activity but were later also
found to be active against malaria (Hardman et al., 2001). Certain drugs can cause reversal of drug
resistance in P. falciparum, which include the antidepressant, desipraminse, and the antihypertensive,
verapamil (van Schalkwyk et al., 2001). Compounds active against malaria are being investigated for new
targets located within the cytosol, parasite membranes, food vacuole, mitochondria and the apicoplast

(Rosenthal, 2003).

1. . la ie

Polyamines are a group of compounds that have been widely studied in cancer treatment. Numerous
inhibitors have been identified and studied providing lead-like compounds, which can be used as a starting
point in the search for new antimalarials to reduce cost. Diseases caused by parasites related to Plasmodia
have been successfully treated by inhibiting the polyamine pathway as will be discussed in this section

(Muller et al., 2002).

1. .1. at are ol a ine

Polyamines are ubiquitous aliphatic amines consisting of putrescine (1,4-butanediamine), spermidine
(N-(3-aminopropyl)-1,4-butanediamine) and spermine (N!,N4-bis(3-aminopropyl)-1,4-butanediamine).
The first polyamines to be discovered were spermidine and spermine in 1678 by Antoni van Leeuwen-

hoek. It was found in microscopic crystalline inclusions of human seminal fluid and their trivial names
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recall this discovery (Co no, 2000). These biogenic amines have low molecular weights and are highly
charged at physiological conditions (Casero et al., 2003). The structure of polyamines can be described
as having regularly spaced positive charges interrupted by hydrophobic methylene bridges (Gugliucci,
2004; Figure 1.3). These molecules have been found to be present in all prokaryotic and eukaryotic
cells studied to date. Polyamines exert a large number of biological effects, and have been implicated
to play an essential role in cell proliferation, cell differentiation and macromolecular synthesis (Muller et
al., 2001). Despite several decades of intensive research work, the mode of action of polyamines at the

molecular level is largely unknown (Gugliucci, 2004).

+
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The most important function of polyamines is to bind nucleic acids, particularly DNA (Cohen, 1998).
Spermidine and spermine have been shown to stabilize nucleic acids. Spermine prefers binding in the
major groove but has also been shown to bind along the backbone and in the minor groove of DNA.
Occurring in both naked DNA and chromatin, polyamine binding has been shown to cause condensation
of DNA (Pelta et al., 1996). This binding creates a bridge, which acts as a clamp holding together
either two different molecules or two distant parts of the same molecule (Wemmer et al., 1985; Bryson
et al,. 2000). Putrescine and spermidine favour binding in the minor groove (Ruiz-Chica et al., 2001).
Spermine has additionally been proven to act as a free radical scavenger and thus plays a protective role
in cells (Ha et al., 1998). Spermidine has also been suggested to perform this function ( han et al.,

1992) and to increase the activity of DNA-polymerase in P. falciparum six-fold (Bachrach et al., 1990).
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1. . . General ol a ine Meta oli in Ma al and roto oa

The importance of polyamines to cells can be inferred from the tight regulation of their cellular
levels (Davis, 1994). Polyamine pool regulation takes place in a very fast, precise and sensitive manner
(Urdiales et al,. 2001). Depleted levels have been shown to cause cell death and an excess has been
shown to be toxic (Davis et al., 1990). The levels of polyamines are controlled via four different means;
de no o synthesis, interconversion (Caraglia et al., 2000), terminal degradation (Rabellotti et al., 1998)

and transport (Seiler et al., 1996).
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The mammalian polyamine pathway is indicated in Figure 1.4. Polyamines are synthesized from
the precursor, ornithine. Ornithine is decarboxylated by ornithine decarboxylase (ODC, EC 4.1.1.17)
producing putrescine. In some higher plants and microorganisms agmatine is utilized to produce pu-
trescine via agmatase (EC 3.5.3.11). Agmatine is formed after decarboxylation of arginine by arginine
decarboxylase (ADC, EC 4.1.1.19) and has been found to be present in some mammalian cell tissues
e.g. kidney, liver and brain (Gilad et al., 1996). Ornithine is available in the cell plasma and can
be formed by conversion of arginine to ornithine by arginase (EC 3.5.3.1). Putrescine is converted by
spermidine synthase (SpmdSyn; EC 2.5.1.16) to spermidine by the addition of an aminopropyl group
obtained from S-adenosyl-5-deoxy-(5’)-3-methylthiopropylamine (dcAdoMet). An aminopropyl group is
then added to spermidine by spermine synthase to form spermine (EC 2.5.1.22). dcAdoMet is produced
by S-adenosymethionine decarboxylase (AdoMetDC; EC 4.1.1.50) from S-adenosylmethionine (AdoMet).

5’-methylthioadenosine (MTA) is produced after the aminopropyl group transfer in the above-mentioned
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reactions (Fontecave et al., 2004). In mammalian cells interconversion of spermine and spermidine
takes place by acetylation with acetylCoA by means of spermine spermidine acetyltransferase (cSAT,
EC 2.3.1.57). The spermine and spermidine acetyl derivatives undergo oxidative splitting by polyamine
oxidase (PAO, EC 1.4.3.4) to produce putrescine and spermidine, respectively. The putrescine and sper-
midine produced by this oxidative splitting of PAO can then be re-utilized for polyamine biosynthesis

when needed.

Mammalian cells thus have many ways to regulate and interconvert polyamines. For this reason it is
extremely di cult finding single effective antitumor drugs against the polyamine pathway. However, there
are significant differences between the polyamine pathways of parasitic protozoa and those of mammalian
cells. The main differences are that P. falciparum cannot convert spermidine back to putrescine nor can
it convert spermine back to spermidine. In P. falciparum the AdoMetDC enzyme is also bifunctional
and no spermine synthase has been identified. These differences raise hope for finding possible drugs

against parasitic protozoa (Muller et al., 2001).

Spermidine can be converted to deoxyhypusine by spermidine-specific deoxyhypusine synthase in
both human and P. falciparum cells (Figure 1.5). This is needed in the post-translational modification
of the eukaryotic translation initiation factor eIF-5A. Hypusine biosynthesis takes place in two stages.
First, spermidine together with the eIF-5A precursor is combined to form deoxyhypusine (inactive form).
The second stage is the conversion of deoxyhypusine to hypusine (active form) by deoxyhypusine hy-
droxylase. During the hypusinylation, a specific lysine residue in the eIF-5A precursor is modified via
an intermediate (deoxyhypusine) to an unusual amino acid called hypusine (Park et al., 1997). The
role of the ubiquitous molecule eIF-5A remains mysterious but it is suggested that eIF-5A is involved
in subsequent translation of specific mRNA in cell cycle progression (Schnier, 1991, Ober et al., 2003).
This function of spermidine has been indicated as the major reason of success in cancer treatment with

polyamine metabolism inhibitors (Byers et al., 1994).
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The lack of success of polyamine biosynthetic inhibitors in general can mostly be explained by the
supplementation of the depleted polyamine pools by transport from the extracellular environment (Sieler
et al., 1996). Polyamines are abundant in circulating blood, especially erythrocytes, from which it can
be substituted to relieve polyamine depletion (Gugliucci et al., 2004). A single polyamine transporter

usually exists for putrescine, spermidine and spermine and the mechanism of action is carrier-mediated
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and energy-dependent. Transport is usually activated by sodium and the a nity for the polyamines
increases with an increase in the positive charge of polyamines. Numerous exceptions to the above
mechanisms of transport are known (Seiler et al., 1996). Thus for polyamine biosynthetic drugs to be

successful, effective polyamine transporter inhibitors are also needed.

1. . . ol a ine Meta oli In i itor and ara itic roto oa

The polyamine pathway has predominantly been studied to find new antitumor drugs due to the
important role polyamines play during cell proliferation. These studies have been modest with no drugs
being accepted for clinical use (Muller et al., 2001). Currently, several polyamine biosynthetic pathway
inhibitors are being evaluated as possible treatments for different cancers. Polyamine biosynthetic in-
hibitors are being tested alone or in combination with each other as well as together with other antitumour

drugs (Criss, 2003).

The most widely studied enzyme in the polyamine biosynthetic pathway is ODC. It is the first
enzyme in the polyamine pathway and the inhibition of ODC is expected to deplete all three of the
main polyamines. AdoMetDC has also been widely studied as a drug target as its inhibition causes
the depletion of spermidine and spermine pools (Muller et al., 2001). The most effective antitumor
drug, -difluoromethylornithine (DFMO) targets ODC. DFMO is being used in combination with other
antitumor drugs and studies are being done to use it as a prophylactic in cancer treatment. The
spermine spermidine acetyltransferases have also been studied since the polyamines produced by them
constitute a significant fraction of the polyamine pool. The polyamine pathway and its control has also
widely been studied in a variety of parasitic protozoa including r panosoma rucei, r panosoma cru i,

eis mania dono ani, eis mania infantum, Plasmodium erg ei and Plasmodium falciparum (Heby et

al., 2003; Gonzalez et al., 2001; aiser et al., 2003 ).

rucei is the causative agent of African sleeping sickness (African trypanosomiasis), which is
transmitted to humans by the bite of the tsetse fly (genus lossina; Heby et al., 2003). The parasites
are situated in the salivary glands of the fly, which enter the blood and make their way to the cere-
brospinal fluid via the lymph. West African trypanosomiasis, caused by r panosoma rucei gam iense,
can effectively be treated by the inhibition of ODC with DFMO. This treatment of West African sleeping
sickness is effective in both the early and late stages ( an Nieuwenhove et al., 1985). For the treatment of
East African sleeping sickness caused by r panosoma rucei r odesciense, DFMO is however, ineffective
and this can not yet be explained. The reason for the effectiveness of DFMO in West African sleeping

sickness can be explained by the stability of the parasite’s ODC compared to that of the human host.
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The ODC half-life is approximately 6 hours for . . gam iesense, compared to less than 1 hour for
human ODC (Phillips et al., 1987). To date, treatment of . 7rucei with DFMO is the only success
story for the treatment of parasitic protozoa by interfering with the polyamine pathway and gives hope

for the treatment of other parasitic protozoa.

Chaga’s disease is found in Latin America and its causative agent, . cru i, a parasitic protozoa,
is transmitted by the blood-sucking subfamily of riatominae. . cru i lacks the ODC enzyme and
relies on the uptake of exogenous putrescine for its survival (Persson et al., 1998). Consequently, drugs

targeting the polyamine metabolism down-stream from ODC are needed for the treatment of this disease.

. dono ani and . infantum are the causative agents of visceral leishmaniasis ( ala-Azar). Its
vector is the sandfly (genus P le otomus; Heby et al., 2003) occurring in the tropics but mostly in India.
The ODC of eis mania also has a long half-life ( 20 hours) as in 7 panosoma, and therefore DFMO

is an effective drug against this disease. eis mania is showing resistance to DFMO (Hanson et al., 1992).

Plasmodium has been shown to be sensitive to the inhibition of ODC at several stages of the life-cycle.
The treatment of the mosquito vector with DFMO has been shown to inhibit the sporogenous cycle of P.
erg ei in the vector, stopping the transmission of malaria (Gillet et al., 1983). DFMO has also been indi-
cated to block exo-erythrocytic schizogony and to limit the erythrocytic schizogony of mice infected with
P. erg ei (Bitonti et al., 1987). n itro studies of the inhibition of ODC in P. falciparum by DFMO and
other inhibitors resulted in the inhibition of the erythrocytic schizogony (Whaun et al., 1985). DFMO
treatment of erythrocytic cells infected with P. falciparum, reduced the ODC activity, decreased the
spermidine and spermine levels and inhibited the growth and maturation of the intracellular parasite at
the trophozoite stage (Whaun et al., 1985). Another target in the polyamine pathway, AdoMetDC, was
inhibited by AbeAdo (5~ -4-amino-2-butyl methylamino -5’deoxyadenosine) causing the inhibition of
growth and maturation of the intracellular parasite at the trophozoite stage. The inhibition of parasites
treated with AbeAdo could only be alleviated by supplying exogenous spermidine and spermine but not

putrescine (Wright et al., 1991).

It thus can be concluded that infectious diseases caused by parasitic protozoa can be successfully

treated by interference or inhibition of the polyamine pathway.
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1.. per iie tha e

1. 1. 1 ortance o er idine nt ae d n in ara itic roto oa

SpmdSyn has been extensively studied in parasitic protozoa over the last 10 years. The importance
of SpmdSyn has been indicated in  rit idia fasciculata, . cru i and P. falciparum (Gonzalez et al.,
2001; aiser et al., 2003). In a study by Gonzalez et al. (2001) it was proposed that the effectiveness of
DFMO against parasitic protozoa is due to the depletion of spermidine in the cells. It was noted that
parasitic protozoa, which have a stable ODC (half-life - 8 hours) were susceptible to the treatment
with DFMO. This was only true if the treatment with DFMO was repeated on the parasites with a
stable ODC and resulted in the arrest of their cell proliferation. It was found to be applicable to
me icana and . rucei (Gonzalez et al., 2001). . fasciculata showed a natural resistance to DFMO
and it is speculated that this is due to the short half-life of ODC, approximately 20-40 minutes (Carrillo
et al., 2000). The short half-life of the ODC allows for small quantities of putrescine to be produced and
subsequently converted to spermidine. The arrest of cell proliferation took place only after a reduction
in spermidine levels to less than 40 of its normal levels indicating the importance of spermidine levels

to the parasites (Gonzalez et al., 2001).

The human erythrocyte lacks the enzymes involved in the synthesis and the metabolism of spermi-
dine. Inhibition studies on the spermidine synthase from P. falciparum (PfSpmdSyn) were subsequently
performed to determine the effect of spermidine depletion in P. falciparum. Cyclohexylamine (CHA),
a SpmdSyn-specific inhibitor, was used to study spermidine depletion in both the chloroquine-resistant
and chloroquine-sensitive strains of P. falciparum ( aiser et al., 2001). The studies indicated that
the chloroquine-sensitive strain of P. falciparum had an ICsp value of 97 M for CHA whereas the
chloroquine-resistant strain had an ICsg of 501 M. It is speculated that the difference in ICsg values
between the two strains of P. falciparum is due to poorer uptake of the drug by the chloroquine-resistant
strain ( aiser et al., 2001). When inhibiting SpmdSyn by CHA the only means to reverse the effect on
P. falciparum was by supplying exogenous spermidine but the effect could not be reversed by exogenous
putrescine or spermine ( aiser et al., 2001). The importance of spermidine for the survival of P. falci
parum in its erythrocytic stages subsequently led to further studies, which included the metabolism of
spermidine. There are two known enzymes, which metabolize spermidine ( aiser et al., 2003). First,
spermidine can be metabolized to homospermidine via one of two reactions. Homospermidine can be
generated in a nicotinamide adenine dinucleotide (NAD™)-dependent reaction, which converts two pu-
trescine molecules into one homospermidine molecule. Another means of producing homospermidine is
by catalysis of a spermidine molecule and a putrescine molecule, also via a NAD*-dependent reaction.

The latter reaction was found to be present in P. falciparum ( aiser et al., 2003). The second way
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in which spermidine can be metabolized, is by acting as a precursor for the production of hypusine
by deoxyhypusine synthase, which was also found to be present in P. falciparum (Figure 1.5). This
reaction takes places as previously described ( aiser et al., 2003). The two means by which spermidine

can be metabolized are indicated in Figure 1.5. The function of homospermidine, however, is still unclear.

Inhibition studies were performed with agmatine and 1,7-diamineheptane, which are moderate in-
hibitors for homospermidine synthases in plants. However, the reduction in the growth and proliferation
of P. falciparum was much less than for the SpmdSyn inhibitor, CHA ( aiser et al., 2001). Thus, specific

inhibitors of SpmdSyn can be a source of novel inhibitors against parasitic protozoa.

1. . . tructure old o er idine nt ae

Six crystal structures of aminopropyl-transferases (spermidine spermine synthase family) are cur-
rently available in the Protein Data Bank (PDB). These crystal structures exist in either a tetrameric or
a dimeric form. In the tetrameric structures the monomers were labeled as chains A, B, C and D. In the
dimeric structure they were labeled as chains A and B. The tetramerization of SpmdSyn from  ermotoga
maritima ( mSpmdSyn) is maintained by a -barrel formed from hairpin loops found at the N-terminal
end of the protein ( orolev et al., 2001). It is thought that the tetramerization causes the protein to
have more thermostability since it is known that oligomerization decreases the solvent-accessible surface,

which increases protein stability ( orolev et al., 2001).

SpmdSyn monomers consist of two domains (Figure 1.6). The N-terminal domain consists of six
-strands and can be divided in a hairpin loop and a 4-stranded -sheet, forming part of the active
site. The hairpin and the -sheet are situated on top of the larger C-domain to form a “roof” for the
protein over the active site. The catalytic C-terminal domain of SpmdSyn has a Rossmann-like fold.
The Rossman-like fold for mSpmdSyn consists of a seven-stranded -sheet with a strand order of 9",
8", 7", 10", 11", 13#, 12" (arrows indicating the direction of the strands) flanked by 9 -helices ( orolev
et al., 2001). A crystal structure of SpmdSyn from ra idopsis t aliana ( tSpmdSyn) also consists of
a seven-stranded -sheet having the same strand order as mSpmdSyn. The hairpin of ¢SpmdSyn
is classified as one -sheet within the Topology of Protein Structure (TOPS) classification, therefore

-strands 1 and 2 are represented as one -strand.
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The Rossmann-like fold topology found in SpmdSyn is also found in numerous nucleotide- and
dinucleotide-binding enzymes as well as S-adenosyl-L-methionine-dependent methyltransferases (Mtase;
orolev et al., 2001). A study by orolev et al. (2001) revealed that SpmdSyn has a similar structure to
catechol O-methyltransferases, glycine N-methyltransferases and adenine-N6-DNA-methyltransferases.
Methyltransferases have been classified to consist of 9 motifs, of which motifs I and I were found
to be the most conserved in mSpmdSyn ( orolev et al., 2001). The aminopropyl-transferase fam-
ily signature -LA-LI (2)-G-G-G-x-G-x(2)-LI -x-E (PROSITE entry PS01330) occurred in both
tSpmdSyn and mSpmdSyn and was found at the end of -7, corresponding structurally to Motif I in
methyltransferases ( orolev et al., 2001; Malone et al., 1995). Motif I corresponded to a gate-keeping
loop that closes over the active site of SpmdSyn in . maritima. In chains A and D of the crystal
structure from mSpmdSyn, this loop is completely resolved and covers the active site, which contains a
substrate analogue, S-Adenosyl-1,8-diamino-3-thiooctane (AdoDATO). In chain C this loop is disordered,
exposing the substrate analogue to solvent. Thus, the gate-keeping loop effectively acts as a gate-keeper

of the active site, hence its name ( orolev et al., 2001; Figure 1.6¢ and Figure 1.7).

N-term ~

Tm
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1. . . Mec ani o ction

The propylamine-transfer reaction that takes place in SpmdSyn occurs through a single-displacement
reaction mechanism (SN reaction; Figure 1.8). The SN, reaction causes the inversion of the configuration
of the methylene carbon undergoing a nucleophilic attack by putrescine (Orr et al., 1988). It is proposed
that in this mechanism of action, SpmdSyn interacts with the attacking amino group of putrescine to
reduce the protonation state of putrescine and facilitate the electron transfer ( orolev et al, 2001).
An evaluation by orolev et al. (2001) indicated Asp170 of mSpmdSyn as the most likely candidate
to deprotonate the attacking amino group of putrescine. Aspl70 is highly conserved throughout the
aminopropyl transferase family ( orolev et al., 2001). In methyltransferases, the corresponding residue
is proposed to be a hydrogen bond acceptor for the target amino group in the reaction (Malone et al.,
1995). It was also proposed that Tyr76 and Ser171 of mSpmdSyn are important for the binding and
proper orientation of putrescine ( orolev et al., 2001). The SpmdSyn of . maritima lacks a Pro residue,
and is replaced by a Gly in its gatekeeping-loop. The mutation of this conserved residue was used to
explain the higher SpmdSyn activity of the SpmdSyn found in . maritima compared to the activities of
SpmdSyn from other species. It is proposed that this mutation allows for higher flexibility of the loop,

which increases the SpmdSyn activity of mSpmdSyn ( orolev et al., 2001).

NH, NH
NH; .
T T %
NP NP
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This study aimed to gain insight into the 3D structure of SpmdSyn from P. falciparum mainly
through the in silico construction of a 3D model. The structural modeling portion of the study was
followed by molecular dynamics, which assisted in finding the interaction between PfSpmdSyn and the
substrates, dcAdoMet and putrescine. Results of mutational studies performed on residues important
for the normal functioning of PfSpmdSyn prior to the availability of the model could be explained when
the model became available. Additional biochemical investigations to be performed have been suggested
and are required to validate the homology model of PfSpmdSyn. It is expected that the information
gained from this study will contribute to the identification of novel antimalarials targeted specifically
against the polyamine pathway. The specific aims were as follows

a ter o olo Modelin o er idine mnt a e The
objective was to obtain a homology model of the SpmdSyn from P. falciparum. This model should
contain both the naturally-occurring substrates and should be stable during molecular dynamics.

a ter alidation o t e er idine nt ae o olo odel
The objective was to explain the effect of mutational studies performed prior to the construction of the
homology model, to give an indication of the accuracy of the homology model. The structural model was
also used to suggest additional mutational studies to be performed, which will help to indicate whether

the model can reliably be used in further studies.

In the following chapter the homology modeling and molecular dynamics of PfSpmdSyn will be

discussed and analyzed to give an indication of the usefulness of the model for further studies.
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