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ABSTRACT

The Interaction of Verapamil with the Human Malaria Parasite
Plasmodium falciparum

Donelly Andrew Van Schalkwyk

Division of Pharmacology, Department of Medicine, University of Cape Town,
South Africa

December 2004

Verapamil was the first compound identified to reverse resistance to chloroquine in
Plasmodium falciparum (Martin et al, 1987). At concentrations that are non-toxic to
parasites verapamil increases the accumulation of chloroquine into resistant parasites and
thereby restores the parasite sensitivity to chloroquine. Verapamil lacks any effect on
chloroquine action in sensitive strains. Drug accumulation and kinetic studies with
radiolabeled drug analogues have been used in attempts to understand the mechanism by
which verapamil reverses chloroquine resistance, but to date have yielded little
information. A more comprehensive understanding of how verapamil interacts with the
Plasmodium parasite and reverses chloroquine resistance may lead to the design of more
effective chemosensitisers that would be clinically useful.

‘This thesis describes the accumulation of radiolabeled verapamil into various strains of
Plasmodium falciparum. Verapamil accumulation was similar in chloroquine sensitive
and resistant strains. Verapamil uptake was rapid, non-saturable over a large
concentration range and was not energy-dependent.

There was no significant difference in the sensitivity to verapamil among the chloroquine
sensitive and resistant parasites tested. Using western blots, the P-glycoprotein 1 (Pghl)
expression could not be correlated with the parasite sensitivity to verapamil. Verapamil
had a concentration-dependent effect on increasing radiolabeled chloroquine
accumulation in several resistant strains tested. Verapamil was able to reduce the rate of
efflux of chloroquine within the first minute of measurement.

Verapamil was found to inhibit haem crystallization at very high concentrations in vitro.
However, when verapamil was combined with chloroquine or quinine, it reduced the
effect of these antimalarials on inhibiting haem crystallization in vitro.

At concentrations that are non-toxic to the parasite verapamil caused an accumulation of
haemoglobin in chloroquine resistant strains. Using immunofluorescence microscopy this
haemoglobin buildup was shown not to be associated with an increase in the number of
endosomes in the parasite as is observed with chloroquine action.
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Chapter 1

Introduction

1.1 Perspective

Malaria is one of five diseases that cause the highest rates of mortality in man. Caused by the
Plasmodium parasite, it is responsible for between 700,000 and 2.7 million deaths per year. Most
of the mortality owing to malaria is attributable to the P. falciparum species but there are three
other, less virulent species that affect man; namely P. vivax, P. ovale and P. malariae. Over 75%
of the deaths attributable to malaria occur in African children and there are between 400-900

million febrile episodes in children under the age of 5 years (Breman, 2001).

1.2 The Life Cycle of the Malaria Parasites

Plasmodial infections are transmitted by the Anopheles mosquito. Anopheles gambiae and
Anopheles funestus are the most effective vectors for Plasmodium falciparum transmission
(Breman, 2001). The Plasmodium parasite undergoes a complex life cycle both in the human host

and in the anopheline mosquito.

When a female mosquito bites a human host, sporozoites enter the bloodstream. They then travel
to and infect hepatic cells. Here the sporozoites undergo asexual fission to release a new form of
the parasite called the merozoite. Merozoites, released from the liver cells, can now enter the
asexual erythrocytic stage of their growth in the human host. They infect erythrocytes and form a
ring stage which later matures into the trophozoite stage. At this point the parasite is rapidly
ingesting large amounts of the host cell’s haemoglobin (Goldberg et al, 1990). The trophozoite

nucleus then divides asexually to form a schizont containing between 6-24 nuclei. These
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schizonts then divide and release merozoites when the erythrocyte is ruptured for the life cycle to

continue.
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Figure 1.1: The life cycle of the malaria parasite. Image taken from
http://www.cdc.gov/malaria/biology/life_cycle.htm

Sometimes the merozoites develop into gametocytes within the erythrocyte. When the mosquito
ingests these cells during a blood meal the gametocytes take on either a male or female form.
When the erythrocyte is lysed, the male and female forms fuse to form an ookinete. The ookinete
migrates to the gut wall of the mosquito where it forms an oocyst. This oocyst divides 10 form the
sporozoites that will migrate to the mosquito saliva to continue the cycle when the next human

host is bitten (Prescoti, 1993).

1.3 Antimalarial Drugs that Target the Blood Stages

Most of the antimalarial drugs used today act on the erythrocyte stages of the parasite life cycle.
The three main classes of drugs involved in targeting the erythrocyte stages are:
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1) The folate antagonists (sulphadoxine, pyrimethamine, proguanil)
2) The quinoline based drugs (chloroquine, mefloquine, quinine)

3) The artemisinins (artemether, artesunate, artemisinin)

The drugs that will be focused on here are the quinoline-based antimalarials and more
specifically the action of chloroquine (CQ). CQ had been the mainstay of malaria treatment
throughout malaria endemic areas for over 50 years. However, since the first cases of resistance
to CQ were reported in the early sixties, there has a steady decline in the use of this cheap and
relatively safe antimalarial. Today the prevalence of chloroquine resistance (CQR) has made the -

drug virtually useless worldwide as an antimalarial therapy.

1.4 Action of Chloroquine

The action of CQ on the Plasmodium parasites is stage specific. CQ exerts its toxic effects on the
trophozoite stage of parasite life cycle (Geary et al, 1989). This is the period during which the

parasite is most rapidly taking up haemoglobin from the erythrocyte.

1.4.1 Altered pH (Alkalinisation) in the Acidic Vesicle (Vacuole)

Early work on determination of pH in vacuoles of macrophages using the uptake of fluorescent
dextran estimated the pH at between 4.8-5.2 (Okhuma and Poole, 1978). Exposure to CQ in this

system led to an increase in the vacuolar pH.

The parasite cytoplasm has a pH of 7.4 and its vacuole has a pH of between 5.2-5.7 (Krogstad et
al, 1985; Dzekunov et al, 2000). CQ is a weak base with pKas of 8.1 and 10.2. It would be
expected to move into acidic compartments like the parasite’s digestive vacuole down the pH
gradient. Within the vacuole CQ becomes diprotonated. This charged species will not easily cross
membranes and will thus accumulate within the vacuole. It has been estimated that CQ can reach
micromolar concentrations in the parasite and millimolar concentrations in the vacuole (Yayon et
al, 1984b). The accumulation would continue until the buffering capacity of the vacuole is

exceeded. Then the pH of the vacuole would increase and the function of enzymes crucial to the
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parasite’s survival would be undermined (De Duve et al, 1974). Krogstad et al (1985) also used
fluorescent dextran uptake to demonstrate that CQ could increase the vacuolar pH of Plasmodium
falciparum parasites. This increase in vacuolar pH caused by CQ was confirmed by other groups
(Yayon et al, 1985).

1.4.2 Interaction with F. erriprotoporphyrin IX (FPIX)

The Plasmodium parasite takes up haemoglobin from the host erythrocyte which is digested by
means of a series of proteases into amino acids and peptide fragments. This haemoglobin
breakdown also leads to the release and buildup of toxic haem or ferriprotoporphyrin IX. The
parasite detoxifies haem by converting it to the non-toxic crystal haemozoin. The structure of this
crystal has recently been elucidated using X-ray powder diffraction (Pagola et al, 2000). Chou et
al (1980) proposed that CQ can interact with haem. CQ accumulation was shown to correlate
well with the amounts of free haem available in the parasites (Bray et al, 1999). CQ binding to
haem causes an inhibition of crystallization which in turn leads to the buildup of toxic haem. This

free haem can induce membrane permeabilization that can lead to haemolysis (Chou et al, 1980).
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Figure 1.2: The structure of chloroquine (Egan et al, 2000).
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Structure-activity studies have given insight into the interaction between CQ and haem. By
modifying the structure of CQ and testing its effect on the inhibition of crystallization, the
important structural characteristics have been identified (Egan et al, 2000; Kaschula et al, 2002).
The planar 4-aminoquinoline ring is important in binding to the haem structure and the chloride
group is important in inhibiting crystallization. The basic side chain is important in the
accumulation of CQ into the acidic vesicle via pH trapping where it can interact with the haem

(Egan et al, 2000).

1.4.3 Inhibition of Glutathione-Linked- or Peroxidative- Degradation of FPIX

While it is known that haem can be detoxified by crystallization into haemozoin, two groups

proposed that this was not the only method of removing free haem.

Ginsburg et al (1998) reported that only about 30% of the haem is converted to haemozoin. They
propose that the majority of the haem is then exported into the parasite cytoplasm where it is
degraded by glutathione. They showed that both CQ and amodiaquine were able to inhibit the

glutathione mediated degradation of haem both in solution or when membrane-bound.

Loria et al (1999) also suggest that only a third of the haem is converted to haemozoin. Haem is
able to react with H;O; causing its own breakdown in a process referred to as peroxidative
decomposition. By mimicking the conditions in the food vacuole, they were able to show that
peroxidative decomposition could occur quite rapidly. They then showed that CQ and other
antimalarials inhibited the peroxidative decomposition of haem. They propose that this may be

one of the ways in which CQ exerts its toxicity towards the parasite.

The results presented in the two above-mentioned articles have been questioned on guantitative
grounds. Egan et al (2002) determined the fate of haem iron in the Plasmodial parasites. They
found that 61% of the iron present in parasitised erythrocytes was found in the trophozoite. This
correlated well with the 62% of the haemoglobin that was taken up by the parasite from the
erythrocyte. Over 90% of the iron within the parasite was found in the food vacuole and almost

88.9% of this iron was in the form of haemozoin. This contradicts the theories of both Ginsburg
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et al (1998) and Loria et al (1999) that only about 30% of the haem is converted into haemozoin.
This suggests that the inhibition by CQ of haem crystallization was the main action of this

antimalarial.
1.4.4 Other Possible Mechanisms of Chloroquine Action

It has recently been reported that CQ causes a buildup of haemoglobin in Plas:ﬁ'odium Jfalciparum
trophozoites (Famin and Ginsburg., 2002). This haemoglobin was identified in endosomes
outside the vacuole using various fluorescent techniques (Hoppe et al, 2004). Previously it had
been shown using electron microscopy that, in the presence of CQ, endosomes accumulate within
the digestive vacuole of the parasites (Yayon et al, 1984a). It was proposed that one of the effects
of CQ was to inhibit the fusion of the endosomes with the vacuole membrane. Whether this is a

primary action of CQ or a secondary result of one of the actions mentioned above is not known.

CQ has also been suggested to inhibit a haem polymerase enzyme. Slater and Cerami (1992)
suggested that the formation of haemozoin from free haem is catalyzed by a haem polymerase
enzyme. They then demonstrated that CQ was able to inhibit the enzyme in a concentration
dependent manner. This theory came under scrutiny when it was shown that the formation of B-
haematin from haem could occur in the absence of proteins (Dorn et al, 1995). Also CQ is able to

inhibit the B-haematin formation in the absence of protein in vitro (Egan et al, 1994).

1.5 Chloroquine Resistance

Resistance to a drug can be brought about in several ways. Firstly the drug may be altered to
become less active and thus less toxic to the cell concerned. Secondly the drug target may be
altered so that the drug cannot exert its effect on the modified target. Thirdly the target may be
overexpressed thereby reducing the effect of the toxin. Fourthly the drug may be denied access to
its target by either a reduction in its accumulation or an increase in its efflux out of the cell or just

away from its site of action.
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Fitch was the first to report that CQR Plasmodium falciparum strains accumulate less CQ than do
CQS strains (1970). This reduced accumulation of CQ forms the basis for all the theories for
resistance to CQ. The manner in which this is achieved though has been widely debated. Another
distinct characteristic of resistance to CQ is the ability to reverse its resistance using agents like
verapamil (VPL). However recently discovered strains appear to lack this characteristic as will be

described later.
1.5.1 Reduced Import/Uptake of Chloroquine

Sanchez et al (1997) and Wunsch et al (1998) proposed that a Na'/H" exchanger was responsible
for importing CQ into the malaria parasite. They suggested that CQ was exchanged for protons
via the Na*/H" exchanger leading to its accumulation into the parasites. CQR parasites possess an
impaired Na*"/H" exchanger compared with CQS parasites. CQR parasites thus have a reduced
capacity to import CQ. This theory was challenged by Bray et al (1998/1999). They used sodium-
free media to show that CQ was not exchanged for protons via the Na*/H" exchanger (Bray et al,
1998). They also showed that amiloride, an inhibitor of the Na'/H" antiport, and its derivatives
were competing with CQ for haematin, the intravacuolar target of CQ. This would explain why
CQ uptake was reduced in the presence of these inhibitors of the Na'/H" exchanger as opposed to

any altered function of the exchanger.

1.5.2 Increased Efflux of Chloroquine

Originally it was demonstrated that CQR strains efflux CQ far more rapidly than do CQS strains
(Krogstad et al, 1987). CQ was shown to be effluxed from CQR strains at a rate 40-50 times
faster than that seen in a CQS strain. Other groups have also reported a similar finding (Bayoumi
et al, 1994). The efflux mechanism has been shown to be energy dependant as it is significantly
less effective in the absence of glucose (Krogstad et al, 1992). More recently, it was once again
affirmed that the efflux mechanism is responsible for reduced accumulation and that this was an
energy dependent process (Sanchez et al, 2003). However two groups have questioned these
hypotheses. Firstly Bray et al (1992a) showed that both CQS and CQR strains have similar efflux

rates with the CQS strain showing a marginally faster rate of efflux. They proposed that a
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reduced accumulation mechanism would better explain the differences between CQS and CQR
strains. This was confirmed by Martiney et al (1995) who also could not distinguish between the
efflux rates of CQS and CQR strains. The role of efflux in the resistance to CQ will be further

discussed in Chapter 5.
1.5.3 Alteration of pH in the Digestive Vacuole

Since CQ accumulation is in part due to the pH gradient between the parasite cytoplasm and the
digestive vacuole, any reduction in this gradient would lead to less CQ being taken up by the
parasites. Initial theories suggested that in chloroquine-resistant parasites there was an increased
vacuolar pH. This was attributed to a weakened vacuolar proton pump and was based on
evidence from kinetic modeling (Ginsburg and Stein, 1991) and the use of pH altering agents

(Bray et al, 1992b). However there is no concrete evidence supporting this theory.

Using single cell-level analysis of digestive vacuolar pH, Dzekunov et al (2000) were able to
show that the CQR strain (Dd2) has a lower pH than the CQS strain (HB3) tested. Using the
fluorescence intensity of acridine orange in the vacuole to quantify the absorption of the weak
base and thus the pH, they calculated the pH of the CQS strain at 5.64. Their CQR strain had a
pH of 5.21. Previous literature had suggested that CQR strains have a higher vacuolar pH
(Krogstad et al, 1985; Yayon et al, 1984b). Since CQ accumulates partly by virtue of the weak
base effect, the pH gradient would be smallér in CQR strains and thus less CQ would accumulate.
This evidence suggested the opposite was occurring. To explain this anomaly, Ursos et al (2000)
proposed that the lower pH in the CQR parasites reduces the amount of soluble haem and that the
availability of free haem is highly pH dependent. Since CQ accumulation is determined by its
access to free haem (Bray et al, 1998), the CQR parasites will accumulate less CQ at this lower
pH.

This evidence was questioned from an experimental aspect by Bray et al (2002). They suggested
that the acridine orange measured was not vacuolar fluorescence and was in fact due to cytosolic
fluorescence. They also argued that any fluorescence in the vacuole owing to acridine orange

would, to a certain degree, be quenched by the ferriprotoporphyrin IX.
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Later studies have tried to iron out the experimental questions raised in the above paragraph
(Dzekunov, et al, 2002; Waller et al, 2003). This theory‘for explaining the resistance to CQ
remains controversial (Kirk and Saliba, 2001). A general change in vacuolar pH would be
expected to cause cross-resistance to a range of quinoline-like antimalarials that also accumulate
by means of their interaction with haem. Also other CQ analogues with shorter or longer side-
chains are equally effective against both CQR and CQS strains (De et al, 1996; Ridley et al,
1996). These analogues should accumulate similarly to CQ and thus a change in pH should also
induce cross-resistance to these compounds. The structural specificity of CQ resistance suggests a

specific transporter is involved (Ridley, 1998).
1.5.4 Access to Haematin

Bray et al (1998) have shown that CQ uptake is dependent on its access to haem. They used an
inhibitor of haemoglobin digestion, RO 40-4388, to show that in the absence of free haem there is
a decrease in the amount of CQ accumulated. They also found that the capacity for CQ-haematin
binding is similar for both CQS and CQR parasites. They propose, however, that CQR strains
have a reduced accessibility of haematin for CQ. They also showed that VPL, a resistance

reverser, was able to increase the affinity of CQ for the haem in CQR strains.
1.6 Genes/Proteins in Chloroquine Resistance in Plasmodium

Several genes have been implicated in the resistance to CQ in P.falciparum. Originally because
of the similarities between CQR in Pfalciparum and MDR in cancer cells and the
chemosensitisation in both instances by VPL, it was thought that a homologue of P-glycoprotein
was involved. Using a Pgp specific monoclonal antibody (C219), Krogstad et al (1991) detected a
40-42 kDa protein band in two CQS strains and one CQR strain of P.falciparum and a 240 kDa
band in one of the CQS strains. The lower molecular weight band was also observed in two
strains of P.berghei where it was overexpressed in the CQR line relative to the CQS line
(Krogstad et al, 1991). However this result with the C219 antibody could not be reproduced in a
later study (Cremer et al, 1995).
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1.6.1 P-glycoprotein (Pgp) Homologues in Plasmodium falciparum

Two genes encoding P-glycoprotein homologues have been discovered in P.falciparum; pfmdrl
and pfmdr2 (Foote et al, 1989; Wilson et al, 1989). An amplification of the pfmdrl gene was
detected in some of the CQR strains tested suggesting a link to CQR but the association was not
absolute (Foote et al, 1989; Wilson et al, 1989). The protein product of pfmdri, the P-
glycoprotein homologue 1 (Pghl), is a 160 kDa protein located primarily on the digestive
vacuole of the parasite. It is expressed throughout the erythrocytic cycle including the gametocyte
stage (Cowman et al, 1991). Pghl expression levels were not always associated with CQR since
equal amounts were detected in both the CQS and CQR strains tested. The only strain showing
an increased expression, FAC8, was no more resistant to CQ than any other CQR strain
(Cowman et al, 1991). In a separate study, several progeny from a cross between the CQS HB3
and CQR Dd2 strains were compared in their sensitivity to CQ and mefloquine, CQ efflux
halftimes, pfmdrl copy number and restriction fragment length polymorphism (RFLPs). No
linkage could be found between the CQR phenotype and the pfindrl gene (Wellems et al, 1990).
It was later demonstrated that high level CQR was incompatible with increased Pghl expression
(Bames et al, 1992). CQ pressure on a strain expressing 3 copies of Pghl (FAC8) caused a
deamplification of the pfindrl gene and loss of Pghl expression. Also no amino acid change was
seen in Pghl. However the cells deficient in Pghl became more sensitive to mefloquine. Thus
pfindrl copy number may be linked to mefloquine resistance (Barnes et al, 1992). When
mefloquine was used to pressure this strain (FACS), the new highly mefloquine resistant lines
had no further increase in Pghl expression (Lim et al, 1996). Also there were no changes in
amino acid composition of pfmdrl. Thus mutations or changes in amplification or expression of
pfmdrl are not essential in either CQR or increased resistance to mefloquine. However it was
recently demonstrated that Pghl can modulate sensitivity of Plasmodium to several antimalarials
(Reed et al, 2000). Although mutations in Pghl can not confer CQR alone, they can lead to
increased CQR through decreased drug accumulation. This increase in resistance is susceptible to
verapamil. Thus Pghl mutations are involved in modulation of CQR in some strains of
P.falciparum (Reed et al, 2000).

10
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Pfmdr2 is a 110 kDa protein with 10 hydrophobic domains. It is located in the plasma membrane
of mainly the trophozoites and schizonts of P.falciparum. However there is no difference in
expression between the CQS and CQR strains (Rubio and Cowman, 1994). There was no
difference in gene copy number between CQS and CQR strains tested (Wilson et al, 1989). Also
Wellems et al (1990) detected neither amplification of nor polymorphisms within the pfmdr2
gene in CQR strains when compared to CQS strains in his genetic cross. Thus the pfindr2 gene

and its protein product are not involved in CQR in P.falciparum.
1.6.2 CG2

In 1990, Wellems et al used a genetic cross to show that the pfindrl and pfmdr2 genes were not
linked to the chloroquine resistance phenotype in Plasmodium falciparum. Using the same
genetic cross they were able to link the chloroquine resistance phenotype to a 36 kb segment of
chromosome 7 in Plasmodium falciparum (Wellems et al, 1991). In 1997, Su et al identified two
genes with complex polymorphisms that were closely linked to CQR P.falciparum. These two

genes were called cgl and cg2.

However Fidock et al (2000a) were able to demonstrate that cgl and cg2 do not alter the response
of P.falciparum parasites to CQ. They used DNA transfection and allelic exchange to replace the
polymorphisms in either cgl or cg2 from CQR strains with those of the CQS HB3 strain. All the
CQR strains remained resistant to CQ and all maintained their verapamil reversibility irrespective
of substitutions in either the cgl or cg2 genes. However the close association between the
polymorphisms within these genes and the CQR strains suggested that a gene nearby might be
responsible for the CQR phenotype. This then led to the identification of PfCRT (Fidock et al,
2000Db).

1.6.3 PfCRT

PfCRT is a 48.6kDa protein containing 10 transmembrane domains but lacking an ATP-binding
motif. It was localized to the digestive vacuole membrane using western blotting and

immuofluoresence techniques (Fidock et al, 2000b). CQR strains with mutations in PfCRT at

11
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position 76 (K’7'6T or ¥76') linked with resistance to CQ were associated with an increased
vacuolar acidification. Another mutation strongly associated with CQR involved a change of an

asparigine to a serine (#220%).

The mutation in PfCRT that appears to be most important in determining the CQR phenotype
involves the change of a charged amino acid, lysine, to an uncharged amino acid, threonine
(*76"). Other mutations also involve changes in charge from the lysine to asparagine *76™ or
the lysine to isoleucine (¥76") mutation. These mutations all suggest a specific protein target is

involved in the resistance to CQ as well as its reversal by chemosensitisers (Cooper et al, 2002).

Using pfert-modified “knockdown” clones, Waller et al (2003) were able to decrease pfcrt
transcription levels and PfCRT protein expression levels. This resulted in a drop in CQ ICs
relative to the 7G8 parent line. These knockdown clones also had an altered digestive vacuolar
pH similar to that found in CQS lines. This emphasized the link between expression of PfCRT,

sensitivity to CQ and altered intracellular pH in Plasmodium falciparum.

Changes in pfert expression had no effect though on parasite sensitivity to quinine and
mefloquine. Disruption of the pfcrt gene was found to be deleterious to parasite viability

indicating that PfCRT is important in maintaining parasite growth (Waller et al, 2003).

Two papers have reported unique mutations in CQR strains from South America, Papua New
Guinea (©725/%76") and the Philippines (*76"/*144"/%160Y/N326") that are associated with a loss
of verapamil reversibility of CQ (Mehlotra et al, 2001; Chen et al, 2003). Resistance to CQ is
assumed to have developed independently from different geographical foci which are broadly
classified as the Asian/African Dd2 type (VPL-reversible) and the South American/Oceanic 7G8
(VPL-insensitive) types. Both CQR phenotypes have a reduced vacuolar pH relative to the CQS
strains. In the presence of VPL the Dd2 type parasites experienced an increase in vacuolar pH
(alkalinized) whereas the 7G8 type showed no change in vacuolar pH when exposed to 5uM VPL
(Bennett et al, 2004).

12
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CQ has recently been demonstrated to bind directly to PfCRT (Zhang et al, 2004). However no
strong evidence was shown that quinine is also bound although PfCRT is able to modulate
quinine resistance. Through comparing the sequence of PfCRT with other 10 transmembrane
transporter sequences, Tran and Saier (2004) have found significant homology with a nucleotide
sugar transporter of the drug/metabolite transporter superfamily. They suggest thus that PfCRT’s

function is as a transporter.

1.6.4 Multidrug Resistance Associated Protein (MRP) homologues in Plasmodium

falciparum?

Most recently a homologue of the multidrug resistance associated protein (MRP) has been
identified in Plasmodium falciparum (Klokouzas et al, 2004). MRP, like Pgp, is a large 180-
195kDa protein located mainly in the plasma membrane of cancer cells and can cause resistance
to a range of hydrophobic drugs. It decreases the accumulation of antitumour agents in the cells
by increasing their efflux from the cells (Zaman et al, 1994). The precise role of this PMRP in
Plasmodium falciparum has not been established but it has been hypothesized that it may act to
transport glutathione or its conjugates in the plasma membrane (Klokouzas et al, 2004). It is not

yet known if this protein plays any role in drug resistance in malaria.
1.6.5 Other Proteins Possibly Involved in Resistance to Chloroquine

Photoaffinity analogues have been extensively used to identify drug targets in MDR cancer cells
(for review, see Safa, 1999) and P.falciparum (Ye et al, 1989; Foley et al, 1994; Desneves et al,
1996). Azidopine, used to identify Pgp in MDR cells (Safa et al, 1987), was demonstrated to
bind to a protein of 155-170 kDa in P.falciparum (Ye et al, 1989). This binding was competed for
by both CQ and VPL. Smaller proteins were also identified in both the CQR and CQS strain.
Foley et al (1994) used CQ photoaffinity analogues to identify two proteins of molecular weights
42 and 33 kDa in CQR and CQS P falciparum. There was no difference in levels of labeling
between the two strains and VPL did not compete for binding. Thus it was proposed that neither
of these proteins were involved in the resistance to CQ. Later it was discovered that the 33 kDa

protein was the parasite lactate dehydrogenase (Menting et al, 1997).
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Several candidate proteins have also been identified in the CQR rodent Plasmodium berghei (Li
et al, 1993) and Plasmodium chabaudi (Carlton et al, 1998, Hunt et al, 2004). Li et al (1993)
identified a 53 kDa protein that was overexpressed in the CQR parasites when compared to the
CQS parasites. The precise role of this protein in the resistance to CQ has yet to be established. A
homologue of pfindrl found in P.chabaudi (pcmdrl) was not associated with CQR in the rodent
malaria (Caﬂton et al, 1998). The authors predict that the gene responsible for CQR in
P.chabaudi is probably located on chromosome 11. More recently, orthologues of pfcrt and
pfmdrl were identified in Plasmodium chabaudi (Hunt et al, 2004). The genes, pccgl0 and
pcemdrl, were very similar to their respective gene sequences in the CQS Plasmodium
falciparum. However these sequences were not altered in three clones with different levels of
resistance to CQ. Moreover genetic crosses showed no linkage between the two genes and CQ
resistance. Thus it is unlikely that these genes are implicated in the resistance to CQ in
P.chabaudi (Hunt et al, 2004).

1.7 Quinoline Resistance Reversal in Plasmodium falciparum

1.7.1 Reversal of Mefloquine Resistance

Resistance reversal in Plasmodium falciparum has been observed for several of the quinoline-
based antimalarials. Reversal of mefloquine resistance has been observed with only one
chemosensitiser, penfluridol (Peters and Robinson, 1991; Oduola et al, 1993). As with CQR
strains, the shift in sensitivity with penfluridol was only observed in the mefloquine resistant
strain with no effect being seen in the mefloquine sensitive strain. Verapamil had no effect on
modulating mefloquine resistance either in vivo (Peters and Robinson, 1991) or in vitro (Oduola
et al, 1993) nor does pentluridol modulate CQ resistance. It is not known whether penfluridol’s
effect of enhancing mefloquine action is linked with an increase in mefloquine accumulation as is
the case with CQ in CQ resistance reversal (Oduola et al, 1993). Recently there has been a report
of reversal of mefloquine resistance by NP30, a nonylphenolethoxylate (Ciach et al, 2003). Since
these agents are also able to reverse CQR (Crandall et al, 2000) it is unlikely that the method of

resistance reversal is similar to that of penfluridol or verapamil.
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1.7.2 Quinine and Quinidine Resistance Reversal

Quinine and Quinidine resistance can also be modulated by verapamil (Cooper et al, 2002).
Plasmodial strains expressing the %76 mutation are both CQR and less sensitive to quinine and
quinidine. Verapamil is able to sensitize the parasites to all three of these quinolines. In strains
carrying the %76N mutation, the parasites are resistant to CQ and quinine but show no change in
quinidine ICsy compared with a sensitive strain. Yet verapamil is still able to increase the
susceptibility of the parasite to all three compounds. Lastly a mutation at “76' causes resistance to
CQ and quinidine but drastically reduces the parasites susceptibility to quinine. Verapamil can
sensitize these parasites to both CQ and quinidine but reduces the sensitivity of the parasites to
quinine (Cooper et al, 2002). Other compounds that reverse CQR also reverse resistance to
quinine and quinidine. Various calcium channel antagonists can reverse resistance in vitro (Kyle
et al, 1990). It would thus appear that CQR reversal is very closely linked to the reversal of

quinine and quinidine resistance.
1.7.3 Reversal of Chloroquine Resistance

Since the discovery of the chemosensitising potential of VPL in 1987 (Martin et al, 1987;
Krogstad et al, 1987), there have been a wide range of structurally and functionally diverse agents
described that also demonstrate the ability to reverse CQ resistance. Other calcium channel
inhibitors were shown to reverse CQR in vitro (Ye and Van Dyke, 1988; Adovelande et al, 1998)
and in vivo (Tanabe et al, 1990). Studies in Aotus monkeys with CQR Plasmodium falciparum
could not demonstrate a cure with a verapamil analogue but this could be due to impaired

pharmacokinetics or bioavailability (Williams et al, 1992).

Reversal of CQR has also been shown with tricyclic antidepressants both in vifro (Gerena et al,
1992; Taylor et al, 2000; Bhattacharjee et al, 2001) and in vivo in mice (Miki et al, 1992) and
Aotus monkeys (Bitonti et al, 1988). Antihistamines are of greatest interest clinically because
they are commonly co-prescribed with CQ to treat pruritus. Several studies using antihistamines

show great promise in potentially restoring CQ efficacy in humans (Abok et al, 1997; Sowunmi
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et al, 1997; Oduola et al, 1998). The diversity of structure and function of these resistance
reversers can be extended to the antipsychotic phenothiazines (Kyle et al, 1993; Kalkinidis et al,
2002; Van Schalkwyk et al, 2001; Singh et al, 2000) and even plant derived compounds (Haruki
et al, 2000).

The reversible component of CQR is by no means universal as was demonstrated in recent
literature. Plasmodium berghei strains that exhibit very high level resistance to CQ were
observed to have lost the potentiation of CQ by VPL and nicardipine (Platel et al, 1998). These
strains lacked haemozoin. The lack of effect of VPL on parasites with no haemozoin had been
previously reported by Fitch in 1989. New Brazilian strains of Plasmodium falciparum appear to
be hypersensitive to a number of structurally diverse resistance reversers (Menezes et al, 2002;
Menezes et al, 2003). These agents also lack the ability to enhance CQ activity in these strains.
The reason for this uncharacteristic response to chemosensitisation is unknown but may be linked

to mutations in PfCRT (Mehlotra et al, 2001).

1.8 Drug Resistance in Multidrug Resistant Cancer Cells

The phenomenon of chloroquine resistance reversal was discovered from similarities observed
with the reversal of resistance to anticancer agents in Multidrug Resistant (MDR) cancer cells
(Martin et al, 1987). Verapamil was first discovered to reverse resistance to antitumour agents in
MDR cancer cells over 20 years ago (Yusa and Tsuruo, 1981). These MDR cells were found to
accumulate a much reduced amount of the antitumour agents (Tsuruo et al, 1982; Fojo et al,
1985) and thereby evade their toxicity. Verapamil was shown to inhibit efflux of the antitumour
agents from the cells and in so doing it led to a restoration of the toxic accumulation of the
antitumour agents (Rogan et al, 1984). It was observed that these cells were cross-resistant to a
large number of other antitumour agents that were structurally and functionally different (Fojo et
al, 1985). The important determinant in this resistance was discovered to be a plasma membrane
protein called P-glycoprotein (Pgp) (Juliano & Ling, 1976). This 170,000 kDa protein is
characterized by 12 transmembrane domains and two ATP-binding domains. It belongs to a
family of transmembrane proteins called the ATP-binding cassette (ABC) proteins and is

overexpressed in MDR cells (Juliano and Ling, 1976). Using photoaffinity analogues, several
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groups have been able to show direct binding of these antitumour agents to P-glycoprotein (Safa
et al, 1986). Since the initial discovery of the chemosensitiser VPL, a range of other
chemosensitisers has been identified. These include cyclosporine A, ivermectin and azidopine
(Zacherl et al, 1994; Pouliot et al, 1997; Safa et al, 1987) These are also structurally and
functionally distinct from each other (Warr et al, 1988). Some have been shown to bind directly
to P-glycoprotein though photoaffinity labeling (Safa et al, 1987; Safa et al, 1988). The
antitumour agents and chemosensitisers thus are both are substrates for Pgp. Pgp has been
demonstrated to efflux antitumour agents out of the MDR cells. Resistance reversal is achieved
by competition of the chemosensitisers for efflux, which leads to a restoration of the
accumulation of the antitumour agents to toxic levels in the cells.

Certain of the cell lines that are resistant to antitumour agents and overexpress Pgp also exhibit

hypersensitivity to VPL (Warr et al, 1988; Cano-Gauchi et al, 1987)

1.9 Verapamil

Verapamil is a monoprotic weak base with a dissociation constant (pKa) of 9.2 (Bray et al,
1992a). It is a oy antagonist and blocks L-type calcium channels in smooth and cardiac muscle. It
is 90% protein bound in plasma (Clarke EC, 1986) and has a very low partition coefficient in
erythrocytes suggesting there is no significant accumulation in this compartmernt (Czejka et al,
1992). The binding of verapamil to albumin was not saturable between 0.04-17uM suggesting
that the binding sites are of high capacity and low affinity. The binding is also stereoselective

with the (-)-isomer of verapamil less bound to albumin than the (+)-isomer (Gross et al, 1988).

1.9.1 Verapamil as a Calcium Channel Blocker

The action of verapamil in malaria as a chemosensitiser has been demonstrated to be independent
of calcium channels. Whereas calcium channels are specifically blocked by the (S)-(-) isomer, the
resistance reversal activity in malaria can be achieved by both the (R)-(+) and the (S)-(-) isomer
(Ye and Van dyke, 1988). Also verapamil, at concentrations that inhibit parasite growth (10-
20uM), does not decrease the levels of free calcium within the parasites. This suggests that

calcium movement into the parasite or the vacuole does not depend on the verapamil-sensitive
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calcium channels (Adovelande et al, 1993). This observation is dissimilar to the role of verapamil
in reversing multidrug resistance in cancer cells where verapamil was found to alter the calcium
levels in cells where it reversed resistance to antitumour agents (Canu-Gauci and Riordan, 1987).
It was suggested that verapamil may have a direct inhibitory effect on plasmodial calmodulin, a
calcium dependent protein important for cellular metabolic activities. Verapamil caused
significant antagonism of known calmodulin antagonists, R24571 and W-7, in growth assays on
the multidrug resistant Indochina strain FCBy,. This would suggest the compounds may be

- competing for the same receptor binding site (Scheibel et al, 1987).

1.9.2 Effect of Verapamil on Other Quinolines

Verapamil is able to enhance the action of CQ in CQR strains but has no effect on CQS strains
(Martin et al, 1987). Verapamil is also able to modulate quinine sensitivity (Waller et al, 2003;
Cooper et al, 2002). In plasmodial strains carrying the 76" or the ¥76" mutation in PfCRT
verapamil was able to decrease the ICsq of quinine to levels seen in the quinine sensitive strain. In
the strain with the *76' mutation, a strain that exhibited hypersensitivity to quinine, verapamil
increased the ICsg five fold (Cooper et al, 2002). This effect appeared to be stereospecific since
quinidine maintained its verapamil reversible component in the all strains carrying mutations at
position 76 of PICRT (Cooper et al, 2002).

1.9.3 Hypersensitivity of Plasmodium falciparum to Verapamil

Whereas the early work showed verapamil had a chloroquine resistance reversal effect at
concentrations that were non-toxic to the parasites (Martin et al, 1987), recent work has shown
that certain Brazilian CQR strains are hypersensitive to verapamil (Menezes et al, 2003). The
toxicity of verapamil is usually 100-1000 times greater than that of chloroquine (Martin et al,
1987, Jacobs et al, 1988) and most CQR strains have a verapamil reversible component. However
verapamil and other calcium channel blockers as well as certain phenothiazines previously shown
to be resistance reversers exhibit antimalarial activity in a concentration range similar to CQ in
the new Brazilian CQR strains and lack the ability to potentiate CQ action (Menezes et al, 2002,
Menezes et al, 2003).
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1.9.4. Effects of Verapamil in the Absence of Chloroguine

In an ultrastructural study of the effect of verapamil on parasite growth, it was demonstrated that
100uM added for 24 hours to both CQS and CQR strains caused significant food vacuole
enlargement although the vacuole membrane remained intact (Jacobs et al, 1988). There were
dispersed crystalline pigment granules and some membranous debris. Swollen mitochondria were
also observed. In contrast, drug pressure on either the CQS or CQR strains with 1uM verapamil
showed only a few parasites with vacuolar swelling and increased granular matrix (Jacobs et al,
1988). Though this is the concentration used to reverse CQ resistance, no chloroquine like effects
were observed. This suggests the action of verapamil as a resistance reverser is independent of its
toxic effect and is different to CQ antimalarial activity. CQ alone caused food vacuolar swelling
and increased granular matrix at 63nM in CQS Plasmodium falciparum (Jacobs et al, 1988).
There was also some clumping of pigment granules and disintegration of the food vacuole
membrane. Similar morphological changes were observed in CQS Plasmodium chabaudi when
infected mice were administered CQ at 6mg/kg (Ohsawa et al, 1991). While CQ at these
concentrations mentioned above had no effect on the morphology CQR parasites, addition of
verapamil brought about morphological changes similar to those seen in the sensitive parasites in

the absence of verapamil (Jaéobs et al, 1988; Ohsawa et al, 1991).

The effect of 10uM verapamil on the parasites is to arrest growth in the trophozoite stage
(Adovelande et al, 1993). This growth inhibition of the parasites is partially reversible if the
verapamil is removed by washing before schizogony begins. If the drug pressure is maintained at
20pM verapamil until the 48"™ hour then the parasite growth is completely inhibited and they
become morphologically abnormal (Adovelande et al, 1993).

The effect of VPL on the pH of the digestive vacuole of Plasmodium parasites has also recently
been reported (Ursos et al, 2000). CQS parasites have a higher vacuolar pH than CQR parasites.
When VPL (either 1uM or 5uM) was added to CQS parasites there was no effect on changing the
vacuolar pH. However when VPL was added to CQR parasites there was a 0.26 and 0.35 pH unit
increase at 1uM and 5pM respectively. These values approached the pH values for the CQS
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strain in the absence of VPL but never quite feached the same levels. This suggests that VPL may
be reversing resistance to CQ partly by altering the pH of the digestive vacuole to mimic that of
the CQS strain.

1.10 Structural Link to Resistance and Resistance Reversal

Although many functionally and structurally different compounds are able to reverse CQR in
Plasmodium falciparum, there appear to be certain specific characteristics that are important in
chemosensitisation. These are: a cationic charge, two planar rings, lipophilicity and a tertiary
nitrogen (Gerena et al, 1992). Certain compounds that are highly effective at reversing resistance
in MDR cancer cells (cyclosporin A, ivermectin, progesterone) have no effect on reversing CQR
in Plasmodium falciparum (Van Schalkwyk et al, 2001). This supports the theory that specific
features are important given that the three aforementioned examples lack some or all of the
characteristics listed above yet are highly effective inhibitors of the mammalian P-glycoprotein

(Pouliot et al, 1997; Zacher] et al, 1994).
1.10.1 Specific Determinants of Chemosensitisers

The side chain length of CQ analogues was shown to be important in determining the resistance
profile to these drugs (De et al, 1996). More specifically, the distance of the tertiary amine from
the planar rings may be the important determinant in chloroquine resistance. Any distance
between 4 and 8 carbons separation from the planar rings and the CQR strains exhibited varying
degrees of resistance to the compound. Anything distance longer than 8 or shorter than 4 carbons
from the rings and the compounds were equally effective against the CQS and CQR strains (De et
al, 1992).

Recently there have been some Structure Activity Relationship (SAR) studies performed on
chloroquine resistance reversers (Pradines et al, 2002; Guan et al, 2002, Bhattacharjee et al, 2001,
Bhattacharjee et al, 2002). There appears to be a requirement for a secondary or tertiary amine
linked to the planar structure via a carbon bridge of between 2-4 atoms (Bhattacharjee et al, 2001,

Bhattacharjee et al, 2002; Guan et al, 2002). The nature of the amine group on the proximal
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nitrogen is also important in the resistance reversal properties. In a study by Pradines et al (2002)
it was observed that most of the compounds with amino groups could increase CQ accumulation.
Only one of the 13 compounds with an amido group could increase accumulation. All the
compounds that exerted an effect had a protonatable nitrogen at physiological pH (Pradines et al,
2002). This importance of the charge at the proximal amine group can also be illustrated through
the ineffectiveness of loratadine (Peters et al, 1990; Singh and Puri, 2000). Loratadine, an
antihistamine, is structurally very closely related to azatadine, cyproheptadine and pizotyline. Yet
it had no effect either in vitro on Plasmodium falciparum (Peters et al, 1990) or in vivo on
Plasmodium yoelii (Peters et al, 1990; Singh and Puri, 2000). Lipophilicity (L.og P) has been
associated with the resistance reversal (Bhattacharjee et al, 2002). Increased resistance reversal
activity was strongly associated with increased lipophilicity. But the importance of lipophilicity

has been questioned in other work (Pradines et al, 2002).
1.10.2 Possible Link between Chemosensitiser and Antimalarial Activity

The close structural relationship between chemosensitisers and the antimalarial chloroquine have
been more highlighted when Kalkinidis et al (2002) were able to modify a chemosensitiser
thereby converting it into an antimalarial. However the most effective antimalarial analogue
synthesized from the chemosensitiser scaffold was found to have lost most of its modulating
action on CQ in the CQR strain. It has been suggested that the weakened synergism with CQ in

the CQR strain could be a result of competition for the antimalarial target haematin (Egan, 2002).
1.10.3 Compounds Lacking “Typical” Features of Chemosensitisers

There have been some compounds shown to reverse CQR (e.g. NP30, probenecid and cimetidine)
that do not have the structural characteristics mentioned above (Crandall et al, 2000; Nzila et al,
2003; Ndifor et al, 1993). Moreover some of these compounds are able to reverse the resistance
to both CQ and mefloquine which is not typical of the “conventional” chemosensitisers
mentioned above (Ciach et al, 2003). Some compounds that reduce intracellular glutathione

levels are also able to sensitize the parasites to CQ (Ginsburg et al, 1998; Deharo et al, 2003). It
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remains to be established how these agents can reverse resistance and whether it is specific for

CQ alone,

1.11 Clinical Relevance of Chloroquine Resistance Reversal

Ever since verapamil was first discovered to reverse CQR (Martin et al, 1987), there has been a
question about the therapeutic viability of resistance reversal. Ye and Van Dyke (1988) suggested
that one could avoid verapamil toxicity to calcium channels by using the (R)-(+) isomer since

calcium channels are specifically blocked by the (S)-(-) isomer.

1.11.1 Toxicity

Many of these chemosensitisers block P-glycoprotein from secreting or excreting toxins from
certain normal tissue types. This has the potential to lead to a toxic accumulation of CQ and the
reversing agent in these cell types (Watt et al, 1990). Although CQ and verapamil were non-toxic

to HEP-G2 liver cells individually, these compounds became toxic when combined.

1.11.2 Bioavailability

Another important factor is the binding of the chemosensitisers to plasma proteins. Many of the
in vitro studies in Plasmodium falciparum do not accurately mimic the conditions in human
blood. While desipramine was able to reverse CQR in vitro and in Aotus monkeys (Bitonti et al,
1988), no such effect was seen in a trial in humans (Warsame et al, 1992). Boulter et al (1993)
demonstrated that desipramine’s effect of enhancing CQ action was reduced in the presence of
plasma proteins. Verapamil is 90% protein bound in plasma (Clarke, 1986). It binds to both
albumin and oy-acid glycoprotein (Gross, 1988). A study in MDR cancer cells has shown that
serum protein binding can severely deplete the medium of the chemosensitiser and thus
undermine the effect on resistance reversal (Lehnert et al, 1996). It has been suggested that the
reason for the more successful trial of chloroquine combined with chlorpheniramine in humans
was due to the reduced capacity of the chlorpheniramine to bind to plasma proteins (Sowunmi et

al, 1997).
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1.11.3 Successes

Some promising results have been observed when chlorpheniramine was combined with
chloroquine to reverse CQR in two African studies (Sowunmi et al, 1997; Abok, 1997). In the
one case, a doctor supplemented CQ therapy in his patients with a treatment of chlorpheniramine.
The parasite clearance improved from 30% in the chloroquine only group to 70% in the
chemosensitisers-supplemented therapy after 4 days (Abok, 1997). Sowunmi et al (1997)
performed a clinical trial in children with acute uncomplicated falciparum malaria. They found
that 85.4% of the children treated with the CQ-chlorpheniramine combination were cured at day
14 compared to 75.5% in the group treated with CQ alone. The combination was also well-
tolerated suggesting promise as a new treatment regimen. Lastly, promethazine (1uM) was
shown to enhance CQ action in vitro against several CQR Nigerian strains and in Aotus monkeys
infected with CQR falciparum malaria (Oduola et al, 1998). They also showed that plasma, taken
at various time points after the administration of promethazine to human volunteers, could
reverse CQR in vitro. They found the largest reduction in ICsy with the plasma sample taken
between 3-4 hours after promethazine administration. This suggests that promethazine can reach

levels high enough in the bloodstream to enhance CQ activity.

1.11.4 Chemosensitiser Cocktails

The use of “cocktails” of chemosensitisers in combination with chloroquine to reverse resistance
has been proposed (Adovelande et al, 1998; Van Schalkwyk et al, 2001). While most of the
individual chemosensitisers are toxic to humans at concentrations that optimally reverse CQR,
these authors suggest combining the chemosensitisers at concentrations which are suboptimal in
reversing resistance. The chemosensitisers act additively in enhancing CQ action. In this manner
the toxicity of any single agent can be avoided. The “cocktail” would have to contain agents that
are functionally different since using two or more calcium channel blockers, for instance, would

have the same toxic effect of using one at a high dose.
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1.12 Purpose of this Study

Despite the extensive information on the ability of verapamil to reverse CQ resistance, its
mechanism of action remains unknown. The purpose of this study is to characterize the
interaction of VPL with chloroquine sensitive and resistant strains of Plasmodium falciparum and
more specifically to:

(1) Relate the sensitivity of VPL in several parasite strains to the expression levels of Pghl.

(2) Investigate the energy- and concentration dependence of VPL uptake.

(3) Use tritiated analogues of CQ and VPL to investigate the kinetics of uptake and efflux in

resistance reversal.
(4) Determine the effect of verapamil on haem crystallization.
(5) Determine the effect of VPL in altering a buildup of haemoglobin in CQS and CQR

strains of Plasmodium falciparum.
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The Differential Sensitivity of Plasmodium falciparum to Verapamil and

Chloroquine and the Relationship with Pghl Expression.

2.1 Introduction

The effect of VPL on the reversal of CQ resistance has been well-established. VPL acts
synergistically with CQ to reduce its [Cso in CQR strains (Martin et al, 1987). This effect is
specific to CQR strains and 1s linked to an increased accumulation of CQ (Krogstad et al, 1987).
The phenomenon of resistance reversal by VPL appeared to be universal in CQR strains,
irrespective of their geographical origins, but exceptions have recently been reported (Platel et al,

1998; Menezes et al, 2003).

Verapamil has been used extensively in vitro to reverse chloroquine resistance since it was first
identified as a chemosensitiser in 1987 (Martin et al, 1987). The ICsp of verapamil in plasmodial
strains is 100-1000 times greater than that of chloroquine (Martin et al, 1987). This finding is
consistent in a variety of strains (Bray et al, 1998; Peters et al, 1990; Adovelande et al, 1998) but
has recently been challenged. Several new Brazilian strains have shown an enhanced
susceptibility to VPL and other chemosensitisers at concentrations that are similar to CQ activity
(Menezes et al, 2003; Menezes et al, 2002). These chemosensitisers lack the ability to modulate
CQ activity in these CQR strains (Menezes et al, 2002; Menezes et al, 2003). Thus there are
phenotypic variations to CQ resistance reversal between strains of different geographical regions.
This is not surprising given that CQR is proposed to have evolved independently from two

separate foci in South East Asia and South America (Payne et al, 1987).

The intrinsic antimalarial activity of VPL varies in CQR and CQS strains of P.falciparum. In

some cases CQR strains are more sensitive to VPL than CQS strains (Adovelande et al, 1998;
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Martiney et al, 1995; Gerena et al, 1992; Martin et al, 1987). In other instances VPL sensitivity
profiles appear to match the sensitivity to CQ (Peters et al, 1990). Bray et al (1998) showed that
in a range of strains with varying sensitivity to CQ there is a lack of cross-resistance of CQ with
the resistance modulators VPL, primaquine and daunomycin. While CQR strains can have a 10-
fold difference in sensitivity to CQ from the CQS strains, this large difference in sensitivity has
not been observed with VPL between strains until the recent report of the verapamil sensitivity of

the newly discovered Brazilian strains (Menezes et al, 2003).

Cowman et al (1991) demonstrated that increased Pghl expression is not essential in the CQR
phenotype since many CQR strains lacked any increased Pghl levels compared to CQS strains.
Barnes et al (1992) showed that increased Pghl expression is incompatible with high level CQ
resistance. Pghl is nonetheless important in modulating the CQR phenotype (Reed et al, 2000). It
is important to note that mechanism of resistance reversal is not completely understood. Although
both PfCRT and Pghl have been implicated in CQR phenotype, the potential role of these

proteins in resistance reversal is not known.

To date no comparison has been made between the expression of Pghl and the intrinsic
antimalarial activity of VPL or that of the ability of VPL to reverse CQ resistance. Mefloquine
resistance has been reported to be very closely linked to pfindr! gene copy number (Cowman et
al, 1994; Price et al, 2004). Moreover mefloquine has been shown to inhibit the binding of VPL
to P-glycoprotein in mammalian cells (Riffkin et al, 1996). Given that Pghl is a homologue of
mammalian P-glycoprotein, it may be possible to link the antimalarial activity of VPL to Pghl

expression.
This chapter will determine and compare the intrinsic antimalarial activity of VPL in strains of

varying geographical origin and the degree to which VPL can modify CQ activity. It will also

compare the intrinsic toxicity of VPL to the expression of Pghl in P.falciparum.
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2.2 Results and Discussion

Table 2.1 shows the geographical origin of the strains/clones used in this study. 3D7 is assumed
to be an African strain although it was isolated from an airport worker in Amsterdam (Crandall et
al, 2000; Pradines et al, 2002). FAC8 was derived from a Brazilian isolate ITG2F6 (Biggs et al,
1989). The CQR strains represent all three continents (Asia, Africa and South America) where
cases of malaria are most often found. Thus the parasites used in this study represent a

geographically diverse group.

Table 2.1. The CQ sensitivity of the strains used in this study and their geographical origin.

Strain/Clone Chloroquinesensiﬁvity Geographical origin

3D7 CQS Africa
DI0 ~CQS " Papua New Guinea
FACS CQR “Brazil
K1 CQR  South East Asia
"RSALlI CQR " Africa
w2 CQR Indochina/Asia

In vitro resistance to CQ was defined as an ICsp > 100nM while CQS strains exhibited ICsps <
100nM in line with previous reported literature (Basco & Le Bras, 1994; Cremer et al, 1995). For
the purpose of this study, complete reversal of CQ resistance was defined as a reduction in the
1Cs0 to a level below 100nM for the CQR strains.

The parasite lactate dehydrogenase assay was used to determine drug sensitivity to CQ and VPL
(See Chapter 10, Section 10.5). The parasites (2% parasitaemia and 1% haematocrit) were
incubated with either CQ or VPL that had been serially diluted. For the resistance reversal results,
the CQ was serially diluted and a fixed concentration of VPL (1uM) was added to each well of
the plate. The assay was performed over 48 hours (Makler et al, 1993).
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2.2.1 Characterization of the sensitivity of the P.falciparum strains to CQ

The CQR strains used in this study differ between 6-fold and 17-fold in sensitivity to CQ over the
CQS strains used (see Table 2.2). The FACS strain had an ICsy of 155.8nM (80.38ng/ml) which

compares well with the reported literature value of 83ng/ml (Barnes et al, 1992).

Table 2.2 The ICss of CQ, VPL and CQ combined with 1uM VPL on 6 strains of Plasmodium
Salciparum with varying CQ sensitivity profiles. The Activity Enhancement Index (AEI) was determined
by dividing the CQ ICs by the CQ + 1uM VPL ICsp. Any value around 1 suggests no enhancement, a
value lower than 1 suggests antagonism and values greater than 1 suggest synergism.

Stain/Clone Chloroquine 1Cs50 (nM) ICso (uM)
sensitivity CQ alone CQ+ 1uM VPL VPL alone
3D7 CQSs 21.40+0.937 21.45+1.170 0.998  17.72+3.020
D10 CQSs 26.48+2.612 27.00£2.539 0.981 17.51x1.476
FAC8 CQR 155.8+39.58 43.12+13.70 3.613  12.82+3.558
K1 CQR 255.0+25.80 62.82+8.405 4.059 12.52+0.875
RSAl1 CQR 354.0+38.60 42.55+5.458 8.320 14.39+3.354
W2 CQR 361.4+27.07 99.72+12.63 3.624 14.47+5.534

The RSA11 and W2 strains are the most CQ resistant and have different geographical origins.
FACS is a South American clone and it has the lowest ICsg for the CQR strains with the K1 strain
ICsg being intermediate between the highly CQR and least CQR strains. The two CQS strains

show little difference in ICso despite their different origins.

FACS has been shown to over-express Pghl and it has been suggested that over-expression of
Pghl is deleterious to high levels of CQR (Barnes et al, 1992). This is confirmed here since
FACS has the lowest CQ ICso of all the CQR strains tested. The CQS strains exhibited very
similar ICs¢s. There is no clear trend linking the geographical origin to CQ sensitivity but this

may be a result of the small sample size.
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Figure 2.1 The differences in the sensitivity to CQ for the strains used in this study. The curves represent
the data from at least three experiments each performed in duplicate. The curves were generated vsing the
Prism 3.0 non-linear regression function (sigmoidal dose response equation).

2.2.2 Characterization of the effect of 1uM VPL on CQ sensitivity for the strains

used in this study

The addition of 1pM VPL had no effect on altering the sensitivity to CQ in either of the CQS
strains. VPL reversed resistance to CQ in all four CQR strains. The level of chemosensitization
was similar in three of the four CQR strains. This is evident in the Activity Enhancement Index
(AE]J; see Table 2.2). FACS8, K1 and W2 all show an enhanced activity of between 3.6-4 times
with 1uM VPL. However RSA11 has an AE] approximately twice that of the other CQR strains,
Thus for three of the four CQR strains it would appear that the VPL sensitive component is

constant and the main difference lies in their level of resistance to CQ.

RSA11 is the only African CQR strain in this study. It would be interesting to screen other

African strains to determine if they also are more sensitive to VPL reversibility.
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None of the CQR strains had their ICso reduced to a value close to those of the CQS strains
tested. However all the ICsos were reduced to levels below those for the cutoff (100nM) in
defining the CQS strain from the CQR strain.
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Figure 2.2 The differences in the sensitivity to CQ in the presence of 1pM VPL for the strains vsed in this
study. The curves represent the data from at least three experiments each performed in duplicate. The
curves were generated using the Prism 3.0 non-linear regression function (sigmoidal dose response
equation).

Although the AEIs for 3 of the 4 CQR strains are similar, their initial 1Csos for CQ djffer more
than two-fold. Thus although the VPL effect was constant, the overall effect on reversing
resistance was diminished as the resisiance 10 CQ increased. Thus the CQ ICsg with VPL in the
W2 strain fell marginally within the threshold distinguishing CQS strains from CQR strains.
Strains more resistant 10 CQ than W2 may not be sensitized sufficiently in the presence of VPL
to make the effect clinically relevant. This observation of the diminution of the VPL reversal
effect in highly CQR strains has been reported (Platel et al, 1998). However this is not true for all
strains since the RSAI11 strain had a far more marked decrease in 1Cso in the presence of VPL

despite its ICsg being similar 1o that of the W2 strain.
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The differences in AEI for the CQR strains is not unique.'The ability of VPL to have a greater
effect on some strains has previously been reported by Reed et al (2000) with strains expressing
different mutations in Pghl. Their 7G8-mdr’®®
389nM) when compared to the other two CQR transfectants, 7G8-mdrP1! (ICsp = 204nM) and

7G8-mdrP1%¢2 (ICsp = 215nM). The 7G8-mdr’® transfectant accumulated less CQ than the other

transfectant was more resistant to CQ (ICso =

two transfectants (7G8—mdrm°/CI or 7G8—mdrm°/°2) but in the presence of VPL, its accumulation
increased 7-fold while the others accumulated 4-fold more CQ. Also in the presence of VPL, all
three CQR transfectants used by them had their ICsy values reduced to similar level. Thus the
RSAI11 strain used in this study may contain mutations in Pghl similar to those seen by Reed et
al (2000) in their 7G8 strain while the other strains may be expressing alternate mutations in
Pghl that cause them to respond similarly to those seen in the 7G8-mdr”'%! or 7G8-mdr™'%¢*

transfectants.

None of the AEI’s showed any antagonism by VPL on CQ. This may imply that VPL is not

competing with CQ for the intracellular receptor responsible for CQ accumulation.

2.2.3 Characterization of the sensitivity of the P.falciparam strains to VPL.

Given the increased AEI for the African RSA11 strain when compared to the other CQR strains,
we tested the intrinsic antimalarial activity of VPL in all the strains. This would distinguish
whether the increased AEI was due to a true resistance reversal effect or a possible synergistic

effect from an increased sensitivity of the strain to VPL.

While there is a difference of between 6-17-fold in the CQ sensitivity of these strains, there is no
such difference in VPL sensitivity. The ICsos range between 12-18uM (see Table 2.2). Although
the two CQS strains show the highest ICsgs for VPL, they do not differ significantly from the
most CQR strains (p>0.05). Also there is no significant difference in VPL ICsy between any of
the CQR strains (p>0.05).
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Figure 2.3 The differences in the sensitivity to VPL for the strains used in this study. The curves represent
the data from at )east three experiments each performed in duplicate. The curves were generated using the
Prism 3.0 non-linear regression function (sigmoidal dose response equation).

VPL ICsgs in plasmodial strains are ar order of magnitude hugher than CQ ICses against the CQS
strains There is no significant difference in VPL ICsy between CQS and CQR strains (p>0.05) nor
is there a difference between strains from different geographical regions. This supports the theory
of Bray et al (1998) that there is no cross-resistance between VPL and CQ. This would suggest
that the mechanism regulating sensitivity of Plasmodium falciparum to VPL is separate from the

mechanism causing resistance to CQ.

Some of the reported ICsys for VPL have suggested that CQR strains are more sensitive to VPL
than CQS strains (Gerena et al, 1992; Martiney et al, 1995, Adovelande et al, 1998).
Hypersensitivity 1o VPL has been observed in certain multidrug resistant tumour cells (Cano-
Gauci and Riordan, 1987, Warr et al, 1988). Even though the MDR cells accumulated less VPL
than the wild type cells they were 40 times more sensitive to VPL toxicity (2uM vs. 80uM)
(Cano-Gauci and Riordan, 1987). Martiney et al (1995) suggested that VPL in their CQR

P falciparum strain was, on average, 3.2 fold more toxic than in their CQS strain. These effects
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may simply be strain specific as other authors report very small differences (Martin et al, 1987;

Van Schalkwyk et al, 2001).

Verapamil slows down plasmodial growth at 10uM or blocks growth at 20uM (Adovelande et al,
1993). It was demonstrated that at these two concentrations verapamil does not change the free
calcium concentration of the parasites. Thus it is likely that verapamil does not exert its toxicity
via calcium channel blocking (Adovelande et al, 1993). Since verapamil is able to antagonize the
action of certain calmodulin inhibitors, it was assumed that some of verapamil’s toxicity is a
product of its interaction with calmodulin itself (Scheibel et al, 1987). Ultrastructural studies
show markedly different effects of verapamil on the parasite morphology when compared to CQ.
Food vacuole enlargement and dispersed pigment granules were observed when parasites are
exposed to 100puM but the vacuole membrane remained intact (Jacobs et al, 1988). These effects
coupled with the fact that verapamil has an ICsq well above that of conventional quinoline-based
antimalarials suggest that verapamil toxicity is dissimilar to the toxicity exerted by conventional

antimalarials.

In addition, Martiney et al (1995) reported that VPL ICsq values did not differ within strains
much when measured between pH 6.4-7.9. This suggests that VPL is not exerting an effect as a
lysosomal weak base. They also demonstrated that over a large VPL concentration range (up to
40uM) there was still no change in the CQ ICs; in the CQS strain. These concentrations should
be highly toxic to the parasites. This confirms that the VPL toxicity is unrelated to its ability to

modulate CQ sensitivity.

The large difference in VPL ICsq values relative to CQ ICsg values in our CQR strains differ from
the results reported in new Brazilian strains confirming that there are significant geographical
differences in the phenotype of CQR strains (Menezes et al, 2003). In the Brazilian strains VPL
toxicity was observed from 34nM and there was no synergism observed with CQ. In the CQR
strains tested in this study, VPL ICsy values were much higher than CQ ICsq values and CQ

activity was enhanced in each instance in CQR strains.
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2.2.4 The expression of Pghl and its relationship to sensitivity to VPL

The correlation beiween Pghl expression and CQ or MQ sensitivity is already well-established.
Pghl levels have not been correlated with VPL sensitivity nor has it been reported for the African
strain RSA11.

Comparison of the Pghl levels between the known strains and the African strain (RSA11) might;
a) aid in explaining the increased AEI observed for the RSA11 strain and

b) reveal a possible correlation between VPL sensitivity and Pghl expression.

Vacuoles were used in the determination of the Pghl levels because it is known that most of the
Pghl protein resides in the parasite food vacuole membrane (Cowman et al, 1991). Equal
numbers of vacuoles isolated from trophozoites (See Section 10.10 for methodology) were run
using sodium dodecyl polyacrylamide electrophoresis (SDS-PAGE). The proteins were
transferred to a PVDF membrane by western blotting and probed with anti-Pghl antibodies
raised to either the N-terminal ATP-binding site or to a C-terminal region (See sections 10.15-

10.17).

T PR

ID7 D10 FAC8 K1 RSA1ll1 D7 D10 FAC8 K1 RSA11
Panel A Panel B

Plate 2.1 Western Blot results showing the expression of Pghl from food vacuoles of several strains of
Plasmodium falciparum. In Panel A the membrane was incubated with anti N-terminal ATP-binding site
antiserum. In panel B the membrane was incubated with the anti-C-terminal region antiserum. The strains
tested from lefi to right are: 3D7, D10, FACS, K1 and RSA 1. W2 was not tesied.

The P-glycoprotein homologue (Pghl) was detected in vacuoles from all 5 strains tested and was

recognized by both the antisera tested. Equal numbers of vacuoles were loaded onto the gel and it
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is evident that the FACS strain has a more intense band than the other strains tested. Using the
Multi—Analyst® PC software from Bio-Rad and selecting FAC8 as the reference strain the band

intensities were calculated for comparison.

Table 2.3 The band intensities for Pghl expression in the isolated vacuoles from 5 plasmodial strains of
varying sensitivity to CQ. The results represent the data from 3 separate experiments performed with
antisera to both the C-terminal region and the ATP-binding domain.

Relative decrease in band

Average Band Intensity
Strain _ intensity compared to
(arbitrary units)

FACS?

3D7 24.75+10.17 4.040
D10 21.38x12.91 4.667
FAC8 100.00.000 1.000
K1 28.81+14.08 3471
RSA11 32.19+16.30 3.107

* The relative decrease in band intensity is determined by dividing the FACS intensity by the individual
band intensity for each strain.

No significant difference was observed in vacuolar Pghl levels in any of the strains apart from
FACS8 which showed levels of Pghl of between 3.1-4.7 times higher than the other 4 strains. This
result is similar to that reported for the FACS strain reported by Cowman et al (1991) and Price et
al (2004). As mentioned earlier, overexpression of Pghl was shown to be deleterious to high
levels of CQR (Barnes et al, 1992). This would appear to be confirmed since both the RSA11 and
K1 strain contain only one copy of Pghl and have ICsps more than twice as high as the FACS
ICsg.

There is no correlation between Pghl expression and sensitivity of P.falciparum to VPL (Figure
2.4 A). Both mefloquine and VPL are monoprotic weak bases. Given that mefloquine is known to
compete for VPL binding to P-glycoprotein in mammalian cells (Riffkin et al, 1996) and the

increased P-glycoprotein homologue 1 expression has been associated with resistance to
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mefloquine (Cowman et al, 1994), one might have expected that the FACS strain would be more

resistant to VPL than the strains with only one copy of Pghl. This is clearly not the case.
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Figure 2.4, Association between (A) VPL ICs, and Pghl expression and (B) CQ ICso and Pghl expression
in various strains of differing CQR profiles. The correlation coefficients are (A) r*=0.3196 and (B) r* =

0.0080.

The results of the association between the Pghl expression and CQ ICsps show that there is no

correlation between them (Figure 2.4 B). This confirms the results of Cowman et al (1991).

Strains that were either CQS or more resistant to CQ than FACS8 expressed the same amount of

Pghl.

While Pghl overexpression has been demonstrated to be important in the resistance to

mefloquine, it does not determine the sensitivity to either CQ or its resistance modulator VPL.

The role of Pghl in modulating CQR appears thus to be more a function of mutations in the gene

rather than expression of the protein (Reed et al, 2000).
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Chapter 3

Characterization of the Effect of Verapamil on the Accumulation of Tritiated

Chloroquine in Multiple Strains of Plasmodium falciparum

3.1 Introduction

In 1970, Fitch demonstrated that CQR strains of P.falciparum accumulate less CQ than CQS
strains. The majority of the accumulated CQ is localized to the digestive vacuole in the CQS
parasites (Aikawa, 1972, Yayon et al, 1984b). Accumulation of CQ was found to be energy
dependent in both whole CQS parasites (Krogstad et al, 1992; Bray et al, 1992) and isolated
digestive vacuoles (Saliba et al, 1998). In CQR strains the accumulation of CQ increases under
conditions of metabolic deprivation (Krogstad et al, 1992; Bray et al, 1992). This is consistent
with the theory that there is an energy-dependent efflux pump in the CQR strains (Krogstad et al,
1992). The sensitivity of plasmodial strains to CQ and other 4-aminoquinolines is highly
dependent on their accumulation into the parasites (Bray et al, 1992; Hawley et al, 1996; Hawley
et al, 1998).

Martin et al (1987) showed that VPL was able to reverse resistance to CQ in Plasmodium
falciparum strains. That same year Krogstad et al (1987) demonstrated that several resistance
reversers, including VPL, could increase the accumulation of CQ into CQR parasites over a large
concentration range. This increase in accumulation was attributed to an inhibition of the efflux of
CQ from the CQR strain. VPL did not increase CQ accumulation in the CQS strain over the same
concentration range (Krogstad et al, 1987). These observations were later confirmed in other

strains (Wellems et al, 1990).

Martiney et al (1995) found that VPL could also increase the accumulation of CQ into the CQS

strain (D10) at concentrations between 0.5-1uM. However the increase in accumulation was not
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Chapter 3 Verapamil effect on *H-CQ accumulation

associated with a change in sensitivity as was observed for CQR strains. Moreover in CQR
strains they found that CQ accumulation did not correlate with CQ sensitivity. When CQR strains
were manipulated to accumulate more CQ than CQS strains by altering the external medium pH,

their ICsgs were still higher than those of the CQS strain.

This chapter will examine the effect of increasing concentrations of VPL on the accumulation of
*H-CQ in several strains of Plasmodium falciparum with varying sensitivity to CQ. It will also
compare the effect of various other chemosensitisers on *H-CQ accumulation at equal molar
concentrations. It will then examine the role of temperature and energy dependence on VPL-

dependent *H-CQ accumulation.

Although much of the following work is similar to results published previously, some reports
have been contradictory and some effects may be strain specific. The experiments described
herein were deemed necessary to either explain or compare with results reported in later chapters.
It also allows for a direct comparison between the accumulation of *H-CQ and *H-VPL
(described in chapter 4) within this study. The comparison of the effect of VPL and the other
chemosensitisers on the plasmodial parasites described herein will also form an important point

of discussion for experiments presented in chapters 6 and 7.
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3.2 Results and Discussion

In all of the following sections the accumulation of 3H-CQ was measured in parasites (1%
haematocnt, 5% parasitaemia) over | hour. VPL and other chemosensitisers were added 13

minutes before the addition of the *H-CQ. For a detailed description of the methodology, refer to

section 10.6.

3.2.] The effect of increasing VPL concentrations on >H-CQ accumulation in COS

strains

Figure 3.1 clearly illustrates that VPL had no effect on increasing CQ accumulation in the CQS
strains 3D7 and D10 at concentrations reported to reverse resistance (I-10uM). At higher
concentrations (100uM-1mM) there was a significant drop in CQ accumulation in both strains.
The 3D7 strain appeared to be more sensitive to the effects of the higher VPL concentrations on

CQ accumulation than did D10.

-
o\

= 3D7
+ D10

.
J

) 1Cs (nM)
Strain/Clone AEI
CQ alone CQ+ IyM VPL
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D10 2648 2700 0981
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Figure 3.1 The dose dependent effect of VPL on the accumulation of *H-CQ (2nM) in the CQS strains
3D7 and D10. Each experiment was performed in triplicate on three separate occasions. The curves were
generated using the Prism 3.0 Spline curve function. The ICsos provided on the right are taken from Table

2.2
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The drop in 3H-CQ accumulation seen in the CQS strains at the high VPL concentrations
(100uM) was also demonstrated in the original papers describing the action of VPL (Krogstad et
al, 1987, Wellems et al, 1990). There was also no increase in CQ accurnulation between 0.5-1uM

as reported by Martiney et al (1995).

Most of the early literature showed a lack of effect of VPL both on tﬁe accumulation of CQ and
on changing the sensitivity to CQ in CQS strains (Martin et al, 1987; Krogstad et al, 1987,
Wellems et al, 1990). We also have found no increase in CQ accumulation in either of the CQS
strains used in this study (including the D10 strain) over a large concentration range. These

results contrast with those of Martiney et al (1995).

A decrease in CQ accumulation was observed at higher concentrations of VPL. 3D7 was more
sensitive to this decrease in accumulation than D10. VPL has been shown to increase membrane
permeability in some mammalian cells (Drori et al, 1995). This may cause leakage of
accumulated CQ at the higher concentrations. However these concentrations are well above the
VPL ICsps for 3D7 and D10 so the reduction in accumulation could be due to general

cytotoxicity.

Some erythrocyte lysis was also observed in these strains at 1mM as indicated by a reddening of
the extracellular media after the samples were centrifuged. This would suggest that some
permeabilisation or disintegration of the membranes (parasite and erythrocyte) may also have

occurred.

3.2.2 The effect of increasing VPL concentrations on >H-CQ accumulation in COR

strains

Figure 3.2 illustrates a comparison of the effects of VPL on CQ accumulation in the 3 CQR
strains tested. The K1 and RSA11 strains reached their peak CQ accumulation at roughly the

same VPL concentration but at a lower concentration than that of the FACS strain. All the CQR
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strains accumulated between 34 times the amount of CQ maximally relative to the control and

all demonstrated a sharp decline in CQ accumulation at 1mM similar to the CQS strains.

= FACS

al . K1
. 1Cs (PM)
+ RSA11 Strain/Clone AEI
CQ alone CQ + luM VPL
FACS 155.8 43,12 3.613
2+ Kl 255.0 62.82 4,059

RSAI 3540 4255 8320
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Figure 3.2 The dose dependent effect of VPL on the accumulation of *H-CQ (2nM) in the CQR strains
FACS8, K1 and RSAI1). Each experiment was performed in triplicate on three separate occasions. The
curves were generated using the Prism 3.0 Spline curve function. The 1Cses provided on the right are taken

from Table 2.2.

There did not appear to be any correlation between the amount of CQ accumulated and the shift
in sensitivity to CQ. RSAI | showed a marked shift in sensitivity to CQ (8-fold) but did not
accumulate any more CQ than did K[ or FAC8. At 1uM VPL there was a very small difference

in the amount of *H-CQ accumulated.

All three of the CQR strains exhibited a maximal accumulation of between 3-4 times the control
value at VPL concentrations between 10-100uM. FACS8 reached its maximal accumulation
“later” than the other two strains but its level of resistance reversal with 1uM VPL is not
markedly different from the other CQR strains. FAC8 expresses higher levels of Pghl than the
other two strains. However it is difficult to predict how this might have a bearing on the response

to VPL reversal given that the function of Pghl is currently not known.
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The difficulty in extrapolating accumulation data to changes in sensitivity has been previously
reported (Bray et al, 1994). The *H-CQ accumulation assay was measured over 1 hour while the
sensitivity assays were only read after 48 hours. The effect of VPL on reversing CQ resistance is
often observed at much lower concentrations than those found to cause maximal *H-CQ
accumulation. All three CQR strains have a similar capacity to increase CQ accumulation yet

their ICsgs are modulated to different degrees in the presence of VPL (see Figure 3.2).

All the strains show a drop in accumulation of CQ at ImM VPL and, as with the CQS strain, this

is probably due to some permeabilization or disintegration of the membranes.

3.2.3 The effect of various chemosensitisers on *H-CQ accumulation at the same

concentration (1uM) in the CQS strains

There are many structurally and functionally different compounds that reverse CQ resistance.
These include promethazine (antihistamine), chlorpromazine (antipsychotic), chlorpheniramine
(antihistamine) and desipramine (antidepressant). It was decided to investigate the action of these

widely known chemosensitisers on *H-CQ uptake for comparison with VPL.

The concentration of 1uM was used for all the chemosensitisers tested because it reverses CQ
resistance significantly and it is non-toxic to both the CQS and CQR strains (D. Taylor, personal
communication). In Figure 3.3 it can be seen that different chemosensitisers all lack the ability to
increase CQ accumulation in the CQS strains. This is in agreement with the AEI found in Table
2.2 where VPL showed no enhancement of CQ activity. This confirms the observation that their

effect is specific to CQR strains.
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Figure 3.3 The effect of a range of chemosensitisers on the accumulation of *H-CQ (2nM) in the CQS
strains, 3D7 and D10, at a fixed concentration of 1pM. The bars represent fold increases over the controls.
Each experiment was performed in triplicate on two separate occasions. The drugs examined were:
verapamil (VPL), promethazine (PRO), chlorpromazine (CHP), chlorpheniramine (CHF) and desipramine

(DES).

All concentrations used were non-toxic to the parasites and thus would not be expected to exert
any effect on the CQS parasites. Kalkinidis et al (2002) showed that chlorpromazine (CHP) can
inhibit B-haematin formation similarly to CQ. If the binding to haem and subsequent inhibition of
B-haematin formation is linked to CQ uptake (Bray et al, 1998) then CHP might be expected to
compete for CQ accumulation. However the concentrations used here are clearly not high enough
to compete for CQ accumulation. CHP is monoprotic and thus will not accumulate as much as
CQ did and it has a lower capacity for inhibiting f-haematin formation than did CQ (Kalkinidis et
al, 2002).

3.2.4 The effect of various chemosensitisers on JH-CQ accumulation al the same

concentration (1 uM) in the COR strains

The effect of VPL at 1pM did not differ significantly from other chemosensitisers tested at same
concentration (p>0.05S) in either CQR strain. Chlorpheniramine had a consistently smaller
increase in accumulation than the other chemosensitisers tested albeit statistically insignificant
(p>0.05). All the chemosensitisers increased CQ accumulation between 2-3 fold in both strains.

For RSA11, 1nM VPL enhanced CQ sensitivity 8.3 fold with a 2.67 fold increase in CQ
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accumulation. Similarly for the K1 strain, an AEI of 4.059 was only accompanied by a 2.043 fold

increase in CQ accumulation. Similar results have been previously reporied (Bray et al, 1994).
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Figure 3.4 The effect of a range of chemosensitisers on the accumulation of *H-CQ (2nM) in the CQR
strains, K1 and RSAI1, at a fixed concentration of 1pM. The bars represent fold increases over the
controls. Each experiment was performed in triplicate on two separate occasions. The drugs examined
were: verapamil (VPL), promethazine (PRO), chlorpromazine (CHP), chlorpheniramine (CHF) and

desipramine (DES).

All the chemosensitisers are monoprotic with similar pKa’s (see table 10.1) and would thus be
expected to accumulate to the same levels as VPL did in the CQR strain. All appear to have an
equal capacity to increase CQ accumulation at this concentration. Although the chemosensitisers

are structurally and functionally different, their similar behaviour on 3H-CQ accumulation points

to a common mode of action in Plasmodium falciparum. Thus the work on VPL can likely be

extrapolated to the other chemosensitisers.
3.2.5 The temperature dependence of the VPL effect on>H-CQ accumulation

While it is known that *H-CQ accumulation is temperature and energy dependent, not much is

known about the temperature and energy dependence of the resistance reversal effect by VPL.
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VPL is able to increase the accumulation of *H-CQ at 37°C in the CQR strain (X1). At 4°C there
was a decrease in CQ accumulated in the CQR strain and VPL did not increase the amount of CQ

accumulated at this temperature (see Figure 3.5).

There was also a large decrease in the CQ accumulated at 4°C in the CQS strain. As expected
VPL had no effect on CQ accumulation in the CQS strain at either 37°C or at 4°C.

The demonstration of the temperature dependence of CQ accumulation has been previously
reported (Sanchez et al, 1997). In both their CQS strain (HB3) and their CQR strain (Dd2), there

was a decrease in the CQ accumulated at 4°C when compared to that accumulated at 37°C.
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Figure 3.5 The temperature dependence of VPL on *H-CQ accumulation in a CQR (K1) and CQS (D10)
strain of Plasmodium falciparum. Al) values were determined relative to the control (37°C; No VPL). The
experiment was performed twice in triplicate.

Sanchez et al (1997) suggest that the temperature dependence of CQ accumulation implies a
transport mechanism is responsible for the uptake of CQ in Plasmodium falciparum. However
this could also imply that an efflux pump is not operating efficiently given that most of the
parasite enzymes or energy-dependent processes should only be optimal at 37°C. VPL did not
affect the uptake of CQ in the CQR strain at 4°C. This result is consistent with the mode of action
of chemosensitisers betng energy dependent. It is thus unlikely that the action of VPL is a general
changing of the fluidity of the membrane as has been suggesting for function of VPL in some

MDR cancer cells (Drori et al, [995).
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3.2.6 The effect of metabolic deprivation on the VPL effect on >H-CQ accumulation

Azide inhibits oxidative phosphorylation and malaria parasites need an external source of glucose
for glycolysis (Krogstad et al, 1992). Thus cells treated with azide and deprived of glucose were
considered energy depleted. This method was also used by Bray et al (1992) to examine

metabolic deprivation.

The accumulation of CQ in the CQS strain (D10) was greatly reduced in the absence of glucose.
The addition of VPL had no effect on CQ accumulation under any conditions as expected for the
CQS strain.

In the CQR strain there was an increase in CQ accumulation jn the absence of glucose (see Figure
3.6). VPL increased CQ accumulation when glucose was present, but decreased the CQ
accunulation in the absence of glucose, albeit insignificant (p = 0.0892). The increase in CQ
accumulation in the absence of glucose was similar to the amount of CQ accumulated in the

presence of VPL and glucose.
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Figure 3.6 The effect of metabolic deprivation on the VPL effect on *H-CQ accumulation at 37°C in a
CQR (K1) and a CQS (D10) strain of Plasmodium falciparum. All values were determined relative to the
control (PBS + Img/ml glucose; No VPL). The azide concentration was 10mM. The experiment was
performed once in triplicate.
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CQ accumulation decreases in conditions of metabolic deprivation in the CQS strain but
increases under the same conditions in the CQR strain. The results reported here agree with those
of Krogstad et al (1992) and Bray et al (1992). Krogstad et al (1992) used the lack of
metabolizable substrates to demonstrate that efflux is an energy dependent process. Bray et al
(1996) found dissimilar results for their CQR K1 strain when they substituted glucose with 2-
deoxy-D-glucose. They found no significant difference between the energy-depleted and energy-
present samples, but did not propose a mechanism to explain this effect. What is evident from
that paper was that neither VPL nor vinblastine could increase the uptake of CQ under conditions
of metabolic deprivation (Bray et al, 1996). This observation was confirmed in this chapter. VPL
had no effect on CQ accumulation in the absence of glucose once again suggesting that its action

is associated with an energy-dependent putative transporter.

What is interesting to note is that the accumulation of CQ in the absence of glucose is similar to
the accumulation of CQ in the presence of glucose and SuM VPL. Krogstad et al (1992) reported
that the amount of CQ taken up by the CQR strain in the absence of glucose was roughly twice as
much as that taken up with glucose present. This is similar to our findings. The addition of 5uM
VPL also caused an approximately 2-fold increase in CQ accumulation in the presence of
glucose. If, in the absence of glucose, a putative efflux pump is inhibited, then these results are

consistent with the proposal that VPL inhibits the pump in the presence of glucose.

Not surprisingly VPL had no effect under any conditions on the CQS strain.

The results in this chapter also concur with the results of Sanchez et al (2003) where it was
demonstrated that after the addition of glucose there was an increase in CQ accumulated in the
CQS strain and a decrease in the amount of CQ accumulated in the CQR strain. This was
assumed to support the theory of an energy dependent efflux pump present in CQR strains
(Sanchez et al 2003).

In conclusion the results reported here support the theory of a temperature- and energy-dependent

putative CQ transporter in the CQR strains of P.falciparum. The results presented also
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demonstrate that VPL and a diverse range chemosensitisers exert similar effects on CQ

accumulation in the parasites at sublethal equimolar concentrations.
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Chapter 4

Characterization of Tritiated Verapamil Accumulation in Plasmodium

Jalciparum

4.1 Introduction

Although VPL can increase the accumulation of anticancer agents into MDR cells, VPL itself has
different uptake kinetics in some MDR cancer cells. VPL accumulates in lysosomes of
mammalian cells (Lelong et al, 1991) and can bind to membranes of certain cells (Cornwell et al,
1987).

Studies with tritiated [°H] verapamil demonstrate different uptake kinetics into MDR cells
relative to their drug sensitive counterparts (Yusa and Tsuruo, 1989). In the drug sensitive human
erythrocyte leukemic K562 cell line, VPL uptake was 3-fold higher than in the Adriamycin
resistant line K562/ADM. The antitumour agent vincristine (SuM) was able to increase the
accurnulation of VPL in the MDR cell line suggesting that VPL is transported by a similar carrier
to vincristine (Yusa and Tsuruo, 1989). VPL was also demonstrated to bind to P-glycoprotein
directly using photoactive analogues (Yusa and Tsuruo, 1989, Safa et al. 1988). Thus VPL is
effluxed by P-glycoprotein and reverses multidrug resistance in cancer cells by competitively

inhibiting the drug transport through the P-glycoprotein.

However, the differential accumulation of VPL in drug-sensitive versus drug-resistant tumour
cells is not universal. Both VPL and azidopine were observed to accumulate to similar levels in
wild type and daunorubicin resistant Ehlich ascites tumour cells (Sehested et al, 1990). Despite
this, vincristine was shown to increase the accumulation of VPL in the resistant line only. Also,

the photoreactive azidopine was shown to label P-glycoprotein and verapamil could inhibit the
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labeling. So VPL may inhibit P-glycoprotein without competing for drug efflux (Sehested et al,
1990).

To date only limited work has been published on verapamil uptake by Plasmodium falciparum
using tritiated analogues of verapamil. Bray et al (1992) demonstrated the effect of energy
depletion and competition with 100nM CQ on *H-VPL accumulation in a CQS and CQR strain.
When glucose was removed and with the metabolic inhibitor sodium azide added, both the CQS
and CQR strain experienced a drop in VPL accumulation. This suggests that VPL accumulation,
similar to CQ, is energy dependent. Moreover CQ at 100nM increased the accumulation of *H-
VPL in both CQS and CQR strains by 42% and 43% respectively. The authors suggest that this
implies an efflux pump that has a similar capacity in the two strains. They also found that the
accumulation ratios for the two strains were far in excess of the predicted values for monoprotic
weak bases to accumulate in the acidic food vacuole. They concluded that a large amount of the
verapamil probably accumulates in the cytosol of the parasites. In 1998, Bray et al showed that a
proteinase inhibitor had no effect on *H-VPL accumulation while it drastically reduced the H-
CQ accumulation. This was attributed to the inhibition of CQ’s binding to haematin and it is

assumed therefore that the uptake of VPL is not dependent on its binding to haematin.

This chapter will deal with the characterization of the accumulation of *H-VPL into uninfected
and Plasmodium falciparum infected erythrocytes. It will demonstrate the energy and
concentration dependence on “H-VPL uptake and the effect of competition with a large molar

excess of CQ and VPL.
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4.2 Results and Discussion
4.2.1 Accumulation of *H-VPL by erythrocytes and parasitized erythrocytes

The uptake of *H-VPL (1nM) was examined in both parasitised and unparasitised erythrocytes.
The experiment was performed over | hour. Thereafter the cells were spun at 13000rpm for 1
minute, the supermatant removed and the pellet processed for scintillation counting. The complete

experimental procedure can be found in section 10.6 of the Methodology chapter.

From Figure 4.1 it is evident that VPL is rapidly lost from the pellet of either unparasitized or
parasitized erythrocytes when it is washed once with PBS, suggesting a low affinity binding site,
if any. The accumulation of *H-VPL is not significantly different between the unparasitized or the

parasitized erythrocytes for both the washed (p = 0.1249) and unwashed samples (p = 0.8787).
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Figure 4.1 The accumulation of *H-VPL (J xM) into unparasitized and parasitized erythrocytes over |hour
and the effect of washing the pellet with PBS. Both erythrocyte and D10 infected erythrocyte samples
were at 1% haematocrit with the D10 parasitaemia at 5%. This experiment was performed twice in
triplicate.

This experiment was performed using the standard conditions of 1% haematocrit and 5%

parasitaemia. Under these conditions CQ accumulates to a far greater extent in parasitized
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erythrocytes than in uninfected erythrocytes. The reason for this is that CQ accumulation into
unparasitized erythrocytes occurs by means of passive diffusion (Ferrari and Cutler, 1990) while
CQ accumulation into parasitized erythrocytes is dependent on its access to haematin (Bray et al,
1998; Bray et al, 1999) and/or proton trapping (Yayon et al, 1984b). The accumulation of VPL
thus differs significantly from that of CQ. This illustrates that there is no specific uptake of VPL
by parasitised erythrocytes.

Czejka et al (1992) demonstrated that VPL has a low partition coefficient in erythrocytes and that
the interaction of VPL with erythrocytes is weak and reversible. This would appear to be

confirmed in this chapter.

For all the subsequent experiments the unparasitized and parasitized erythrocytes were spun
through dibutyl phthalate to separate them from the external medium. To distinguish between
parasite specific accumulation and erythrocyte accumulation it was decided not to use the
conventional 5% parasitaemia and 1% haematocrit. Instead the parasites were enriched according
to the method of Ginsburg et al (1999). Parasitised erythrocytes were layered on a Percoll
gradient (60%: 90%) in medium containing 3% alanine and spun for 20 minutes at 10000 rpm.
Trophozoites were separated from the unparasitised erythrocytes and partitioned between the
60%: 90% Percoll layer. The experiments were then run at a 0.1% haematocrit. The parasitaemia
of the enriched culture was consistently greater than 90% (see section 10.8 of the Methodology

chapter).
4.2.2 The energy dependence of "H-VPL accumulation into enriched trophozoites

There is no significant difference in *H-VPL accumulation between the CQS and CQR strains
when glucose is present (p = 0.9195) (See Figure 4.2). Although there appears to be a decrease in
*H-VPL accumulation in the absence of glucose, these values are not significantly different from
those where glucose is present (p = 0.8846 for D10; p = 0.9376 for K1). The accumulation in the
absence of glucose also does not differ significantly between strains (p = 0.7671). Thus metabolic

deprivation does not affect the accumulation of *H-VPL whereas it has a profound effect on the
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accumulation of *H-CQ (see Figure 3.6). These results are similar to those obtained by Bray et al
(1992).
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Figure 4.2 A comparison of the energy dependence of *H-VPL accumulation in enriched trophozoites
from a CQS and CQR strain of Plasmodium falciparum (0.1% hc). The experiment was run in either PBS
+ Img/ml glucose (+ glucose) or PBS + 10mM sodium azide (+ azide). The experiment was run in
triplicate on two separate occasions.

The lack of effect of metabolic deprivation on *H-VPL accumulation is another significant
difference from the accumulation of CQ in Plasmodium parasites. The glucose-dependent
changes in CQ accumulation were suggested to support evidence for a putative efflux pump in
CQR strains (Krogstad et al, 1992). If VPL is also a substrate for this pump then one might
expect similar effects to those seen with CQ (e.g. a decreased accumulation in the absence of
glucose). Clearly, though, the differences in the methods of accumulation between CQ and VPL

make this difficult to verify.
These differences in the uptake of a cylotoxic agent and a chemosensitiser are not without

precedent. There have been reports of similar uptake levels and kinetics for VPL in mammalian

cell lines either sensitive or resistant to daunorubicin (Sehested et al, 1990). In their tumour cells
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VPL accumulated at a similar rate and to the same levels in both the drug sensitive and MDR

cells. This occurred despite it being a substrate for the P-glycoprotein efflux pump.

4.2.3 The concentration dependence of *H-VPL uptake into a COR and COS strain
of Plasmodium falciparum af 4°C and 37°C.

The equilibration of *H-VPL in the CQS strain is not saturable over a | million fold concentration
range. The experiment was performed at both 37°C and at 4°C. There is no difference between
the two curves and they are almost superimposable. This represents a fundamental difference

between the accumulation of CQ and VPL in the Plasmodium parasite.
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Figure 4.3 A comparison of the concentration dependence of *H-VPL accumulation at 37°C and 4°C in
enriched trophozoites from the CQS strain (D10). The experiments were performed in triplicate on 2 (4°C)
or 3 (37°C) separate occasions. The linear regressions were generated using Prism 3.0. The linear
correlation coefficients for the two curves are: r* = 0.9987 for the experiment performed at 4°C and r* =
0.9980 for the experiment performed at 37°C.

Figure 4.4 shows the same patiem for the CQR strains as for the CQS strain. There is no

saturation over the large concentration range (1nM to ImM). Also there is no difference between
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the experiments when performed at 4°C and when performed at 37°C. These curves are also

almost identical to those of the CQS strain.

10.0-

3

o 75-

o

Tl

§’ 5.0-

LI ¥

254 . 4°C
00 | | ] 1 | 1

I
-0 9 8 7 6 5 4 -3 -2

Log [VPL]

Figure 4.4 A comparison of the concentration dependence of *H-VPL accumulation at 37°C and 4°C in
enriched trophozoites from the CQR strain (K1). The experiments were performed in triplicate on 2 (4°C)
or 3 (37°C) separate occasions. The linear regressions were generated using Prism 3.0. The linear
correlation coefficients for the two curves are: r* = 0.9983 for the experiment performed at 4°C and r* =
0.9983 for the experiment performed at 37°C.

'H-VPL equilibration is not saturable over a large concentration range suggesting that any
binding sites present are of high capacity and low affinity. The similar accumulation profiles at
both 4°C and 37°C and the lack of energy dependence argue against an active uptake. Thus VPL
appears to accumulate by means of diffusion only. VPL does not inhibit B-haematin formation at
10 equivalents (Warhurst et al, 2003) and thus probably does not bind to haematin. CQ uptake is
highly dependent on its binding and access to haematin (Bray et al, 1998).

The tack of any significant difference in the saturable accumulation of VPL between the two
strains is supported by the lack of any significant difference between the ICsos for VPL in the
strains. The difference in CQ accumulation is very closely linked to the difference in its 1Cs

between CQS and CQR strains.
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4.2.4 The effect of a large excess of CQ and VPL on *H-VPL accumulation in COS
and CQR strains of Plasmodium falciparum.

From Figure 4.5 it is observed that neither an excess of CQ nor an excess of VPL has any
significant effect on the accumulation of *H-VPL in the CQS strain. Although there appears to be
a slight decrease in accumulation of H-VPL, this decrease is not significant (p > 0.05). An
excess of CQ causes a decrease in the accumulation of *H-CQ in the CQS strain while, as

expected, VPL has no effect on *H-CQ accumulation in the CQS strain.
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Figure 4.5 The effect of a large molar excess of CQ or VPL on the accumulation of |nM *H-VPL (A) or
InM 3H-CQ (B) in enriched trophozoites from the CQS strain (D10). The experiment was performed three

times in triplicate.

In the CQR RSAT11 strain, there is also no significant change in the accumulation of 'H-VPL in
the presence of a large excess of either CQ or VPL. This differs greatly from the effect of these

two drugs on the accumulation of *H-CQ in the same strain. There is a large decrease in *H-CQ

accumulation in the presence of 1uM CQ while there is a 2-fold increase in *H-CQ accumulated

when 5pM VPL is present.
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Figure 4.6 The effect of a large molar excess of CQ or VPL on the accumulation of 1nM *H-VPL (A) or
[nM *H-CQ (B) in enriched trophozoites from the CQR strain (RSA11). The experiment was performed

three times in triplicate.

The results for another CQR strain W2 were similar to those of the CQR strain RSAI1. Again

there is no change in the accumulation of *H-VPL with either a large excess of unlabelled CQ or

VPL. The *H-CQ accumulation is greatly altered under the same conditions.
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Figure 4.7 The effect of a large molar excess of CQ or VPL on the accumulation of 1nM *H-VPL (A) or
InM *H-CQ (B) in enriched trophozoites from the CQR strain (W2). The experiment was performed three

times in triplicate.

This illustrates the differences in the accumulation of CQ relative to that of VPL in strains of

varying sensitivity to CQ. There is no difference in the VPL accumulation in either the CQS or
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CQR strain when incubated with excess CQ or VPL. The accumulation of CQ varies significantly

under the same conditions depending on the strains used.

The results presented here differ from those of Bray et al (1992) which showed that CQ (at
100nM) can increase the accumulation of *H-VPL to the same degree in both the CQS and CQR
strains. They suggest that if VPL was inhibiting efflux of CQ by acting as a substrate, then one
would expect an increase in *H-VPL accumulation in the presence of CQ. Thus the CQS and

CQR strains both have an efflux pump of similar capacity.

A large excess of CQ competes for *H-CQ binding as has been previously demonstrated (Sanchez
et al, 1997). Since the accumulation of *H-VPL is not saturable over a large concentration range
(see Figure 4.4 and Figure 4.5), it is not surprising that unlabelled VPL does not compete for its
own binding. It also explains the lack of effect of CQ on its accumulation. The *H-VPL
concentration used in this study differs from that used by Bray et al (1992) but this should not

affect the result given that VPL is non-saturable over a much larger concentration range.

These results are not incompatible with the efflux pump theory. Instead this may suggest why a
relatively large concentration of VPL is necessary to see an effect on CQ uptake in the CQR
strain. Some mammalian cells also show a similar VPL uptake profile between drug sensitive and
multidrug resistant cell lines (Sehested et al, 1990). Yet VPL still inhibited efflux specifically

from the multidrug resistant cell line.

Clearly VPL does not have similar accumulation properties to CQ for two main reasons:
1) It is monoprotic and thus will not accumulate as much as the diprotic CQ and
2) It does not inhibit haem crystallization at similar levels to CQ and thus probably does not
bind to haematin which has been proposed as one of the reasons for the significant uptake

of CQ in Plasmodium falciparum.

These two reasons may provide the explanation for the vastly different effects of VPL uptake

when compared to the well-established effects of CQ accumulation.
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Chapter 5

The Accumulation and Efflux of Tritiated Chloroquine and Verapamil in Plasmodium

Jalciparum and Mammalian Cell Lines

5.1 Introduction

Differences in import and export kinetics have long been debated as a reason for the reduced

accumulation and thus resistance of Plasmodium falciparum to CQ.

5.1.1 Chloroquine Accumulation over Time

Krogstad et al (1987) demonstrated that during the initial 5 minutes of CQ accumulation there is
no difference in the accumulation rates between the CQS and CQR strains. They suggest that the

most important determinant for resistance to CQ is the enhanced efflux capacity of CQR strains.

Bray et al (1994) showed the initial rate of CQ accumulation is greatly reduced in the CQR
strains relative to the CQS strain. The CQR strain reached steady state faster than the CQS strain.
They suggest that this indicates an enhanced efflux but the lower net accumulation of CQ is
suggested to be a product of both reduced uptake and increased efflux. VPL slowed the CQ
uptake so that the steady state was reached at the same time as the CQS strain. However the
amount of CQ accumulated at steady state in the CQR strain never reached the levels of the CQS
strain. Also VPL (5uM) did not exert any effect at a higher CQ concentration (100nM). This
implied that the exporter had a low capacity and was being swamped at the higher CQ
concentration (Bray et al, 1994). Bray et al (1996) later showed that 5uM VPL increased the
initial uptake rate 2.5 fold in the CQR strain (within 6-7mins).

Martiney et al (1995) found contradictory results. They observed that by 45-60s there is a clear

difference between CQ accumulation in CQS and CQR parasites. But the VPL related increase in
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CQ accumulation in CQR strains only took effect after 5 minutes. They suggest VPL does not
affect CQ uptake during the time period in which the differences between CQS and CQR strains
are first observed. They also showed that VPL increased CQ accumulation rates in both CQR and

CQS strains (Martiney et al, 1995).

Sanchez et al (1997) reported a biphasic accumulation of CQ in the CQR strain Dd2. During the
first 15 minutes of exposure to CQ there was a gradual increase in CQ accumulated although not
as much as is taken up in the CQS strain over the same time period. Thereafter they observed a
decrease in the CQ accumulated in the CQR strain. They assumed this to be a product of the

efflux mechanism,.

In studies with CQ in uninfected erythrocytes, VPL had no effect on the kinetics of CQ uptake.
This suggests that the putative VPL-sensitive CQ carrier is not present in the uninfected

erythrocyte membrane (Ferrari and Cutler, 1990).

5.1.2 Chlorogquine Efflux over Time

Krogstad et al (1987) were first to propose that a rapid CQ efflux phenotype exists in CQR
strains of P.falciparum. They demonstrated that there was a 40-50 fold difference in the rate of
efflux of 3H—CQ from the CQR strain when compared to the CQS strain. This trend was
confirmed by Wellems et al (1990) using different strains. Both groups reported a rapid efflux of
between 1-2 minutes for their CQR strains and slower efflux (>60 minutes) in the CQS strains.
Since CQR strains accumulate less CQ than CQS strains, the difference may simply be due to a
difference in starting concentration. Therefore Krogstad et al (1992) increased the external CQ
concentration so that both strains had the same *H-CQ concentration at time zero. Despite this
alteration the CQS strain was still 40-50 times slower at releasing CQ than the CQR strain. They
also showed that efflux was an energy-dependent process by removing glucose and adding
vanadate. This had the effect of slowing down the efflux half-life and increasing CQ
accumulation in the CQR strain (Krogstad et al, 1992). Resistance reversers like VPL, diltiazem
and daunomycin also slowed the rate of efflux in the CQR strain (Krogstad et al, 1987). This

rapid efflux phenotype has also been reported elsewhere (Bayoumi et al, 1994; Sanchez et al,
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2003). In CQR African clones the time required to release half of the 3H—CQ (tV2) was less than
10 minutes while the CQS clones all had t'2 of greater than 20 minutes (Bayoumi et al, 1994).

However the rapid efflux phenomenon was questioned by Bray et al (1992). They demonstrated
in a range of strains that under their conditions there was no significant difference in the rate of
efflux irrespective of their CQ sensitivity. In addition VPL slowed the efflux rates in both the
CQS and CQR strains. They found the efflux was biphasic consisting of an initial rapid phase
followed by an equilibrium phase. Martiney et al (1995) reported similar findings when they
demonstrated that there is no difference in the efflux rates between their CQS (ID10) strain and
their CQR (Dd2) strain. Efflux rates were measured after preloading with 4nM CQ for between
45-60mins. After 10mins their CQS strain had effluxed 32+14% of the *H-CQ and the CQR
strain had effluxed 43+3%.

Ginsburg and Stein (1991) used kinetic modeling to suggest that a weakened vacuolar proton
pump was responsible for the differences in sensitivity to CQ. This would raise the baseline
vacuole pH in the CQR strain. Krogstad et al (1985) showed the baseline pH between CQS and
CQR strains was similar and recent evidence suggests that the vacuolar pH in CQR strains is
lower than that of CQS strains (Dzekunov et al, 2000). Krogstad et al (1992) and Sanchez et al
(2003) have demonstrated an energy-dependence of the efflux carrier thereby arguing against the

weakened proton pump theory or an altered CQ importer (Ferrari and Cutler, 1991).

Lastly Sanchez et al (2003) used trans-stimulation conditions in the presence and absence of
glucose to demonstrate that within CQR strains there is an energy-dependent transporter
responsible for the efflux of CQ away from its binding sites within the parasites. They suggest
that their model for a CQ efflux carrier is compatible with previously reported accumulation
kinetics reported by Bray et al (1998). They show that the efflux half-life is 6 minutes in the CQR

strain which is much slower than their measured accumulation half-lives of between 1-2 minutes.
Studying the kinetics of drug uptake of both anticancer agents and resistance reversers has been

important in identifying the role of P-glycoprotein in MDR cancer cells. No protein target has yet

been conclusively implicated in CQR Plasmodium falciparum. Yet kinetic studies are still
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valuable in describing the action of a putative CQ transporter. Given the many contradictory
reports on the accumulation and efflux of CQ from Plasmodium parasites, some of these
experiments have been performed in the presence and absence of VPL to further examine the

action of resistance reversers on the kinetics of CQ uptake and efflux.

This chapter deals with the characterization of the accumulation and efflux of *H-CQ and *H-
VPL in a CQS and CQR strain of Plasmodium falciparum. The accumulation of *H-VPL in
P.falciparum is compared with the accumulation of *H-CQ for both CQS and CQR strains. The
accumulation of *H-VPL in P.falciparum is also compared to 3H-VPL accumulation into
mammalian cell lines. The chapter also examines the role of VPL in altering the rates of efflux of

*H-CQ when exposed to parasites under different conditions.
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5.2 Results and Discussion

5.2.1.1 Time course of *H-CQ uptake into COS and COR strains and the effect of VPL.

From Figure 5.1.a it is clear that the CQS strain (D10) accumulated more CQ after 60 minutes
than the CQR strain (K1). When the time course was performed on the CQS strain in the
presence of SuM VPL there was a slight decrease in the CQ accumulated after 60 minutes
although this difference was not significant (p>0.05). The curves are almost identical during the
first 15 minutes before the slight divergence is observed. This confirmed that VPL had no effect
on the time course of CQ uptake in the CQS strain. In the CQR strain VPL increased the net CQ
uptake at 60 minutes (3.75 fold).
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Figure S.1.a A time course comparing the accumulation of inM *H-CQ in the presence and absence of
SpuM VPL in a CQS and CQR strain of Plasmodium falciparum. Each experiment was performed in
duplicate on 3 separate occastons. The curves were generated in Prism 3.0.

Steady state was achieved when the rate of uptake equaled the rate of efflux. Steady state was
reached much sooner in the CQR strain (see Figure 5.1.b). The time taken to reach half the steady
state values (T%) was 4.55+1.44 mins for the CQR strain and 12.4+4.32mins for the CQS strain
in the absence of VPL. VPL slowed the accumulation of CQ to steady state by almost two-fold in
the CQR strain (7.95+0.99mins). Interestingly VPL enhanced the time to steady state for the CQS
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strain (10.9+3.37mins) albeit not statistically significant (p = 0.66). These observations are very
similar to those of Bray et al (1994) although the actual values differ. They found that VPL
slowed the accumulation to such an extent that the T2 of the CQR strain was identical to that of

the CQS strain.

& 1001 D10 - CQ alone
e D10 - CQ + VPL
‘_é’%‘ = K1-CQ alone
S 3 . K1-CQ+ VPL
Qwn
O
® 9
33
S

®

40 50 60
Time (minutes)

Figure 5.1.b A measure of the rate of CQ uptake to steady state based on Figure 5.1.a. The curves were
generated in Prism 3.0 using a nonlinear regression analysis.

The accumulation of *H-CQ was time-dependent in both CQS and CQR strains. The CQS strain
exhibited a greatly increased rate of uptake within the first five minutes when compared to the
CQR strain. These results contrast with those of Krogstad et al (1987) but are similar to those of
Bray et al (1994), who found that steady state was reached sooner in the CQR strain when
compared to the CQS strain. VPL slows down the time to steady state in the CQR strain although
not to the same extent. Bray et al (1994) suggest that their results indicate an enhanced efflux
capability in the CQR strain and that VPL inhibits this efflux. They also propose that the lower
accumulation in the CQR strain is thus a product of both a reduced uptake and enhanced efflux.
In a later study they showed that VPL increased the initial CQ uptake rate 2.5 fold (Bray et al,
1996) once again supporting their assumption that changes in uptake rates are jmportant in

determining resistance to CQ.
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Martiney et al (1995) found that VPL increased CQ accumulation rates in both the CQS and CQR
strains. This was not observed in this study. The effect of VPL on enhancing CQ accumulation
was limited to the CQR strain. The reason for this discrepancy is not clear since they used the
same CQS strain (D10). Also they found the VPL effect on CQ accumulation was only observed
after 5 minutes in the CQR strain. Again this was not evident in this work. The VPL effect was
observed very early on in both the increase in rate of uptake and the slowing of the time taken to

reach steady state.

There was no indication of biphasic CQ accumulation reported by Sanchez et al (1997) in the
CQR strain used in this study. Once the steady state was achieved there was no drop in
accumulation of CQ. Sanchez et al (1997) used the same CQR strain (Dd2) as Martiney et al
(1995) yet they report very different accumulation profiles.

5.2.1.2 Time course of "H-VPL uptake into a CQS and COR strain of Plasmodium falciparum.

In contrast to CQ, *H-VPL accumulation was complete within 1 minute in both the CQS and
CQR strains. There was no significant difference in the amount of VPL accumulated at any

subsequent time points throughout the experiment for each strain (p>0.05).

For *H-VPL this is more indicative of an equilibration of the drug from external medium into the
parasite rather than active accumulation. Thus the term accumulation will be synonymous with

equilibration when used to describe *H-VPL in P falciparum.

A large CQ concentration had no effect on the accumulation of *H-VPL in either the CQS or the
CQR strain at any time point. This result is in contrast with that found by Bray et al (1992) who
showed that CQ reduced *H-VPL accumulation after 60 minutes. It is clear that VPL
accumulation differs from CQ accumulation in P.falciparum strains. There was no significant
strain dependent stimulation or reduction in H-VPL accumulation by a high molar excess of CQ

as has been observed for H-CQ in the presence of VPL in CQR strains.
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Figure 5.2 A time course comparing the accumulation of 1nM *H-VPL in the presence and absence of
IuM CQ in a CQS and CQR strain of Plasmodium falciparum. Each experiment was performed in
duplicate on 2 separate occasions.

The rapid accumulation of *H-VPL into both CQS and CQR strains of P falciparum contrasted
markedly from *H-CQ accumulation where steady state was achieved much later and where there
was a clear difference between the two strains. This lack of time-dependent accumulation was
most probably due to rapid diffusion of VPL into the cells. Kinetic differences of CQ are closely
related to the differences in sensitivity to CQ. The lack of differences in kinetics of VPL may also
explain why its ICsgs are similar between CQS and CQR strains.

The lack of competition for the accumulation of *H-VPL by a high molar excess of CQ in either
the CQS or the CQR strain contrasts with results reported by Bray et al (1992). They suggest that
CQ does compete for *H-VPL accumulation. CQ is known to bind to FPIX (Chou et al, 1980;
Bray et al, 1998) and to PfCRT (Zhang et al, 2004) but it is not known if there is a receptor for
VPL. Any putative VPL receptor would have to be of high capacity and low affinity.

5.2.1.3 Time course of >H-VPL uptake into mammalian cell lines.
The accumulation of *H-VPL was measured in two mammalian cell lines that are cultured
routinely in our laboratory. Neither cell Jine overexpresses P-glycoprotein. The cells were plated

into a 24-well microtitre plate. When cells became confluent they were exposed to *H-VPL
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(1nM). This is the same concentration used in the Plasmodium falciparum experiments. The
medium was removed at various time points and the cells processed for scintillation counting as

described in Section 10.13.

It is clear that VPL was taken up rapidly by two mammalian cell lines (see Figure 5.3).
Accumulation occured most rapidly within the first 5 minutes and thereafter reached saturation.

Steady state was reached within 1 hour. Both these cell lines had similar uptake curves.

The pattern of VPL accumulation in mammalian cells differed from that observed in
P falciparum strains. In the mammalian cells the uptake was time dependent whereas the VPL
diffused/equilibrated rapidly into the Plasmodium strains. This pattern of VPL uptake into

mammalian cells was more similar to that of CQ uptake in Plasmodium falciparum.
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Figure 5.3 Time course for the uptake of *H-VPL (1InM) into two mammalian cell lines. Each experiment
was performed in duplicate on 2 separate occasions. The curves were generated in Prism 3.0 using a non-
Jinear regression analysis.

VPL accumulates into acidic lysosomes in mammalian cells and its accumulation can be reduced
by raising the intratysosomal pH with CQ (Lelong et al, 1991). VPL also binds to membrane
vesicles of certain cell types (Comwell et al, 1987).
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The accumulation of *H-VPL into mammalian cell lines was clearly time dependent. There is a
rapid uptake phase within the first 10 minutes followed by a saturation phase as the steady state is
reached. This pattern of uptake is similar to other reports on VPL uptake (Comnwell et al, 1987,
Warr et al, 1988; Yusa and Tsuruo, 1989; Sehested et al, 1990). The cells used here did not
overexpress P-glycoprotein and did not carry the multidrug resistance phenotype. Multidrug
resistant cells accumulate less VPL and at a slower rate than wild type cells (Yusa and Tsuruo,
1989; Warr et al, 1988) but this is not always consistent (Sehested et al, 1990). Yusa and Tsuruo
(1989) showed that VPL uptake in multidrug resistant cells is increased and more rapid when it is
co-incubated with an anticancer agent or another chemosensitiser. This suggests that VPL is

reversing multidrug resistance by competitively inhibiting drug transport.

No such effect was observed when *H-VPL was co-incubated with CQ in the CQR strain of
Plasmodium falciparum. Clearly the uptake kinetics differ between these cell types and thus it is
not possible to determine if any competition is occurring between CQ and *H-VPL in
P.falciparum under these conditions as it was demonstrated for anticancer agents and *H-VPL in

MDR cells (Yusa and Tsuruo, 1989).
5.2.2 The Effect of VPL on the Time Course of 3H-CQ Efflux from the CQS and CQR Strains.

Given the importance of CQ efflux in defining the CQR phenotype, it was decided to examine
the role of VPL in modulating the efflux in both a CQR and a CQS strain. Since there are
significant differences reported by various groups for the effect of VPL on CQ efflux .(see section
5.1.2), we examined the effect of VPL on both CQ accumulation and efflux under various
experimental conditions, in which VPL was either present or absent from the incubation medium.
A detailed description of the experimental procedures can be found in section 10.7.2 of the

Methodology chapter.

Figure 5.4 shows the lack of effect of VPL on 3H-CQ efflux from the CQS strain under any
conditions. The presence or absence of VPL in either the accumulation or efflux buffer had no
significant effect on CQ efflux rates. The efflux curves are shown as the time taken to
equilibrium. The time taken to efflux half the *H-CQ (TV2: see Table 5.1) from the CQS strain is
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significantly faster than the results of Krogstad et al (1987). However it was slower than the

efflux rates observed in the CQR strain (see Figure 5.5).
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Figure 5.4. Comparison of the efflux patterns for ’H-CQ in parasites exposed to SpM VPL under various
experimental conditions in the CQS strain D10. Each point 1s measured as a percentage of the T=0 value
after subtraction of the equilibrium value at 60 minutes.

It is clear that under these expenmental conditions VPL has no ceffect on the efflux of SH-CQ
from the CQS strain. This is in contrast to the findings of Bray et al (1992) who reported that
VPL could slow efflux from both CQS and CQR strains.

In Figure 5.5 the effect of VPL on slowing the efflux of 3H-CQ can be observed for the CQR
strain. In both experiments VPL was absent from the accumulation buffer. In one experiment
SuM VPL was added after CQ had reached steady state and was only present once efflux had
been initiated. In the other experiment VPL was absent during efflux. VPL had no effect on CQ

effiux in the first minute but slowed efflux between 1-10 minutes.
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The efflux pattern in the absence of VPL is very rapid with most of the CQ removed within the
first minute. This result agrees with previous data on the rapid efflux of CQ from CQR parasites
(Krogstad et al, 1987; Bayoumi et al, 1994).
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Figure 5.5 Comparison of the efflux patterns for *H-CQ in parasites in the absence or presence of 5uM
VPL during the efflux phase in the CQR strain K1. Each point is measured as a percentage of the T=0
value after subtraction of the equilibrium value at 60 minutes.

When VPL was present in both the accumulation and efflux buffers it significantly inhibited CQ
efflux from the CQR parasite but still not to the rates observed in the CQS strain (see Figure 5.6/
Table 5.1). This may explain why the accumulation of CQ in CQR strains never reaches the

levels seen in the CQS strains.

When VPL was removed during the efflux phase there was an increase in the efflux rate. This
was probably due to the rapid movement of VPL from the parasite into the external medium. This
would reduce any interaction between VPL and a putative pump. It also suggests a low binding
affinity of VPL for the putative receptor. However enough VPL must still have been present
during the initial efflux phase when efflux is most rapid as it still had a significant effect in

retarding the efflux rate (see Table 5.1).
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When VPL was present during the CQ accumulation stage but absent during the efflux stage
there was a slight decrease in the efflux rates compared to when it was present at all stages.
However the VPL concentration must have been high enough during the crucial first minutes of
measurement to exert the effect of slowing the rate down. Since VPL accumulates rapidly
possibly through diffusion, it is likely that it will diffuse out of the cells as quickly and equilibrate

with the external medium.
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Figure 5.6 Comparison of the efflux patterns for "H-CQ in parasites in the absence or presence of SpM
VPL during the efflux phase in the CQR strain K1. Both samples contained SuM VPL during the | hour
accumulation phase with the JH-CQ. Each point is measured as a percentage of the T=0 value afier
subtraction of the equilibrium value at 60 minutes.

Results summarized in Table 5.1 show that in the absence of VPL there was an 8-fold difference
in the efflux rates to equilibrium between the CQS and CQR strain. VPL had no significant effect

on the efflux rates in the CQS strain under any conditions tested.

When VPL was present in the initial CQ accumulation phase and during the efflux phase there
was a significant slowing of the efflux rate in the CQR strain. CQ efflux under these conditions
was nevertheless still more rapid than the rate seen in the CQS strain. When VPL was present in

the accumulation phase but absent jn the efflux phase, there was a less pronounced slowing of the
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efflux rate compared to when VPL is present in both phases. When VPL was present only in the
efflux phase, there was no difference in T% compared to when VPL is absent. The rapid initial
efflux of CQ did not allow for differences to be measured within the first minute under the
experimental conditions used. However it can be observed that VPL does start having an effect

on slowing efflux down between 2-5 minutes (see Figure 5.5).

This demonstrates that VPL can slow the efflux of CQ from the CQR parasites. Also this
confirms the rapid uptake of VPL seen in Figure 5.2. VPL is able to have a rapid effect on efflux
of CQ (Figure 5.5) since it is rapidly equilibrated into the parasites. If VPL uptake was similar to
CQ uptake in P.falciparum then one would not expect to see an effect within the short time to

efflux.

Table 5.1 Efflux rates of *H-CQ for a CQS (D10) and CQR (K1) strain in the presence or absence of SuM
VPL. Values are expressed as the time taken to efflux 50% of the *H-CQ before achieving equilibrium
(TY2).

Strain Experiment TY (min) N
No VPL 6.5+1.1 3

VPL in Accumulation and Efflux 6.0x1.3 3

P10 VPL in Accumulation only 7.0£0.9 S
VPL in Efflux only 6.5+1.0 6

No VPL 0.8+0.2 3

- VPL in Accumulation and Efflux 3.5+0.5 S
VPL in Accumulation only 2.5+0.6 4

VPL in Efflux only 0.8+0.3 3

N = the number of experiments performed in duplicate.

The biphasic nature of efflux confirms the observation of Bray et al (1992). The rapid efflux
component is followed by a gradual slowing down phase where it is assumed there is an

equilibration between CQ accumulation and efflux. This was a characteristic of both strains. Both
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strains had lost a significant amount of *H-CQ after 10 minutes of efflux. Martiney et al (1995)
stated there was no significant difference in the average CQ efflux between the two strains after
10min. They also used D10 as their CQS strain. Our results show that the significant efflux for
both strains had occurred before 10 minutes had passed and to average the rates for comparison
between the two strains after this time would not yield a significant difference. As with the

accumulation rates the first few minutes appear to be critical in defining the resistance phenotype.

The rapid efflux in our CQR strain is confirmation of previous results (Krogstad et al, 1987;
Krogstad et al, 1992; Wellems et al, 1990). However these efflux rates differed from those
reported by Sanchez et al (2003) who found an efflux half-time of 6 minutes in the CQR strain. A
reason for this could be that their accumulation phase was conducted in the absence of glucose. If
an energy-dependent pump is involved in CQ efflux it may be that the slow efflux rates can be
explained by the delay in the parasite’s attempts to restore the energy levels for the pump to

operate maximally.

It was observed that the CQS strain used in this study was more rapid at CQ efflux than some
previous reports (Krogstad et al, 1987; Krogstad et al, 1992; Wellems et al, 1990). The parasites
were not subjected to two washing steps before efflux was measured. This may account for the
differences found in this study when compared to previously published results. Although prior to
the initiation of the efflux measurements the amount of *H-CQ accumulated in parasites used in
this study differed (depending on the strain or the pre-exposure to VPL), it has previously been
show that the rapid efflux phenotype is maintained even when equal amounts of CQ are present
in different strains (Krogstad et al, 1992). Thus the rapid efflux phenomenon is independent of
the initial CQ load.

This chapter described how VPL operates to both reduce the rate of uptake of CQ to steady state
as well as reduce the rate of efflux in CQR Plasmodium falciparum. It demonstrated the more
rapid uptake of H-VPL when compared to *H-CQ in both CQR and CQS strains. A comparison
was made between the time-dependent *H-VPL uptake into mammalian cell lines and the
equilibration of *H-VPL into plasmodial strains. The results explain how VPL is able to reduce

the rate of CQ efflux very quickly because of the rapid equilibration of VPL.
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Chapter 6

The Effect of Verapamil on Haem Crystallization In Vitro

6.1 Introduction

The binding of quinoline-based antimalarials to free haem (ferriprotoporphyrin IX; FPIX) has
been well characterized (Chou et al, 1980; Egan et al, 1999).

However the interaction of resistance reversers with the haem system has not been well
established. In recent publications it has been shown that certain chemosensitisers are able to bind
to haem and/or inhibit haem crysfaﬂization (Loria et al, 1999; Kalkinidis et al, 2002; Agrawal et
al, 2002). Loria et al (1999) suggest that some resistance reversers may act like the 4-
aminoquinolines in inhibiting parasite growth. The authors demonstrated that chlorpromazine
was particularly effective at inhibiting haem decomposition while desipramine and VPL were
less so (Loria et al, 1999).

Agrawal et al (2002) demonstrated that cyproheptadine was able to inhibit haem crystallization.
VPL and desipramine were 10 and 2.8 times less effective at inhibiting crystallization
respectively. Cyproheptadine interfered with haem detoxification in vive (Agrawal et al, 2002).
Chong and Sullivan (2003) could not find any activity for cyproheptadine using their heme

crystal growth assay.

When the phenothiazine-based chemosensitisers were modified to make them more effective at
inhibiting haem crystallization, they appeared to lose their ability to reverse CQ resistance
(Kalkinidis et al, 2002). This may imply that the phenomena of antimalarial action and resistance

reversal are two distinct functions.
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Some recently reported Brazilian strains of P.falciparum exhibit hypersensitivity to a range of
chemosensitisers (Menezes et al, 2002; Menezes et al, 2003). It was proposed that these
chemosensitisers may be inhibiting falcipain activity or inhibiting haem crystallization (Menezes
et al, 2002). In this chapter a range of chemosensitisers will be examined for their activity in
inhibiting haem crystallization to explain a possible role for the haem inhibition system in the

hypersensitivity to these compounds.

A newly developed assay will be used to demonstrate the effect of VPL on haem crystal
inhibition and compare its activity to that of several other chemosensitisers. The activity of VPL
will then be examined in combination with CQ or quinine on haem crystal inhibition in vitro to

establish its possible interaction with the drug receptor.
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6.2 Results and Discussion

In order to examine the haem crystallization, ImM haemin chloride was incubated with various
concentrations of the compounds to be tested ranging from 1mM to 20mM (i.e. 1 equivalent to 20
equivalents). The mixture was made up in 4.5M acetate buffer at pH 4.5 and the reaction was run
at 60°C for 1 hour. Thereafter a pyridine buffer was added to stop the reaction and visualize the

B-haematin product (see Section 10.20 for detailed methodology).
6.2.1 The activity of chemosensitisers on inhibition of haem crystallization in vitro

Most of the conventional quinoline antimalarials used inhibit haem crystallization below 5
equivalents (i.e. SmM, personal communication, T.J. Egan). In this study the drug activity is
measured using the Hlsg. This represents the number of drug equivalents required to inhibit 50%

of the B-haematin (haemozoin) formation.

Table 6.1. Effect of the chemosensitisers on the inhibition of haem crystallization in vitro.

Chemosensitiser Abbreviations HIsp for haem
crystallization
Verapamil VPL 13.4110.261
Desipramine DES 9.895+0.035
Cyproheptadine CYP N.D.
Chlorpheniramine CHF N.D.
Phenothiazine PHE N.D.
2-Chlorophenothiazine C-PHE N.D.
Promethazine PRO 10.37+0.078
Chlorpromazine CHP N.D.
Trifluoperazine TRIF N.D.

The Hlsg is a measure of the number of equivalents of drug required to inhibit 50% of the B-haematin
crystal formation.

N.D. - Not determinable (i.e. there was no inhibitory effect even at the highest drug concentration used =
20 equivalents)
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Table 6.1 shows that chlorpromazine and trifluoperazine were not able to inhibit crystallization
even at 20mM (20 equivalents). This contradicts previous reports for chlorpromazine (Kalkinidis
et al, 2002). Spectroscopic analysis of the reaction products failed to reveal any changes the soret
band indicating [-haematin (haemozoin) formation at 10 drug equivalents (Personal
communication, T.J. Egan). Promethazine, a phenothiazine similar in structure to the both
chlorpromazine and trifluoperazine, had a weak activity (see Figure 6.1 for structures).

Promethazine’s weak activity has been previously reported (Warhurst et al, 2003).
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Figure 6.1 The chemical structures of the phenothiazines used to inhibit haem crystallization.
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Promethazine possesses a side chain but lacks either a chlorine atom or a trifluoromethane group
on the planar ring (see Figure 6.1). This may explain its activity at inhibiting crystallization when
compared to chlorpromazine or trifluoperazine. There may be some steric hindrance by the
groups attached to the planar phenothiazine ring that inhibit interaction with haem.

Given that phenothiazine and 2-chlorophenothiazine do not inhibit haem crystallization within 20
equivalents and that both lack the side chains of the other phenothiazine-based compounds, the

presence of a side chain is possibly important in the drug activity on haem crystal inhibition.

VPL, like promethazine, weakly inhibits activity haem crystal inhibition. Warhurst et al (2003)
could not demonstrate any activity for VPL but they only used 10 equivalents relative to haem.
Structurally VPL is very different to most of the chemosensitisers since its two planar rings are
not fused but instead are separated by an alkyl chain. Since the aminoquinolines and
phenothiazines both have fused rings, it may be surprising that VPL has any effect at all.
However the same could be said for the properties of VPL as a resistance reverser. Most
chemosensitisers have fused rings also yet VPL is as effective as they are at reversing CQ

resistance,
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Figure 6.2 The chemical structures of the verapamil and chlorpheniramine.

Chlorpheniramine showed no inhibition of haem crystallization even at 20 equivalents. Like VPL
its two planar rings are not fused but are separated by an alkyl chain (see Figure 6.2). Yet it is just
as effective at the same concentrations as the other chemosensitisers at increasing *H-CQ
accumulation in CQR strains (see Figure 3.4). Also it has shown promise in a couple of studies in

humans in reversing resistance to CQ (Abok, 1997; Sowunmi, 1997). Thus the interaction with
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haem is clearly not important in defining the efficacy of a resistance reverser in CQR
Plasmodium falciparum. Chong and Sullivan (2003) were also unable to detect any heme crystal

growth inhibition by chlorpheniramine.

Desipramine and cyproheptadine are similar in structure (see Figure 6.3) yet only desipramine
could inhibit haem crystallization (see table 6.1). The lack of inhibition by cyproheptadine
supports the results of Chong and Sullivan ' (2003). These compounds also lack any chlorine

atoms or trifluoromethane groups on their planar rings.

il

Desipramine Cyproheptadine

Figure 6.3 The chemical structures of the desipramine and cyproheptadine.

While the structural characteristics that make a chemosensitiser effective at inhibiting haem
crystallization have not been thoroughly examined, the common structural features among
chemosensitisers have been modeled and compared with in vitro resistance reversal activity
(Bhattercharjee et al, 2002). Given that the inhibition by CQ of haem crystallization is very
strongly determined by its structural features and that chemosensitisers share many structural
similarities with CQ (tertiary nitrogen, 2 planar rings), it should not be surprising that some

chemosensitisers also inhibit haem crystallization.
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6.2.2 The activity of chemosensitisers in combination with antimalarials on the

inhibition of haem crystallization in vitro

All the chemosensitisers tested in this study possess very low intrinsic antimalarial activity
relative to CQ (between 5-20puM) and the ICsqs are not significantly different between strains (see
Table 6.2). Since all of the chemosensitisers can reverse CQR yet only some of the
chemosensitisers can inhibit haem crystallization, it was of interest to examine the possible role
of chemosensitisers, if any, on CQ action at the level of haem crystallization in vitro. For this
purpose a dose response curve was run for both CQ and quinine and a fixed amount of the
chemosensitiser was added to each well similarly to the way the resistance reversal is performed

using the parasite lactate dehydrogenase assay.

Table 6.2. A comparison of the intrinsic antimalarial effect of the chemosensitisers used in this study on a
CQS (D10) and CQR strain (RSA11) of Plasmodium falciparum.

Compound Tested .\
D10 RSA1l
Chloroquine® 0.026+0.003 0.354+0.039
Verapamil® 17.72+3.020 14.39+3.354
Chlorpromazine® 6.751+0.312 7.840+0.685
Trifluoperazine® 5.660+1.045 © 5.901+1.794
Chlorpheniramine’ 5.290+0.423 4.800+0.260
Desipramine” 13.90+0.007 11.74+4.244
Promethazine® 10.94+0.535 12.06+0.550
® taken from Table 2.2.

® taken from Van Schalkwyk et al (2001).
¢ ICso values provided by D.Taylor.
All values are the mean of at least 3 duplicate experiments performed on separale occasions. All the

values obtained for individual drugs do not differ significantly between strains (p > 0.05) except for CQ (p
< 0.0001).

Table 6.3 illustrates the effect of VPL at two concentrations on the inhibition of haem
crystallization by both CQ and QUI. The concentration of VPL in the wells (ImM or SmM) is
well above the VPL concentration used to reverse CQ resistance (1gM). At ImM (1 equivalent
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relative %o haem) VPL has no significant effect on changing the Hlso for the inhibition of haem
crystallization by either of the antimalarials (See Table 6.3). At SmM VPL antagonizes the haem
crystal inhibition for both CQ and quinine significantly (p > 0.05).

VPL does not inhibit haem crystallization by itself at a SmM concentration. Thus it may appear
strange that it can antagonize CQ’s action on haem. However it has been previously reported that
CQ has two important components in inhibiting haem crystallization;

1) Binding to/complexing with haem and

2) Imhibiting crystallization (Egan et al, 2000).
The planar rings are important in the complexing with haem and the chlorine atom is important in

inhibition of crystallization.

It may thus be that VPL is able to complex with haem at these concentrations even though it does
not inhibit crystallization. This complexing would compete for/prevent CQ from binding to the
haem. This could therefore antagonize CQ action on haem crystal inhibition. It is highly unlikely
that VPL will reach such high concentrations in the parasite vacuole especially at concentrations

at which resistance reversal is achieved.

Table 6.3. Effect of the antimalarials on the inhibition of haem crystallization either alone or in
combination with 5SmM VPL or 5mM chlorpromazine in vitro.

Hiso
Antimalarial
Alone With ImM VPL With 5SmM VPL
Chloroquine 1.956+0.263 2.160+0.032 (0.383) 7.757+0.339 (0.003)
Quinine 3.324+0.349 3.458+0.020 (0.642) 8.391+0.112 (0.003)

The Hls, is a measure of the number of equivalents of drug required to inhibit 50% of the P-haematin
crystal formation. The p-value for the combination when compared to the single antimalarial agent is
provided in parentheses.

A different effect is observed with CHP when combined with the antimalarials. At ImM (1

equivalent relative to haem) CHP antagonizes CQ action but not that of quinine. Although
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quinine is less effective than CQ at inhibiting haem crystallization, it is also less sensitive to the
antagonism of the chemosensitiser. CHP antagonizes CQ action at both concentrations but only

affects quinine at the higher concentration (SmM) similarly to the effect observed with VPL.

CQ’s action of inhibiting haem crystallization has been shown to be reversible while quinine’s
effect is not (personal communication T.J. Egan). This suggests that the interaction of CQ with
haem differs from that of quinine with haem. The nature of this interaction is not understood but

may explain why CHP would affect CQ to a greater degree than quinine.

Table 6.4. Effect of the antimalarials on the inhibition of haem crystallization either alone or in
combination with 5mM VPL or 5mM chlorpromazine in vitro.

. ) Hiso
Antimalarial
Alone With ImM CHP With 5mM CHP
Chloroquine 1.956+0.263 4.047+0.388 (0.024) 8.805+0.282 (0.002)
Quinine 3.324+0.349 3.354+0.617 (0.958) 8.214+0.104 (0.028)

The Hlsp is a measure of the number of equivalents of drug required to inhibit 50% of the B-haematin
crystal formation. The p-value for the combination when compared to the single antimalarial agent is
provided in parentheses.

Agrawal et al (2002) also found that combining CQ with cyproheptadine had no greater effect on
inhibiting haem crystallization than using either agent alone. Thus it would seem to confirm that
the combination of a resistance reverser with chloroquine is not synergistic or additive at the level

of haem crystallization.

It has been suggested also that the weak antimalarial activity of resistance reversers (VPL, DES
and CHP) might be due to the interaction with haem (Loria et al, 1999). Ultrastructural studies of
Plasmodium parasites under drug pressure with VPL show that the effects on the parasite
morphology are quite distinct from effects seen with CQ even at high (100pM) concentrations of
VPL (Jacobs et al, 1988). Thus it would be unlikely that VPL would be acting at the same target
or in the same manner as CQ. It remains to be demonstrated whether this applies to other

chemosensitisers. In addition, not all the chemosensitisers inhibit haem crystallization at similar
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concentrations yet they all have ICsos in Plasmodium falciparum of between 5-20uM. This would

suggest that their toxicity to the parasites is not related to their interaction with haem.

CQ is also highly concentrated in the vacuole by means of the weak base effect and its binding to
haem. It is unlikely that the chemosensitisers will be as concentrated as most are monoprotic (see
Table 10.1) and do not interact with haem as strongly as does CQ. It was hypothesized that the
reason for the lack of strong antimalarial activity of especially chlorpromazine (in micromolar
range) against P.falciparum was due to its poor accumulation relative to the diprotic CQ
(Kalkinidis et al, 2002). Indeed if chemosensitisers like chlorpromazine did reach the same levels
of accumulation as CQ does and inhibited haem crystallisation then it might be expected to
compete for *H-CQ accumulation in the CQS strain also. From Figure 3.3 it is evident that
neither CHP nor any other chemosensitiser has an effect on *H-CQ accumulation in the CQS

strain at the high molar excess of 1uM.

Recent studies on some Brazilian strains of P.falciparum have shown that resistance reversers
lack the ability to modulate CQ action in resistant strains and themselves have intrinsic
antimalarial activity in the concentration range associated with quinoline antimalarials (Menezes
et al, 2002; Menezes et al, 2003). These include VPL, chlorpromazine and trifluoperazine. The
activity of some of these chemosensitisers has been attributed to the inhibition of falcipain
-activity or the inhibition of haem crystallization (Menezes et al, 2002). Since chlorpromazine
does not inhibit haem crystallization in vitro and yet has a higher activity than CQ in these new
strains, it is unlikely that the interaction with haem would be sufficient to explain its action.
Given that chlorpromazine is monoprotic, increased accumulation is also unlikely to explain its
increased activity unless there is an active importer for CHP. The concentrations required to
inhibit falcipain activity are unlikely to be as low as those reported for its antimalarial activity.
Thus it would have to be a combination of factors that contribute to the intrinsic activity of these

compounds against the new Brazilian strains of P.falciparum.
Fitch (1989) showed that VPL had no effect on the accumulation of SH-CQ in CQR strains of

Plasmodium berghei that lacked ferriprotoporphyrin IX (FPIX or haem). The presence of haem is

proposed to be necessary for VPL to reverse CQR. However VPL does not mediate a direct
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interaction of CQ with the FPIX. Instead it increases the access of CQ to the FPIX by probably
inhibiting the efflux of CQ away from the FPIX in the vacuole (Bray et al, 1998; Sanchez et al,
2004).

If the accumulation of VPL was also linked to its binding to haem, then one might expect VPL to
be accumulated in a similar manner to CQ or possibly to compete for CQ binding to haem. The
*H-VPL accumulation studies show that VPL accumulation is not saturable (unlike CQ
accumulation) and this would argue against the binding of VPL to haem as a method of
accumulation (see Figures 4.3 and 4.4). CQ analogues that are equally effective at inhibiting
haem crystallization but lack the tertiary amines of CQ itself have poor antimalarial activity
(Egan et al, 2000). Thus the action of CQ is highly dependent on both the interaction with haem
and its pH-driven accumulation into the vacuole. This might explain why VPL has such a low

intrinsic antimalarial activity despite the fact that it can inhibit haem crystallization.

It is demonstrated here that although some resistance reversers are able to interact with haem
directly and inhibit its crystallization into haemozoin, this is not the primary action of these
chemosensitisers. Many chemosensitisers tested here show very little or no effect on haem
crystallization relative to antimalarials yet are equally as effective at reversing resistance to CQ
as those that inhibit haem crystallization more strongly. Preventing the rapid efflux of CQ from
the parasite is probably the most important determinant in the action of various chemosensitisers

(Krogstad et al, 1987; Sanchez et al, 2004).
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Chapter 7

The Effect of Drug Pressure with Verapamil on the Haemoglobin Content of

Chloroquine-Resistant and Chloroquine-Sensitive Plasmodium parasites

7.1 Introduction

The ultrastructural effects of high and low concentrations of verapamil on have been examined
previously in P.falciparum (Jacobs et al, 1989). At concentrations that reverse resistance (1.8uM)
there was little effect on parasite morphology of either the CQS or CQR parasites of Plasmodium
falciparum. Mild food vacuolar swelling and increased granular matrix was observed in a few
parasites. At higher, toxic concentrations (100uM) there were significant changes in the parasites
of both CQS and CQR strains. These effects were dissimilar to those observed with CQ in that

there was no disintegration of the food vacuolar membrane.

Recently it was demonstrated that different quinoline antimalarials affect the parasite ability to
take up haemoglobin (Hb) in different ways (Famin & Ginsburg, 2002; Hoppe et al, 2004). CQ
and amodiaquine inhibited Hb degradation and this inhibition was related to parasite death.

Mefloquine and quinine did not exhibit the same effects on Hb (Famin and Ginsburg, 2002).

Ammonium chloride and CQ have both been demonstrated to raise acidic vesicle pH (Krogstad et
al, 1985). Both these agents can cause a buildup of endocytosed vesicles in the parasites (Hoppe
et al, 2004).

Verapamil has been reported to increase the pH in the food vacuole of CQR parasites to a value

near that seen in the CQS parasites (Ursos et al, 2000). However VPL does not alter the pH in the
CQS parasite. The increase in the pH of the CQR parasites (0.23 units; Ursos et al, 2000) in the
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presence of VPL should not be so large as to induce significant alterations in the parasite

morphology or enzymatic processes.

Since the action of CQ is related to the inhibition of haemoglobin degradation in the CQS
parasites, it was decided to investigate the effect of similar CQ concentrations on the
haemoglobin levels in CQR parasites. The effect of VPL on haemoglobin degradation, either

alone or in the presence of CQ, is not known.

This chapter examines the effect of verapamil on changing the amount of haemoglobin present in
both the CQS and CQR parasites, individually and in combination with CQ at concentrations
associated with resistance reversal. The concentration-dependent effect of VPL on haemoglobin
buildup in CQS and CQR strains will be investigated. Lastly a comparison will be made between
the action VPL and that of other chemosensitisers on changing the amount of haemoglobin in

Plasmodium falciparum strains.
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7.2 Results and Discussion

Parasitised erythrocytes were incubated in the presence of the particular drug or drug
combination for 12 hours starting in the late ring/early trophozoite stage of growth. Thereafter the
trophozoites were harvested by saponin lysis and run on a gel using sodium dodecyl
polyacrylamide gel electrophoresis. The proteins were transferred to a nitrocellulose membrane
and probed using an anti-haemoglobin antibody (See sections 10.15-10.18 for detailed

methodology).

7.2.1 The effect of verapamil and chloroguine alone and in combination on the

haemoglobin buildup in CQOS strains of Plasmodium falciparum.

The 100nM concentration used to examine CQ action was selected because it is approximately 4
times the ICso for the CQS strain D10 and thus should produce an effect within the time of

exposure to the drug.

Plate 7.1 demonstrates how 100nM CQ caused a buildup of Hb relative to the control in the CQS
D10 strain. This confirmed the previous findings on the action of CQ on the feeding of the
parasite (Famin and Ginsburg, 2002; Hoppe et al, 2004). When combined with VPL, the effect of
CQ on Hb remained the same as when CQ was used on 1ts own. This confirmed that verapamil

had no effect on changing CQ action in CQS strains of P.falciparum.

Hb standard Control CO CQO+VPL VPL CO (1uM)

Plate 7.1 The effect of drug pressure of CQ and VPL on the chloroquine sensitive strain, D10, over 12
hours from the late ring stage. Bands from left to right: Haemoglobin standard, Control (no drug), 100nM
CQ alone, 100nM CQ + 1M VPL, [pM VPL alone, 1uM CQ alone.
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When used alone at 1uM, VPL appeared to cause a decrease in the amount of Hb in CQS strains.
This concentration should not be cytotoxic as it is well within the ICsp for this strain. The last
band represents parasites exposed to a very high concentration of CQ (1uM). This band was quite

intense as growth was highly inhibited.

Table 7.1 shows that both the D10 and 3D7 strains responded similarly to all the drug
combinations tested. Both contained more than twice the amount haemoglobin over the control
when exposed to CQ alone or if CQ is combined with VPL. Both experienced a drop in the

amount of haemoglobin compared to the control when exposed to 1uM VPL alone.

Table 7.1 The relative change in haemoglobin buildup in the presence of various drugs in the CQS
Plasmodium falciparum strains, D10 and 3D7.

Sample Relative change in Hb in D10 Relative change in Hb in 3D7
Control (No drug) 1.000 1.000
100nM CQ 2.097+0.383 2.490+0.304
100nM CQ + 1uM VPL 2.14710.514 2.15710.088
1uM VPL 0.83710.566 0.82910.078
1uM CQ 3.180+1.811 2.305%0.815

The relative change in haemoglobin content is determined by dividing the drug-pressured sample by the
control (no drug). The parasites were exposed to the drug for 12 hours starting in the late ring stage. All
experiments were performed twice in duplicate.

The increase in the amount of haemoglobin observed with CQ-treated CQS parasites confirmed
recently published observations (Famin and Ginsburg, 2002; Hoppe et al, 2004). The lack of
effect of VPL on CQ-treated parasites is expected since VPL neither changed the ICsy of CQS
parasites (See Table 2.2) nor did it alter the ability of CQS parasites to accumulate 3H-CQ (See
Figure 3.3). Used on its own 1uM VPL did cause a decrease in the amount of haemoglobin
relative to the control. Mefloquine also causes a decrease in the amount of haemoglobin in CQS
parasites and this has been attributed to it inhibiting the process of endocytosis (Hoppe et al,

2004). These mefloquine concentrations are well above the ICsp so this effect is related to its
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cytotoxicity whereas the effect of VPL occurs at a concentration which is sub-lethal to the

parasites. Thus the mechanism of action of these two compounds may be different.

7.2.2 The effect of verapamil and chloroguine alone and in combination on the

haemoglobin buildup in COR strains of Plasmodium falciparum.

In the CQR strains there was no ncrease in the amount of haemoglobin over the control in the
presence of 100nM CQ. When CQ was combined with 1uM VPL, there was an increase in the
amount of haemoglobin similar to those found for CQ alone in the CQS strain. However when
the parasiles were exposed to VPL alone at 1uM there was also an increase in the amount of
haemoglobin. The last band showed an increase in the amount of haemoglobin at the high CQ
concentration. This was expected as the concentration is well above the ICso for CQ in the CQR

strain,

Control CQ CQ+VPL VPL CQ (luMy

Plate 7.2 The effect of drug pressure of CQ and VPL on the chloroquine resistant strain, FACS, over 12
hours from the late ring stage. Bands from left to right: Control (no drug). 100nM CQ alone, 100nM CQ +
JuM VPL, 1uM VPL alone, 1¢M CQ alone.

Table 7.2 shows the same trend for all three CQR strains tested. All three showed a small
decrease in the amount of haemoglobin relative to the control when exposed to 100nM CQ. All
showed a greater than two-fold increase in haemoglobin content when CQ 15 combined with 1uM
VPL. However all three strains also demonstrated a two-fold increase in haemoglobin content
when exposed to 1uM VPL on its own. The high CQ concentrations all had the effect of

increasing haemoglobin content in the CQR parasites.
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Table 7.2 The relative change in haemoglobin buildup in the presence of various drugs in the CQR
Plasmodium falciparum strains, K1, RSA11 and FACS.

Relative change in Relative change in Relative change in
Sample Hbin K1 Hbin RSA1ll Hb in FACS8
Control (No drug) 1.000 1.000 1.000
100nM CQ 0.7551£0.144 0.963£0.002 0.707140.042
100nM CQ + 1pM VPL 2.32440.129 2.172140.659 2.427+0.700
1pM VPL 2.32540.968 2.062+0.496 2.054+0.564
1uM CQ 3.938+1.307 2.621+0.689 4.494+1.459

The relative change in haemoglobin content is determined by dividing the drug-pressured sample by the
control (no drug). The parasites were exposed to the drug for 12 hours starting in the late ring stage. All
experiments were performed twice in duplicate.

In the CQR strains, 100nM CQ has no effect on the buildup of Hb. This result is in agreement
with the observation of Jacobs et al (1989) that CQ concentrations which kill CQS strains but are

sub-lethal to CQR strains have no effect on the morphology of the CQR parasites.

When 1uM VPL is added to the 100nM CQ there is an increase in Hb similar to that seen with
CQ alone in the CQS strains. This effect is expected as VPL alters CQ ICsgs (See Table 2.2) and
increases the accumulation of *H-CQ (See Figure 3.4) under these conditions. This suggests that

the changes in the amount of haemoglobin observed are related to the reversal of CQ resistance

by VPL.

However 1pM VPL is able to induce haemoglobin buildup in the absence of CQ in all the CQR
strains. It is unlikely that this is due to toxicity since the VPL concentration is sub-lethal. CQ
causes a buildup of haemoglobin in endocytosed vesicles (Hoppe et al, 2004; Yayon et al, 1984).
It remains to be established where this haemoglobin is accumulating in CQR strains exposed to

VPL alone.
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The high CQ concentrations (1uM) all showed an intense band illustrating that at this
concentration (well above the ICso) the parasites’ digestion of haemoglobin was significantly

inhibited even in the absence of VPL.

7.2.3 The effect of increasing concentrations of verapamil on the haemoglobin

buildup in COS and CQR strains of Plasmodium falciparum.

To investigate the effect of VPL even further, the CQS and CQR strains were exposed to
increasing concentrations of VPL in the absence of CQ and probed for Hb. The concentrations
used were similar as those used in the *H-CQ accumulation experiments (Figures 3.1 and 3.2)

and cover a large range.

Cootrol 10nd VPL 100nM VPL 1luM VPL 10uM VPL  100uM VPL

Plate 7.3 The effect of increasing amounts of VPL on the buildup of Hb in the chioroquine sensitive
parasite, D10, after exposure for 12 hours from the late ring stage. Bands from left to right: Conirol (No
drug). 10nM VPL, 100nM VPL, 1M VPL, 10pM VPL and 100uM VPL.

In the CQS D10 strain, there js no change in Hb levels relative to the control between 10nM VPL
and 10uM VPL. At the high concentration of 100y, there is a significant decrease in the Hb

levels detected. This is probably a result of the toxic effecis of the drug on the parasites.

Table 7.3 shows the two CQS strains behaved similarly in their response to increasing VPL
concentrations. Both had no significant change in the amount of haemoglobin over the control
between 10nM and 10puM. Both show a decrease in haemoglobin at 100uM to alimost half that of

the control. At 1mM the haemoglobin band intensity is again close to the control value.
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Table 7.3 The effect of increasing concentrations of VPL on the buildup of haemoglobin in the
chloroquine-sensitive parasites, D10 and 3D7.

Sample Relative change in Hb in D10 Relative change in Hb in 3D7
Control (No Drug) 1.000 1.000

10nM VPL 0.500£0.140 0.97120.240

100nM VPL 1.056£0.281 0.84530.018

1uM VPL 1.004£0.018 0.93140.121

10uM VPL 1.030+0.106 0.845+0.368

100puM VPL 0.666+0.318 0.643+0.351

The relative change in haemoglobin content 1s determined by dividing the drug-pressured sample by the
control (no drug). The parasites were exposed to the drug for 12 hours starting in the late ring stage. All
experiments were performed twice in duplicate.

In the CQR strains, the pattern of haemoglobin content was very different. There was a dose
dependent increase in the amount of haemoglobin between VPL concentrations of 10nM and
1OuM. At 100uM VPL there was aiso a decrease in haemoglobin relative to the control as seen in

the CQS strains.

Conurol L CQ 10nM VPL 100nM VPL uM VPL 1OuM VPL 100pM VPL

Plate 7.4 The effect of increasing amounts of VPL on the buildup of Hb in the chloroquine resistant
parasite, FACS, after exposure for 12 hours from the lale ring stage. Bands from left to right: Control (No
drug), 1uM CQ, 10nM VPL, 100nM VPL, [pM VPL, 10uM VPL and 100uM VPL.

The same trend was observed in Table 7.4 for the K1 strain. There was little effect for 10nM VPL

but at 100nM VPL there was an increase in the haemoglobin over the control. At UM and 10pM
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the amount of haemoglobin found was greater than twice that of the control. At 100uM there was

a drop in haemoglobin present.

Table 7.4 The effect of increasing concentrations of VPL on the buildup of haemoglobin in the
chloroquine-resistant parasites, FAC8 and K1.

Sample Relative change in Hb in FAC8  Relative change in Hb in K1
Control (No Drug) 1.000 1.000

10nM VPL 1.15340.095 1.25610.474
100nM VPL 1.83240.825 1.5641+0.015

1uM VPL 2.716%0.805 2.599+0.376

10uM VPL 2.165+0.398 2.353+1.418
100uM VPL 1.06810.152 0.84610.436

The relative change in haemoglobin content is determined by dividing the drug-pressured sample by the
control (no drug). The parasites were exposed to the drug for 12 hours starting in the late ring stage. All
experiments were performed twice in duplicate.

The lack of effect of VPL on the haemoglobin content in CQS parasites between 10nM and
10uM resembled the pattern observed for the concentration-dependent effect of VPL on *H-CQ
accumulation in Chapter 3 (see Figure 3.1). These concentrations were all below the ICs for VPL
in both CQS strains and thus one would not expect to see any effect owing to VPL. At the high
concentration of 100uM there was a drop in CQ accumulated presumably as VPL effects become |

toxic to the parasites and this was also observed in the amount of haemoglobin detected.

In the CQR strains there was a dose-dependent increase in the amount of haemoglobin found in
the parasites due to VPL. This pattern mirrored the effect of VPL ‘on increasing “H-CQ
accumulation (See Figure 3.2). This suggests that the increase in the amount of haemoglobin
observed in CQR strains due to VPL is in some way related to the ability of VPL to increase “H-
CQ accumulation and thereby reverse CQ resistance. These effects are all observed at

concentrations that are below the ICso for VPL in the CQR strains.
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At 100uM VPL causes a decrease in the amount of haemoglobin when compared to the effects
observed at lower concentrations. This is probably due 1o toxic effects since this concentration is

significantly above the ICsq of VPL for these strains.

Ursos et al (2000) showed that VPL (1-5uM) can increase the pH of the vacuole to levels seen in
the CQS strain and it is this change in pH that may be responsible for the increase in
haemoglobin. Any change in the pH of the vacuole may slow the activity of proteins/enzymes
that may break down the haemoglobin. Since this pH change is not observed in the CQS strain
when exposed to verapamil alone, it would not be expected o cause buildup of haemoglobin.

This is indeed the case.

7.2.4 The effect of different chemosensitisers on the haemoglobin buildup in CQOS

and CQOR strains of Plasmodium falciparum.

Other agents that reverse resistance to CQ were then tested to see if they exerted similar effects
on the parasites’ ability to take up haemoglobin. These agents were all tested at 1M to allow for
comparison of their effects relative to VPL. The chemosensitisers used were the same as those
tested for comparison of their effects on YH-CQ accumulation in Chapter 3 (Figures 3.3 and 3.4).

They were all tested in the absence of CQ on both the CQS and CQR strain.

None of the chemosensitisers had any effect at 1uM in the absence of CQ in causing a buildup of
Hb in these CQS strains., This demonstrates that all these compounds behave similarly to

verapamil.

Conirol cQ VPL PRO CHP CHF DES

Plate 7.5 The effect of various chemosensitisers at a sub-lethal concentration (1uM) on the buildup of Hb
in the chloroquine-sensitive strain, 3D7, after exposure for 12 hours. Bands from left to right: Control (No
drug), CQ, VPL, Promethazine, Chlorpromazine, Chlorpheniramine, and Desipramine.
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This lack of effect of the chemosensitisers on the amount of haemoglobin in the CQS strain was
confirmed for both D10 and 3D7 (see Table 7.5). CQ at the same concentration caused a large

increase in haemoglobin as expected.

Table 7.5 The effect of equimolar concentrations of chemosensitisers and CQ on the amount of
haemoglobin present in CQS Plasmodium falciparum trophozoites.

Sample Relative change in Hbin D10 Relative change in Hb in 3D7
Control (No Drug) 1.000 1.000

1uM CQ 3.180+1.811 2.305£0.815

1uM VPL 0.837£0.566 0.82610.030

1uM PRO 0.667£0.191 0.758+0.062

1uM CHP 0.714+0.136 0.720+0.190

1uM CHF 0.90410.454 1.128+0.062

1uM DES 0.755+0.188 0.905+0.023

The relative change in haemoglobin content is determined by dividing the drug-pressured sample by the
control (no drug). The parasites were exposed to the drug for 12 hours starting in the late ring stage. All
experiments were performed twice in duplicate.

All the chemosensitisers tested had no effect on the changing the amount of haemoglobin in the
CQS parasites similarly to VPL. They also lack any effect on altering YH-CQ accumulation (See
Figure 3.3). Clearly their varying ability to inhibit haem crystallization has no bearing on their

effect on parasites at this concentration.

The CQR strains showed an increase in the amount of haemoglobin over the control for all of the
chemosensitisers tested. Again CQ showed the largest increase but this concentration is well
above its ICsg. All the chemosensitisers showed a buildup of haemoglobin at concentrations
below their ICs¢s (See Table 6.2).
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Conuol cQ VPL PRO CHP CHF DES

Plate 7.6 The effect of various chemosensitisers at a sub-lethal concentration (1zM) on the buildup of Hb
in the chloroquine resistant strain, RSA LI, after exposure for 12 hours. Bands from left to right: Control
(No drug). CQ, VPL, Promethazine, Chlorpromazine, Chlorpheniramine, and Desipramine.

Table 7.6 confirmed that the buildup of Hb in the absence of CQ was specific to the CQR strain

and that it was a characteristic of all chemosensitisers tested.

Table 7.6 The effect of equimolar concentrations of chemosensitisers and CQ on the amount of
haemoglobin present in CQR Plasmodium folciparum trophozoites,

Sample Relative change in Hb in K1~ Relative change in Hb in RSA1I
Control (No Drug) 1.000 1.000

1uM CQ 3.938%1.307 3.127+0.793

\uM VPL 2.325%0.968 2.062+£0.496

pM PRO 2.308+1.118 2.17820.350

luM CHP 2.133£0.407 2.045£0.190

1uM CHF 2.056+0.045 2.385+0.103

luM DES 1.768+0.21] 1.72740.322

The relative change in haemoglobin conient is determined by dividing the drug-pressured sample by the
control (no drug). The parasites were exposed to the drug for 12 hours starting in the late ring stage. All
experiments were performed twice in duplicate.

All the chemosensitisers increased the amount of haemoglobin in the CQR parasites at sub-lethal

concentrations in the absence of CQ and all increased the accumulation of *H-CQ (See Figure
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3.4). The ability of VPL to increase the amount of haemoglobin may be linked to its ability to

increase CQ accumulation.

It has been proposed that VPL can increase the pH of the parasite food vacuole in CQR
Plasmodium falciparum (Ursos et al, 2000). Similarly to VPL (1uM) the other chemosensitisers
increase H-CQ and cause an inhibition of haemoglobin breakdown. It is likely that they too -
increase the vacuolar pH. Given that the function of enzymes within the vacuole is pH dependent,
this increase in pH induced by VPL may alter the CQR parasites’ ability to degrade haemoglobin.
Since the concentrations of VPL needed to cause this effect are sublethal to the parasites, this

inhibition of haemoglobin breakdown is not detrimental to parasite survival.
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Chapter 8

The Effect of Verapamil on the Localization of the Haemoglobin in
Parasitized Erythrocytes of Plasmodium falciparum using

Immunofluorescence Techniques

8.1 Introduction

Using several novel techniques, Hoppe et al (2004) were able to demonstrate that MQ
inhibits the process of endocytosis while CQ inhibits the fusion of the endocytosed
vesicles with the food vacuole. This inhibition of fusion by CQ leads to a buildup of Hb
containing vesicles in the cytoplasm of the parasites causing parasite starvation.
Artemisinin appears to have a dual action of both inhibiting endocytosis and inducihg a
Hb buildup. Using electron microscopy, fluorescent tracers or anti-Hb antibodies they
were able to demonstrate that there is a significant accumulation of endocytosed vesicles
in the parasite cytoplasm containing Hb in the presence of CQ. These experiments were
all performed in the CQS strain, D10, and the effects on a CQR strain are not known.
Moreover it is unknown what the effect of verapamil is on these processes when used

either alone or in combination with CQ.

In Chapter 7 it was demonstrated that VPL, in the absence of CQ, causes an increase in
Hb buildup in CQR parasites at concentrations used to reverse resistance (1uM). The Hb
increase owing to the toxic effect of CQ is-located in endocytosed vesicles accumulated
within the parasite cytoplasm (Hoppe et al, 2004). The localization of the haemoglobin

accumulated due to the VPL effect is not known.
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In this chapter the effect of VPL is investigated on the uptake of haemoglobin by both
CQS and CQR strains of Plasmodium falciparum. We will examine the VPL effect both
alone (1uM) and in the presence of CQ to identify any differences in the drug response.
The presence of haemoglobin in the parasites is identified using anti-haemoglobin
antibodies and fluorescence microscopy. Endosome counts are used to compare the effect
of VPL with that of CQ. A comparison is made with the results obtained for haemoglobin
with the Western blots (see Chapter 7).
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8.2 Results and Discussion

To explore the effect of VPL alone or in combination with CQ, the parasites were
exposed to the compounds for 12 hours beginning in the late ring/early trophozoite phase
(see section 10.18). Thereafter the parasites were harvested by saponin lysis and fixed to
glass coverslips. The trophozoites were permeabilised with Triton X-100 and the primary
anti-haemoglobin antibody was added. Thereafter the secondary antibody, linked to a
fluorescent rhodamine label, was added and the slides were viewed microscopically (See

section 10.19 for detailed methodology).

8.2.1 The effect of verapamil and chloroquine on the localization of

haemoglobin in the parasitized erythrocytes of CQS Plasmodium falciparum

There is an increase in the amount of endosomes found in the CQ pressured parasites at
both concentrations relative to the control (See Table 8.1). There is an almost 2.5 fold
increase with the lower CQ concentration (100nM) and a greater than 6.5 fold increase in
the highly CQ pressured parasites (1pM). Both these concentrations are well above the
ICso for CQ on D10 (See Table 2.2). This result confirms previously published results for
CQ on D10 (Hoppe et al, 2004). When VPL is used in combination with CQ there is a
slight decrease in the number of endosomes when compared to CQ alone (100nM) but
there is still a greater than 2-fold increase in endosomes over the control. VPL used

singly at 1pM did not induce a markedly higher number of endosomes than the control.
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Table 8.1 The average number of endosomes counted per cell after 6 hours of drug pressure in
the chloroguine-sensitive strain, D10.

Drug concentration Used ~ Mean + Standard Deviation  Fold Increase

Control (No Drug) 1.070+1.350 1.000
100nM CQ 2.580+2.648 2411
100nM CQ + 1pM VPL 2.300+2.584 2.150
1uM VPL 1.090£1.342 1.019
1uM CQ 7.090+2.598 6.626

The mean is taken from 100 individual randomly selected cells from two separate samples.

The images presented below show the increased number of endosomes present in all the
CQ-treated cells when compared to the untreated control and the VPL-treated parasites.
The DAPI-stained image demonstrates that the cells are still in the trophozoite phase (a

single nucleus) and have not progressed to the schizont stage (multiple nuclei).
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A - Control o v A'r";
" Drug) 1 .

B - 100nM CQ

C-100nM CQ
+1uM VPL

D - 1uM VPL

E-1uM CQ

Plate 8.1 Microscope images of the effect of CQ and VPL on the chloroquine-sensitive strain,
D10. The panels represent from left to right: phase-contrast image, TRITC-labeled anti-
haemoglobin image, DAPI-stained nucleus image. The panels represent from top to bottom: (A)
Conirol (No drug), (B) 100nM CQ-treated, (C) 100nM CQ + 1uM VPL treated, (D) 1pM VPL
treated, (E) IuM CQ treated.
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The increase in the amount of héemoglobin found in CQS parasites exposed to either
100nM or 1uM CQ pressure (see Table 7.1) correlates with the buildup of endosome§ in
the cytosol of the parasites (see Plate 8.1 (B) and (E)). This confirms previous reports that
CQ inhibits the fusion of the endosomes with the digestive vacuole leading to parasite
starvation (Hoppe et al, 2004). VPL at 1uM has no marked effect on changing CQ action
in the CQS strain as predicted from the ICsy (Table 2.2). 1uM VPL in the absence of CQ
has no marked effect on the number of endosomes in the parasite cytosol. The decrease in
haemoglobin relative to the control seen in the CQS strain (see Table 7.1) is probably due
to haemoglobin digestion in the food vacuole given that there is no decrease in the
number of endosomes. The VPL-treated CQS parasite may be breaking haemoglobin

down more rapidly than in the control parasites.

8.2.2 The effect of verapamil and chloroquine on the localization of

haemoglobin in the parasitized erythrocytes of COR Plasmodium falciparum

From Table 8.2 it is evident that 100nM CQ produces a small increase in the number of
endosomes in the parasite compared to the control. There is only a 1.3-fold increase
compared with the 2.4-fold increase found at the same concentration in the CQS strain.
This is not surprising since the concentration used is well below the ICso for CQ in this
CQR strain (354.0nM; see Table 2.2). When 1puM VPL is combined with the same
concentration of CQ (100nM), there is a 2.5-fold increase in the number of endosomes
accumulated relative to the control. This illustrates that VPL has restored CQ action. If
VPL is used on its own at 1uM, there is also only a slight increase in endosome counts.
As a result of the large variability in the number of endosomes counted per cell there is a
large standard deviation in the value presented. Thus although 100 cells were counted
there is no statistically significant difference that can be determined from comparing most

of the samples.
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Table 8.2 The average number of endosomes counted per cell after 6 hours of drug pressure in
the chloroquine-resistant strain, RSA11.

Drug concentration Used ~ Mean + Standard Deviation  Fold Increase

Control (No Drug) 1.010+£1.425 1.000
100nM CQ 1.340+1.940 1.327
100nM CQ + 1pM VPL 2.644+2.952 2.618
1uM VPL 1.490+2.052 1.475
1uM CQ 6.520+2.213 6.455

The mean is taken from 100 individual randomly selected cells from two separate samples.
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A - Control
(No Drug)

B -100nM CQ

C - 100nM CQ
+ 1uM VPL

D - 1uM VPL

E - 1uM CQ

Plate 8.2 Microscope images of the effect of CQ and VPL on the chloroquine-resistant strain,
RSAl). The panels represent from left to right: phase-contrast image, TRITC-labeled anti-
haemoglobin image, DAPI-stained nucleus image. The panels represent from top to bottom: (A)
Control (No drug), (B) 100nM CQ-treated, (C) 100nM CQ + 1uM VPL treated, (D) luM VPL
treated, (E) 1uM CQ treated.
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CQ at 100nM has no marked effect on the buildup of endosomes in the CQR strain. This
would be expected given that the concentration used is below the ICsy for CQ in this
strain (see Table 2.2). When CQ is combined with 1uM VPL, there is a significant
increase in the accumulation of endocytosed vesicles. This supports the Western blot data
which demonstrated that there is an increase in the buildup of haemoglobin in the CQR
parasites which is most likely present in the endocytosed vesicles. The parasites will

presumably starve since the endosomes are not being delivered to the digestive vacuole.

When 1uM VPL is used in the absence of CQ there is no large change in the buildup of
haemoglobin-containing vesicles when compared to the control. This contrasts with the
Western blot data as seen in Table 7.2. This implies that the increase in haemoglobin seen
in the Western blots owing to a VPL effect (2-2.3-fold) may be confined to the digestive
vacuole. Thus the effect of VPL is located in the vacuole. It also suggests then that the
effect of VPL on CQ will also be manifest within the vacuole. Both PfCRT and Pghl are
located in the vacuolar membrane. Since both have been implicated in the resistance of
Plasmodium falciparum to CQ, VPL may be acting on either/both of these parasite
proteins. It remains to be established whether VPL has any direct effect on these proteins
and only recently has in been demonstrated that CQ binds directly to one of these

proteins, PfCRT (Zhang et al, 2004).

How VPL may be altering the parasite physiology is also of interest. The evidence
presented here (Chapter 5) and elsewhere suggests that VPL is inhibiting the efflux of
CQ. The structural similarity between CQ and resistance reversers (at least 2 planar rings,
a protonatable nitrogen, basic side chains of specific length) implies that these
chemosensitisers may compete for a CQ target. Whatever this target may be, it may have
an effect on the parasite’s ability to digest haemoglobin given the VPL effects observed
in this chapter and in Chapter 7. Clearly though the buildup of haemoglobin in the CQR
strain and the drop in haemoglobin in the CQS strain in the presence of 1uM VPL (see
Chapter 7 also) has little effect on parasite viability since the ICsgs for VPL are similar in

both these strains.
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It 1s known that the parasites do not require all the haemoglobin taken up from the
erythrocyte (Krugliak et al, 2002). They can take up to 65% of the erythrocyte
haemoglobin yet utilize only 16% for the production of parasite proteins. Thus if 1uM
VPL is slowing down the breakdown of haemoglobin causing it to increase in the
vacuole, this would not necessarily be fatal to the CQR parasites. It appears to be able to
survive on the haemoglobin that it can break down. This differs from the action of CQ

where the haemoglobin built up is not within the vacuole.

If VPL increased haemoglobin breakdown in the CQS parasites causing a decrease
relative to the control it would just pump the excess amino acids out of the erythrocyte as
it normally discards its excess. Alternatively VPL could be inhibiting the uptake of
haemoglobin from the CQS parasite similarly to mefloquine by blocking endocytosis but
this process would occur at the parasite plasma membrane and would probably affect the
CQR strains also. Mefloquine action is antagonistic to CQ. One of the reasons given for
this is that mefloquine inhibits the process of haemoglobin endocytosis and CQ action is
dependent on the presence of free haem which is released when haemoglobin is broken
down in the parasite digestive vacuole (Famin and Ginsburg, 2002). VPL either has no
effect on CQ (CQS strains) or it is synergistic with CQ (CQR strains). So it is unlikely

that VPL will be affecting the parasites similarly to mefloquine.

This chapter suggests that VPL restores the ability of CQ to induce parasite starvation in
the CQR strain. Alternatively, VPL may be having an additive effect with CQ in causing
a haemoglobin buildup in these CQR strains. It also shows that the effect of VPL in the
absence of CQ in causing an increase in the amount of haemoglobin in the CQR strains
(see Table 7.2) differs from the manner in which CQ increases the amount of
haemoglobin. It suggests that VPL is exerting its action on the parasite within the

digestive vacuole.

107



Chapter 9

Summary and Conclusion

With chloroquine resistance being prevalent to most regions where malaria is endemic,
the need for new approaches to treating malaria is of vital importance. Development of
new antimalarials has not yielded much success. Another approach involves restoring
chloroquine action by combining it with chemosensitisers like verapamil. Owing to the
toxicity of using these chemosensitisers at concentrations that reverse resistance

optimally, this strategy has not yet been fully explored. Two potential strategies could be;

1) Using cocktails of chemosensitisers at concentrations that are non-toxic to
humans to achieve optimal chloroquine resistance reversal (Adovelande et al,
1997; Van Schalkwyk et al, 2001)

2) Designing new single chemosensitisers that reverse chloroquine resistance

optimally at concentrations that are non-toxic to humans.

The second approach requires a rational drug design based on an understanding of how
these chemosensitisers interact with the Plasmodium parasites. While much is known of
how these agents increase chloroquine accumulation, little is known of how

chemosensitisers act in the absence of chloroquine.

This thesis describes the activity of verapamil on both chloroquine-sensitive and
chloroquine-resistant strains of Plasmodium falciparum alone or in combination with
chloroquine. Radiolabeled analogues of verapamil and chloroquine were extensively used
to characterize the uptake of chemosensitisers under various conditions (temperature,
concentration and energy-dependence) or to examine the action of chemosensitisers in

altering chloroquine uptake. The observation that haemoglobin levels are altered in the
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presence of chemosensitisers, at concentrations that reverse chloroquine resistance but

are non-toxic to parasites, is also reported.

The intrinsic toxicity of verapamil was not significantly different among 6 strains of
Plasmodium falciparum exhibiting varying sensitivity to chloroquine. The 1Csq values of
the other chemosensitisers tested on the parasites also did not differ significantly between
a chloroquine resistant and a chloroquine sensitive strain. This would suggest that the
action of these chemosensitisers in killing the parasites in the absence of chloroquine

remains the same.

The intrinsic toxicity of these chemosensitisers is most likely not linked to any interaction
with haem as is suggested for the action of chloroquine. Only verapamil, desipramine and
promethazine could inhibit haem crystallization and this was achieved at very high
concentrations relative to the activity of antimalarials. Chlorpheniramine and
chlorpromazine did not inhibit crystallization within the concentration range tested. All
these chemosensitisers have similar ICsy values (low micromolar concentrations) despite
their differences in inhibiting haem crystallization. In addition all the chemosensitisers
are monoprotic and would not be expected to accumulate to the same degree as
chloroquine. The hypersensitivity of the new chloroquine resistant Brazilian strains to
these chemosensitisers is therefore probably not related to any haem crystal inhibition. It
is also unlikely that haem interaction has any impact on resistance reversal since all these
chemosensitisers increase chloroquine accumulation to a similar degree at 1uM

irrespective of whether they inhibit crystallization.

The overexpression of the P-glycoprotein homologue 1 (Pghl) does not have any effect
on the sensitivity of the parasites to verapamil. Pghl overexpression also does not
influence the ability of verapamil to reverse chloroquine resistance. Verapamil reversed
resistance to chloroquine in all 4 of the strains tested in this study. One African strain,
RSA11, was more sensitive to verapamil reversal as indicated by its increased activity

enhancement index (AEI) value. Unlike certain Brazilian strains that have lost their
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ability to be sensitized to chloroquine in the presence of verapamil, all the strains in this

study maintain their chemosensitization by verapamil despite their geographical diversity.

This thesis has described the differences in the uptake of verapamil compared to
chloroquine. The differences in uptake necessitated the modification of the experimental
conditions to compensate for the low affinity of verapamil binding within the parasites.
The experiments were performed on enriched trophozoites to more clearly identify the
parasite-specific binding from the uptake into unparasitized erythrocytes. In addition the
parasites were spun through dibutyl phthalate to avoid any washing steps that would lead

to loss of the radiolabel.

There was no significant difference in verapamil uptake between the parasitized and
unparasitized erythrocytes. The uptake of verapamil into parasitized erythrocytes was
non-saturable over a large concentration range. Unlike chloroquine uptake, verapamil
uptake was not energy-dependent. Neither a large molar increase in verapamil nor
chloroquine could compete for verapamil accumulation contrary to previous reports
(Bray et al, 1992). This suggested that verapamil accumulation is more indicative of an

equilibration of the compound from the external medium into the parasite.

Verapamil equilibration is rapid and complete within one minute. There is no difference
between verapamil uptake in chloroquine resistant and chloroquine sensitive strains. This
contrasts with chloroquine uptake which is time-dependent and where significant strain-
dependent differences are evident. This rapid equilibration of verapamil allows the
chemosensitiser to slow chloroquine efflux in resistant strains within the first minute
from when efflux is measured. A comparison with verapamil accumulation within
mammalian cell lines shows significant differences to plasmodial uptake. In mammalian

cell lines verapamil uptake is time-dependent and reaches steady state only after an hour.
Verapamil both increases the amount of chloroquine accumulated as well as reduces the

rate of chloroquine efflux in chloroquine resistant strains. The ability of verapamil to

increase chloroquine accumulation is both temperature- and concentration-dependent.
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None of the chemosensitisers tested had any effect on the chloroquine sensitive strains
either in increasing chloroquine accumulation or in causing an increase of haemoglobin

measured in the parasites.

However, all the chemosensitisers tested showed a similar capacity to increase
chloroquine accumulation at 1uM in chloroquine resistant strains. In addition, all the
chemosensitisers caused a similar increase in the amount of haemoglobin found in
chloroquine resistant strains at 1uM. The 1uM chemosensitiser concentration is sublethal
to the parasites so that, unlike with chloroquine action, the increase in haemoglobin does
not result from a toxic effect. This would suggest that the increase in the amount of
haemoglobin in the presence of the chemosensitisers is associated with their ability to

increase chloroquine accumulation and thereby reverse chloroquine resistance.

The haemoglobin increase in the presence of verapamil was concentration-dependent and
did not result in an increase in the number of endosomes found in the parasite cytoplasm.
This shows that the verapamil effect differs from chloroquine effects and is not related to
drug toxicity. It suggests also that verapamil is exerting its effect within the food vacuole

where the increase in haemoglobin is observed.

In conclusion, this thesis demonstrates that verapamil equilibrates similarly into both
chloroquine sensitive and chloroquine resistant Plasmodium-infected parasites. The main
strain specific differences lie in the ability of these chemosensitisers to alter chloroquine
accumulation and efflux. It describes for the first time the effect of verapamil on altering
the amount of haemoglobin detected in chloroquine resistant parasites. This work
suggests that any putative receptor for these chemosensitisers would have to be of low

affinity.
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Chapter 10

Materials and Methodology

10.1 Plasmodium falciparum Strains

3 chloroquine sensitive strains used:

1. D10 was derived from FQC-27 from Papua New Guinea (Ekong et al, 1993).

2. 3D7 is a clone from the NF54 strain, isolated from airport worker in Amsterdam.
4 chloroquine resistant strains used.:

RSAL11, is also a patient isolate in Kwa-Zulu Natal, (Freese at al, 1991).
K1 is a strain from Thailand (Thaithong and Beale, 1981).

FACS is a clone derived from the isolate ITG2F6 (Biggs et al, 1989).
W2 is a clone derived from the Indochina; IIT strain (Oduola et al, 1988).

BN

10.2 Drugs Used in This Study

All the compounds were dissolved in the solvents described in Table 10.1 and were
stored at -20°C or -80°C until they were needed. Light sensitive compounds were stored
in foil wrapped microcentrifuge tubes. For experiments performed on parasites the
compounds that were dissolved in methanol or DMSO were diluted until the solvent

concentration was less than 1% which is non-toxic to the parasites.
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Table 10.1 A list of the compounds used in this study along with their molecular weights,
dissociation constants (pKa's), solvents and the company from which they were purchased.

Compound Name Molecular pKa’s Solvents Source
Weight

Chloroquine diphosphate 515.9 8.4,10.8° Water Sigma
Verapamil hydrochloride 491.1 9.2% Water Sigma
Promethazine hydrochloride 320.9 9.1° . Water Sigma
Chlorpromazine hydrochloride 355.3 9.3 Water Sigma
Chlorpheniramine maleate 2748 9.1° Water Sigma
Desipramine h’ydrochloride 302.8 10.2° Water Sigma
Trifluoperazine dihydrochloride  480.4 3.9,8.1° Water Sigma
Cyproheptadine hydrochloride 323.9 Methanol Sigma
Quinine (Free Base) 3244 4.1,8.5° Methanol Sigma
Haemin chloride (Bovine) 652.0 0.1M NaOH Sigma
* from Bray et al (1992)

® from Clarke (1986)

¢ from the Merck Index (eleventh edition)

10.3 Plasmodium falciparum Cell Culture in vitro

The Plasmodium parasites were cultured using a modified Trager and Jenson method
(1976). The parasites were maintained in RPMI 1640 culture medium (Biowhittaker)
supplemented with 25mM sodium bicarbonate, gentamycin sulphate (50pg/1), 22mM
glucose, 25mM HEPES (Hydroxyethane Piperazine Sulphonic Acid), 5.0g/l Albumax II
and 323uM hypoxanthine. The cells were routinely maintained at < 4% haematocrit (hc)
and between 5% - 10% parasitaemia (pst). The culture medium was changed daily and
the cells were fed with O human erythrocytes (Western Province Blood Transfusion
Service) in the trophozoite stage. The cells were stored in sealed 50ml flasks under a gas

mixture of 3% O,: 4% COy: 93% N,. The flasks were kept in an incubator at 37°C.
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The parasites were viewed under oil immersion using Giemsa-stained thin blood smears.
Briefly, Giemsa stain (Merck) was diluted 1:10 in PBS. The thin blood smears were fixed
onto a microscope slide with methanol and were exposed to the Giemsa stain for 10
minutes. The slide was then washed briefly with water and dried before being examined

under the microscope.

The parasitaemia was determined by counting the number of parasitised erythrocytes

cells as a fraction of the total number of erythrocytes (parasitised + unparasitised).
10.4 Synchronization of Plasmodium falciparum Parasites

The parasite culture was synchronized in the ring stage using the method of Lambros and
Vanderberg (1979.). 5 volumes of a 5% (w/v) D-sorbitol solution (37°C) were added to
the parasite pellet and left to stand for 10 minutes. The parasites were then centrifuged

and the supernatant removed before returning the parasites to the culture medium.

10.5 Parasite Lactate Dehydrogenase Assay for Determining Parasite

Viability

The assay was performed in 96-well microtitre plates. The blank for the assay was the
unparasitised erythrocytes without drug and the control was the parasitised erythrocytes
without drug. The experiment involved incubating the parasites at a 1% haematocrit and a
2% parasitaemia in a volume of 200ul along with the particular drug at defined
concentrations. Each drug concentration was measured in duplicate per experiment. The
parasites were incubated for 48 hours in the plate in desiccator cabinets under the gas

mixture as described previously.

The lactate dehydrogenase activity is used as a measure of parasite viability. The
Malstat™ reagent contains lactate to initiate the reaction and APAD (3-acetyl pyridine
adenine dinucleotide) which the parasites selectively use as a cofactor in the enzymatic

reaction instead of NAD. The NBT/PES is a solution containing Nitro Blue Tetrazolium
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(1.6mg/ml) and Phenazine Etho Sulphate (0.08mg/ml). As the reaction proceeds, the

yellow tetrazolium ion is reduced to a purple formazan salt.

Once the 48 hour incubation is complete, 100ul of Malstat™ reagent and 25ul of
NBT/PES solution were added to each well of a new flat bottomed 96-well microtitre
plate. The samples in each of the wells of the original plate were resuspended and 15ul
was taken from each well and added to the corresponding well of the Malstat plate, thus
initiating the lactate dehydrogenase reaction. Colour development was monitored at
620nm as the reaction proceeded (Makler et al, 1993). The average absorbance of the
blank (unparasitised erythrocytes) was subtracted from all the parasitized samples. The
percentage viability was calculated by dividing the absorbance of the drug-exposed
parasites by the absorbance of the control parasites (drug free) and multiplying this value
by 100.

ODgyo Drug Exposed parasites — Average blank ODgyq
Percentage Viability = x 100
ODg;o Control (No Drug) parasites — Average blank ODgy

10.6 Tritiated Chloroquine and Verapamil Accumulation in

Plasmodium falciparum

The accumulation of tritiated chloroquine was carried out in Iml of culture of
Plasmodium falciparum (pst 5%, hc 1%) or with enriched trophozoites (>90% pst, 0.2%

hc) at 37° over a 1-hour incubation period.

The parasites were incubated with either 1nM 3H—CQ (7Ci/mmol; Moravek Biochemicals
Inc.) or InM *H-VPL (85Ci/mmol; NEN Life Sciences Products, Inc.). The tubes were
shaken after 30 minutes. After the 1-hour incubation was complete, the samples were
processed for scintillation counting. Initially the cells were pelleted in a microcentrifuge
at 13000rpm for 1 minute and the supernatant removed. The pellet was then washed by

adding 1ml of ice cold PBS to the pellet before spinning it again. Thereafter the pellet
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was processed as described below. When it was discovered that a large amount of -
VPL counts were lost in this washing procedure, it was decided to use dibutyl phthalate
to separate the supernatant from the pellet without losing the radioactivity in the

parasitized or unparasitized erythrocytes.

Briefly, 100ul of dibutyl phthalate is added to each microcentrifuge tube containing the
culture. The tubes were then centrifuged at 13000 rpm for 1 minute and the supernatant
aspirated, leaving the pellet of parasitised red blood cells (Bray, 1992). The tips of the
tubes are then cut off and placed into scintillation vials. 100p! of Solvable was then
added to the pellet for 30 minutes to lyse the cells. Thereafter 100;1.]’ of hydrogen
peroxide was addedvto the sample for 30 minutes to bleach the colour from the sample.
Lastly, 2mls of scintillation fluid (Ultima Gold; Packard) was added and the samples
were shaken vigorously. The vials are then left overnight and were counted in a -

scintillation counter (Packard Tri-Carb 2100TR).

When testing the effects of other compounds on the accumulation of the radiolabeled
analogues, the compounds were first pre-incubated with the parasites for 15 minutes

before the addition of the *H-CQ or *H-VPL.

10.6.1 Testing of Metabolic Deprivation or Temperature Dependence on

Radioactive Accumulation

The temperature dependence of VPL'’s effect on ’H-CQ accumulation was measured in
complete medium at 37°C or 4°C for 1 hour. The parasites were then spun though dibutyl

phthalate and processed as described above.

The effect of metabolic deprivation was examined in phosphate buffered saline (pH, 7.4)
at 37°C for 1 hour. The control group of cells was incubated in PBS containing glucose
(Img/ml) whilst the energy-depleted cells were incubated in PBS that lacked glucose and
contained sodium azide (10mM). A similar method was used by Bray et al (1992) for

their metabolic inhibition experiments.
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10.6.2 Measuring the Concentration Dependence of "H-VPL Accumulation

The concentration dependence of VPL on Plasmodium falciparum was measured
between external concentrations of 1nM and 1mM. The VPL stocks were composed of
1uCi/ml *H-VPL (84Ci/mmol; NEN Life Sciences Products, Inc.) made up to the
relevant concentrations with unlabelled VPL. The parasites (5% pst; 1% hc) were
incubated with the *H-VPL for 1 hour before being spun through dibutyl phthalate and

processed as described above.

10.7 Time Course experiments with Chloroquine and Verapamil in

Plasmodium falciparum
10.7.1 Time Course for Accumulation of "H-CQ or *H-VPL

Parasites were loaded into a series of microcentrifuge tubes in 1ml of culture medium
(5% pst; 1% hc). For competition experiments the parasites were first pre-incubated with
1M CQ or 5uM VPL for 15 minutes. The tubes were all suspended in a waterbath at
37°C. Then InM 3H-CQ or 1nM *H-VPL was added to each tube and the tubes shaken
rapidly to mix the sample. At the relevant time point, the tubes were removed and 100l
of dibutyl phthalate added before centrifuging at 13000rpm for‘30 seconds. At this stage
the parasites were separated from the supernatant so no further accumulation took place.
At the completion of the time course, the supernatant was aspirated off and the pellets
were cut into scintillation vials for processing as described above. The time points used
for the measurement of accumulation rates of both *H-CQ and *H-VPL were (in

minutes): 1, 5, 10, 15, 25, 40 and 60.

117



Chapter 10 Materials and Methodology

10.7.2 Time Course for Efflux of "H-CQ

The effect of VPL on the efflux of *H-CQ was determined under various conditions. In
all cases the *H-CQ was allowed to accumulate for 1 hour since this is the time required
for CQ to reach steady state in the parasites. After 60 minutes, 1ml aliquots of the culture
(5% pst; 1% hc) were spun down at 13000rpm for 1 minute in microcentrifuge tubes
containing 100ul dibutyl phthalate. This step separated the pellet from the supernatant
and was designated time point T=0. The supernatant was removed from each tube as well
as much of the dibutyl phthalate thereby removing any non-accumulated radiolabel. At
this stage 1ml of growth medium with or without 5uM VPL was added to the pellet in
each tube and mixed rapidly. This initiated the efflux of CQ. At each time point another
100u1 of dibutyl phthalate was added and the parasites were spun again at 13000rpm. The
pellets were processed for scintillation counting as described above. The time points used
for the measurement of efflux rates of 3H-CQ were (in minutes): 0, 1, 2, 3, 5, 10, 30 and
60. After 60 minutes the efflux in both strains had reached equilibrium and no further
decrease in radioactivity was observed. The rate of efflux was measured by dividing the
amount of radioactivity remaining in the pellet at each time point by the amount of
radioactivity present at T=0 and subtracting the equilibrium value. This represents the

percent decrease before equilibrium.

Percent decrease (Counts at T = x) — (Counts at T = equilibrium)
at equilibrivm =

Countsat T=0

where ‘X’ represents a time point during the time course,
‘equilibirium’ represents 60 minutes after efflux was initiated and

‘0’ is the initiation of the efflux component on the experiment.

For the control there was no VPL present in either the *H-CQ accumulation stage or the
efflux stage. In one sample 5uM VPL was present in both the initial accumulation phase
and during the efflux phase. In the second sample 5uM VPL was present only in the

initial 1 hour accumulation phase but omitted from the efflux phase. In the last sample
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5uM VPL was omitted during the accumulation phase but included when efflux was

initiated.

Table 10.2 Description of the experimental conditions used during the TH-CQ efflux experiments
to examine the role of verapamil.

Sample SuM VPL present during SuM VPL present
accumulation phase during efflux phase

Control - -

VPL in Acc and Efflux + +

VPL in Acc + o

VPL in Efflux —- +

10.8 Enrichment of Plasmodium Cultures

This method is a modification of the method of Ginsburg et al (1999). A 90% and 60%
Percoll solution was prepared in RPMI-1640 supplemented with 6g/L glucose and 25mM
HEPES but without bicarbonate. 3% alanine was added to both solutions. 500ul of the
60% percoll solution was layered atop of 500ul of the 90% percoll in a microcentrifuge
tube. Between 200-300u] of the parasitised erythrocyte pellet was then layered on the
Percoll. This mixture was spun at 10000rpm for 20mins in a benchtop centrifuge. The
enriched trophozoite layer is situated at the interface between the 60% Percoll and the

90% Percoll layers. This band of trophozoites was then removed and washed twice with
warm 5X PBS.

The pellet was then resuspended in 10mls of complete medium to allow any residual
alanine to equilibrate in the excess medium. After 30mins, the pellet was spun down at
600g for Smins. This method regularly yields greater than 90% parasitaemia as confirmed
using light microscopy (See Plate 10.1). The pellet is then aliquoted for accumulation

experiments.
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Plate 10.1 Microscope images of Giemsa stained enriched trophozoites (Panel A) and non-
enriched trophozoites (Panel B) from Plasmodium falciparum. Trophozoites are identified by the
dark haemozoin crystals located in the food vacuole of the parasites (Parasite samples courtesy of
U.IL.M. Wiehan).

10.9 Trophozoite Isolation

Late trophozoites were isolated from the erythrocytes using saponin lysis. 2.5ml of a 1%
saponin solution in water was added to 45ml of parasite pellet resuspended in PBS (final
concentration of saponin: 0.05%). The parasites were left for between 2-Smin and were
then spun at 1500g for 10min to pellet the trophozoites. The parasite pellet was then
transferred into microcentrifuge tubes and washed 4 times with PBS at 6500rpm to

remove any excess haemoglobin.

If the parasitised erythrocytes were harvested in microcentrifuge tubes, Iml of a 0.25%
saponin solution was added and left for 2 minutes. Thereafter the parasite pellet was spun
at 6500rpm for 3 minutes. The pelliet was then washed 4 times in PBS to remove

haemoglobin.
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10.10 Vacuole Isolation

The isolation of purified and intact digestive vacuoles is based on the method of Saliba et
al (1998). Trophozoites at a high parasitaemia (>10%) were isolated in centrifuge tubes
using saponin (0.05%) as described above. The pelleted trophozoites were transferred
into microcentrifuge tubes and washed twice with ice-cold PBS. The trophozoites were
then resuspended in ice cold water (pH 4.5) and triturated 4-times through a 27-G 1.2cm
needle. Thereafter the suspension was pelleted in a benchtop centrifuge at 13000rpm for
2 minutes. The pellet was exposed to 1ml DNase 1 (0.05mg/ml) for 5 minutes at 37°C
before being spun at 13000 rpm for 2 minutes. This pellet was resuspended in 300ul
uptake buffer and was further triturated twice. The uptake buffer contained 2mM MgSOy,
100mM KCl1, 10mM NaCl, 25mM HEPES, 25mM NaHCO; and 5mM Na,HPO, at pH
7.4. This mixture was then layered atop a 1.2 ml Percoll solution containing 42% Percoll,
250mM sucrose and 2.5mM MgCl, (pH 7.4). This was then centrifuged at 13000rpm for
10 minutes at 4°C. The purified food vacuoles were located in the pellet below the
density gradient. The debris was aspirated off and the vacuoles washed twice with ice

cold uptake buffer to remove any residual Percoll.

The number of vacuoles was determined by microscope counts using a
haematocytometer. The vacuoles were diluted and mounted onto a Bright Line Counting
Chamber (Hausser Scientific Company) under a coverslip. No staining was necessary as

the haemozoin crystals appear as dark spots.

10.11 Mammalian Cell Lines

Drug Sensitive Cell lines used:

1. The KB-3-1 cell line is a human cervix carcinoma line derived from a 1951

established HELA. This line was a gift from Dr. M. Gottesmann.

2. The NIH-3T3 murine fibroblasts were a gift from Dr. M. Gottesman.
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10.12 Mammalian Cell Culture in vitro

All mammalian cells were maintained in DMEM supplemented with 10% foetal calf
serum (FCS) and 50pug/l gentamycin sulphate. Cells were stored in 250ml vented cell
culture flasks at 37°C in a humidified, CO, (5%) incubator. When cells achieved
confluency, they were subcultured. The culture medium was removed and the cells
washed twice with 10ml sterile phosphate buffered saline (PBS). Thereafter, Sml of
0.25% trypsin/0.1% EDTA was added and the cells were left for two minutes at 37°C.
After the cells had lifted from the flask, 5ml of the culture medium was added to inhibit
the trypsin. The cells were transferred into a centrifuge tube and spun at 700rpm for 5
minutes. The supernatant was removed and the cells resuspended and diluted in fresh

culture medium before being placed into a new culture flask and incubated at 37°C.

10.13 Tritiated Verapamil Accumulation in Mammalian Cells

*H-VPL accumulation was performed according to a modified method of Warr et al
{1988). 2mls of cells were plated into each well of a 24-well plate (Nunc) at 1x10° cells
per ml approximately 3 days before the experiment was performed. The medium was
aspirated off immediately before the experiment was performed. At time zero, 1nM *H-
VPL (85Ci/mmol; NEN Life Sciences Products, Inc.) in DMEM without FCS was added
to each well. The medium was aspirated off at the following time points (in minutes): 1,
2,3,5,10, 15, 20, 25, 30, 45 and 50. The cells were then washed three times in the wells
with ice-cold PBS. They were removed after exposure to 0.5mls of 0.25% trypsin/0.1%
EDTA for 2 minutes and were placed into 20ml scintillation vials. The wells were
washed twice with 0.5mls of 0.5M potassium hydroxide to harvest any remaining cells.
These were also added to the scintillation vials. The cells were treated with an additional
1ml of 0.5M potassium hydroxide for 1 hour in the vials at 56°C. The samples were
immersed in 4ml of liquid scintillation fluid (Ultima Gold; Packard) and shaken
overnight. The results were read on the Packard liquid scintillation counter (Tri-Carb

2100TR).
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10.14 Protein Determination Assay

Protein quantitation for western blotting was performed using the Bio-Rad Protein Assay.
This assay was based on the method of Bradford et al (1976). A standard curve was run
using bovine serum albumin (BSA). Briefly, 8 dilutions were made ranging between
Sug/ml and 50pug/ml from a stock solution (Img/ml) of BSA in water in an 800l
volume. Thereafter 200ul of the Bio-Rad Protein Assay reagent was added up to a final
volume of 1ml. Then 200pl of each sample was dispensed to each of four wells of a 96-

well microtitre plate and read at 620nm in an Anthos Labtec HT2 spectrophotometer.
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[
S

0.1+
0.0

{
0 10 20 30 40 50 60
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Figure 10.1 Standard curve for the protein determination assay performed using Bovine Serum
Albumin. The concentrations covered in the linear range were between 10ug/ml and 45pg/ml.
The linear correlation coefficient (r°) was 0.9444.

To determine the amount of protein in the parasite samples, the original protein stocks
were diluted until their absorbance fell within the linear range for the assay. The

concentration of the original stock was then determined by multiplying the value obtained
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by the dilution factor. The linear regression was performed using Prism 4.0 (Graphpad

Software.).

10.15 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis
(SDS-PAGE)

SDS-PAGE was performed according to the method of Laemmli (1970). 1mm thick gels
were prepared in the Bio-Rad Mini PROTEAN® 1I electrophoresis cell and run at 20mA
for a single gel or 40mA for two gels. The resolving gel (0.375M Tris-HCI, pH 8.8) was
made up to between 8—10% acrylamide for Pghl gels and at 12% acrylamide for the
haemoglobin gels. The stacking gel (0.125M Tris-HCI, pH 6.8) was made up to 3.5%
acrylamide for all gels run. The reservoir buffer was composed of 0.025M Tris, 0.192M
glycine and 0.1% (w/v) SDS at pH 8.3. The samples were run until the dye front had
reached the bottom of the gel matrix. Thereafter the gels were removed and either stained

in Coomassie or used for western blotting,.
10.16 Sample Preparation

Isolated trophozoites or vacuoles were solubilized in sample application buffer composed
of 1% (w/v) SDS, 0.25M Tris, 1% Mercaptoethanol, 10% glycerol and Bromophenol
Blue (10mg/1). The samples were boiled for 5 minutes and then spun at 13000rpm for 5
minutes in a bench top centrifuge. This was done to pellet the haemozoin, which may
cause “streaking” on the gels.

Haemoglobin controls were prepared as in internal standard in the western blotting
experiments. Human haemoglobin (Sigma Chemical Co.) was diluted in water (1:1000).
Sample application buffer was then added to the solution and the samples prepared as
described above. The haemoglobin was then run on the SDS-PAGE gels simultaneously

with the parasites samples for the western blotting experiments.
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10.17 Immunoblotting (Western Blotting)

Proteins were transferred to 0.2um Bio-Rad Immun-Blot Polyvinylidene difluoride
(PVDF) membrane in the Bio-Rad Mini Trans-Blot Electrophoretic Transfer Cell. The
gel was mounted against the membrane and flanked on both sides with filter paper and
fiber pads before being loaded into the gel holder cassette. The cassette was placed inside
the mini Trans-Blot module and loaded into the buffer chamber. The transfer was run at
100 volts for 1-1% hours in running buffer containing 0.192M glycine and 0.025M Tris
in 20% Methanol. The membrane was then removed and placed in blocking solution
containing 5% fat-free milk powder and 0.1% Tween 20 in PBS for 1 hour. The primary
antibody was then diluted to the blocking solution (1:200 for rabbit anti-Pghl and 1:2000
for rabbit anti-haemoglobin (Sigma)). The membrane was incubated in this solution for 1
hour after which it was washed 3 times with the blocking solution. The secondary
antibody was then added (1:2000 for peroxidase linked goat anti-rabbit antibody; Sigma)
for 1 hour. The membrane was then washed once with the blocking solution for 15
minutes followed by 3 washes in PBS each lasting S minutes. The membrane was then
covered with the ECL™ Western Blotting System (Amersham Pharmacia Biotech) and
left for 1 minute. Autoradiography was then performed with the membrane. The western
blot images were captured using an EDAS 290 Gel Documentation System with a Kodak
DC290 zoom digital camera. Images were analyzed using the Kodak 1D image analysis

software (version 3.5).

10.18 Drug Pressure

Drug pressure in the Plasmodium falciparum parasites was initiated in the early
trophozoite/ late ring stage. The parasites were exposed for 12 hours to allow for the

effect to be observed. Thereafter the parasites were harvested by saponin lysis as

described above and washed thoroughly in PBS to remove any excess haemoglobin.
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Table 10.3 The drug concentrations used to treat the Plasmodium parasites for haemoglobin
western blotting and for the haemoglobin endocytosis assay.

Drug/ Drug Combination Used Drug concentration (nM)
Chloroguine (low) | 100

Chloroquine (high) 1000

Chloroquine + Verapamil 100 + 1000

Verapamil 1000

Promethazine 1000

Chlorpromazine 1000

Chlorpheniramine 1000

Desipramine 1000

10.19 Haemoglobin Endocytosis Assay

Glass coverslips were exposed to 1mg/ml poly-L-lysine for 15 minutes. The coverslips
were then placed in a 24-well microtitre plate and washed 4 times with PBS. All
subsequent washing steps were performed 4 times in PBS. Parasitised erythrocytes were
drug pressured as described above. The trophozoites were then harvested by saponin lysis
and washed repeatedly in PBS to remove any excess hemoglobin. The free trophozoites
were allowed to attach to the coverslips for 2 minutes before being spun at 700rpm for 2

minutes. Thereafter the slides were washed again to remove any unattached cells.

The cells were then fixed in 3% paraformaldehyde (PFA)/ 0.25% glutaraldehyde for 15
minutes after which they were washed. The membranes were permeabilised in 0.5mls
Triton X-100 (0.5%) for 5 minutes and washed once more. Then 0.5ml glycine (0.15M)
was added for 20 minutes to quench any aldehyde groups that may cause auto-

fluorescence. The coverslips were washed once again.

In a moist chamber, the coverslips were placed in a blocking solution for 30 minutes. The

blocking solution was composed of 50% Foetal calf serum, ImM MgCl, and 1mM CaCl,
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in PBS. After the blocking step the rabbit anti-haemoglobin antibody (diluted 1:200 in the

blocking solution) was added for 1 hour. Thereafter the coverslips were washed.

The Tetramethylrhodamine B Isothiocyanate (TRITC)-linked anti-rabbit antibody
(diluted 1:250 in blocking solution) was then added to the coverslips for 1 hour in the

dark. This was followed again by a washing step.

Lastly the coverslips were rinsed in 1lug/ml 4’,6-Diamidino-2-phenylindole

Dihydrochloride (DAPI) for 1 minute before being mounted onto a microscope slide.

The slides were viewed the following day by fluorescence microscopy with a Nikon
Eclipse E600 fluorescence microscope under a 100X Apochromat objective. The images
were captured with a Media Cybernetics CoolSNAP-Pro monochrome cooled charge-
coupled device camera. Imagés were sharpened using Adobe Photoshop (version 7.0)
software. Average endosome counts were determined from 100 individual randomly

selected trophozoites for each sample.
10.20 Haematin Crystal Inhibition Assay

This assay is a modified method of Nkokazi et al, 2005. Stock solutions of sodium
acetate trihydrate (12.9M, pH 5.0), sodium hydroxide (0.1M), HEPES buffer (2M, pH
8.2) and 1M Hydrochloric Acid (HCI) were prepared. A 11.36% pyridine stock was
prepared by adding 11.36mls of pyridine to 10mls of the HEPES buffer and making it up
to 100mls with distilled water (HP buffer). A haemin chloride solution of 1.68mM was
prepared in the 0.1M sodium hydroxide solution within one hour of running the
experiment. Drug solutions of 168mM were prepared in 1M HCI and various dilutions
prepared also in the HCI. The assay is run in a 96 well round-bottomed plate. 2.01ul of
the drug (1-20 equivalents) was added to 20.12ul of the haemin stock. To this, 11.74ul of
the acetate buffer was added. The plate is left at 60°C for one hour to allow the reaction to

proceed. The final concentrations of the reagents in the well are:
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1) Haemin chloride - 1mM
2) Drugs - 1-20mM (1-20 equivalents)
3) Acetate buffer -4.5M (pH 4.5)

After the reaction is complete, 250ul of the HP buffer is added to each well in the plate.
Thereafter 10ul of the solution from each well is diluted in 200ul of the HP buffer in a
duplicate 96-well flat-bottomed plate. The absorbance was read at 405nm in an Anthos
Labtec HT2 microplate reader. The ODys¢ was plotted relative to the drug equivalents to
obtain a dose response curve which was generated using a non-linear regression in Prism

4.0 (Graphpad Software).

10.21 Statistical Analyses

The percentage viabilities for the parasite lactate dehydrogenase assay were calculated
using a SigmaPlot (Jandel Scientific) transformation. All dose response curves are
generated using a non-linear regression (sigmoidal dose response function) in Prism 4.0
(Graphpad Software). Linear regressions were also performed using Prism 4.0. Statistical
significances, presented as p-values, were determined using the unpaired t-test test.
Differences were significant if p<0.05. Statistical analyses were all performed using

Prism 3.0.
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