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Summary
Malaria remains one o f the world’s most important infectious diseases. There is
no vaccine available, and the spread o f drug resistance has narrowed the choice of
chemotherapy, especially for the most lethal human malaria parasite Plasmodium
falciparum.
Intra-erythrocytic forms of P. falciparum degrade host cell haemoglobin,
providing many o f the amino acids required for growth. Judging by the effects of
protease inhibitors, haemoglobin degradation is essential for parasite growth and
development, and has received a lot o f attention as a potential therapeutic target. A
specialised organelle, the digestive vacuole, is the site o f initial proteolytic attack of
haemoglobin by endoproteases. Exoproteolytic activity, presumably in the parasite
cytosol, is required to complete the degradation o f haemoglobin-derived peptides to
amino acids.
This objective o f this project was to determine the biological function o f P.
falciparum aminopeptidases, and in particular to investigate their possible involvement
in the terminal stages o f haemoglobin processing.

A series of peptidomimetic

aminopeptidase-specific inhibitors including bestatin were used as tools for this
purpose, and to validate P. falciparum aminopeptidases as potential chemotherapeutic
targets.
Leucyl-aminopeptidase activity was predominantly cytosolic, and its inhibition
blocked the growth and maturation o f parasites in erythrocytic culture. The trophozoite
stage of intra-erythrocytic P. falciparum, which is that most active in haemoglobin
degradation,

had

the

highest

aminopeptidase

activity.

Late

ring/trophozoite

development and to a lesser extent schizont maturation were most susceptible to low

concentrations o f aminopeptidase inhibitors.

These findings were consistent with a

primary effect o f aminopeptidase inhibitors on an aspect o f trophozoite metabolism
(e.g. haemoglobin degradation), with effects on other stages at higher concentrations.
In tests o f growth inhibition in culture, bestatin acted synergistically with endoprotease
inhibitors, suggesting that aminopeptidases may have some involvement in globin
degradation in concert with endoproteases. Trophozoite cytosolic extract containing
aminopeptidase, and partially-purified aminopeptidase, hydrolysed synthetic peptides
with sequences corresponding to known degradation products o f human haemoglobin,
and this process was blocked by aminopeptidase inhibitors. Ultrastructural analysis o f
bestatin and nitrobestatin-treated parasites, however, suggested that no feedback
mechanism exists in the haemoglobin catabolic pathway whereby the build-up of
undigested peptides would be linked to reduction o f endoprotease activity in the
digestive vacuole.
The studies described here also demonstrate the possibility that more than one
aminopeptidase

is

active

in

erythrocytic

P. falciparum.

The

isolation

and

characterisation of aminopeptidase gene sequences and their products, however, will be
required to confirm this suggestion.
Together, these

findings are consistent with a role for P. falciparum

aminopeptidases in the terminal processing o f haemoglobin-derived peptides to amino
acids, as well as secondary roles at other parts o f the erythrocytic cycle. The results
also support the notion that aminopeptidase has potential as a chemotherapeutic target
in malaria.
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Chapter 1

General Introduction

1. 1.

1.1.1.

M a l a r ia

H isto rica l o u tlin e

Malaria is by far the w orld’s most important tropical disease, and probably kills
more people than any other single communicable disease except tuberculosis and HIV
infection (WHO, 1998a). M alaria is caused by protozoa o f the genus Plasmodium.
There are nearly 120 species o f Plasmodium, including at least 22 species found in
primate hosts and 19 in rodents, bats, or other mammals (Bruce-Chwatt, 1985).
For thousands of years malaria was rampant across the world; however, its cause
could not be detennined.

Malaria appeared to be prominent in areas o f swampy

marches, and it was thought to be carried by something in the air or water surrounding
such places. From this idea, the disease acquired its name, ‘mal aria’, meaning ‘bad
air’ in Italian.
The causative agent o f malaria was not revealed until 1880, when Laveran
described malaria parasites in the blood cells o f man (Bruce-Chwatt, 1985). In 1897,
Ross discovered that the vectors for the disease were female mosquitoes o f the
Anopheles species, and from then on, the cycle o f development o f malaria parasites in
both the host and vector was studied extensively and efforts to control and eradicate
the disease began in earnest.
Initially, malaria control focused on attacking the vector.

The strategy was

aimed at breaking the life cycle o f the parasite on a global scale by wiping out
mosquitoes.

Massive drainage schemes were set in operation to drain the swampy
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marshes, the breeding grounds for the insects.
during

the

Second

World

War

led

Scientific investigations carried out

to

the

discovery

of the

insecticide

dichlorodiphenyltrichloroethane (DDT). This chemical was cheap and highly potent
against mosquitoes, had low toxicity to man, and was easy to apply in rural areas with
low cost. It was therefore favourable for use in countries of extreme poverty where
malaria was endemic (Bnice-Chwatt, 1985).
The discovery of DDT justified the introduction of a worldwide malaria
eradication programme by the World Health Organization (WHO) during the 1950s.
Widespread, systematic control measures were initiated to prevent the spread of
malaria by spraying DDT in regions where malaria prevalence was high. It was hoped
that the disease would be completely eradicated by the late 1990s. Initial success was
impressive, and the programme eradicated malaria completely from Europe, North
America and Russia, and dramatically reduced malaria incidence in many parts of the
tropics, in South America, India and Sri Lanka. However, it was short-lived, because
mosquitoes resistant to DDT appeared, and public health concerns about the spraying
of DDT decreased its use. Together, this led to an increase in the number of malaria
cases in many regions (Roberts et al, 1997).
In 1969, WHO began to focus more on the use of drugs for the control of
malaria infections in humans. Quinine, the first recorded antimalarial drug isolated
from the Cinchona tree bark in 1820 (see section 1.1.6) had been used in one form or
another for several hundreds o f years for the treatment of malaria. During the first and
Second World Wars, Germany’s available stocks of quinine were threatened, driving
the production of synthetic antimalarial alternatives to quinine. Germans, Americans,
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and French were successful in the production o f synthetic quinine derivatives, the
most important o f which was chloroquine. Chloroquine was the most commonly used
antimalarial drug througliout the 1950s, and remained effective against malaria until
the late 1950s and 1960s, at which time resistant parasites emerged in Columbia, and
in Thailand. Since then, chloroquine resistance has spread almost globally.
The

emergence

of

parasites

resistant

to

available

anti-malarials

was

accompanied by a substantial rise in malaria cases. New drugs were needed that acted
against the parasite in a different manner to that o f chloroquine. The hope for malaria
eradication was shattered, and it became apparent that more effective control
strategies, and newer cheap and effective anti-malarial drugs would have to be
developed.

1.1.2.

M alaria today

Today malaria is a major public health problem in more than 90 countries, and
40% o f the w orld’s population live in endemic areas; the worldwide prevalence of the
disease is estimated to be in the order o f 300-500 million cases per year, resulting in
the deaths of over 1.5 million annually (Nussenzweig and Long, 1994). The greatest
burden o f malaria falls on those who can least afford to pay for prevention or
treatment; it is a disease of the poor, and more than 90% o f all m alaria cases occur in
sub-Saharan Africa (WHO, 1998a).
Although malaria has been eliminated or suppressed in many parts o f the world,
the past decade has seen the return of it to areas freed from disease in the 1950s and

1960s, in particular South and South-East Asia, Central America, and parts o f SouthAmerica. The disease has also spread into new areas, in particular, central Asia and
Eastern Europe (Reiter, 2000). Global climate change, disintegration o f health
services, irrigation schemes and other agricultural activities, forest clearance, ecologic
change, mass movement o f people into malaria endemic regions, resistance to
antimalarial drugs and insecticides, deterioration o f vector control operations such as
decreased house-spraying programmes and other factors such as natural disasters are
responsible for the increase in disease spread.
Malaria has been a priority o f the World Health Organisation (WHO) since its
founding in 1948. The last decade has seen the introduction o f global malaria control
strategies that have stemmed from the use o f insecticide-treated bed nets (Lengeler
and Snow, 1996), to the establishment o f political commitment programmes such as
Roll Back Malaria (WHO, 1998b), and the M edicines for M alaria Venture (MMV)
(WHO, 1998a).

MMV, which brings together the pharmaceutical industry and the

public sector, aims to discover and to develop new antimalarial drugs at prices that are
affordable to the populations worst hit by the disease.

This is urgently needed

considering the fact that the average cost o f getting a new drug onto the market lies
between US $300 and $500 million (Winstanley, 2000). MMV strives to raise the
capital and apply funds to a selected number o f promising drug discovery projects, and
in essence, to ‘push’ antimalarial research and development support.

If funding

targets are met, it is hoped that the first products generated by MMV will be
commercially available before 2010 (WHO, 1998a).

1.1.3. Plasmodium species

The causative agents o f malaria in humans involve four species: P. falciparum,
P. malariae, P. vivax, and P. ovale. Examples of better known Plasmodium species
that infect rodents are P. chauhaudi, P. yoelii and P. herghev, birds, P. lophiirae and
P. fallax', and monkeys, P. knowlesi.

P. falciparum is the most dangerous o f the

species that infect humans, since this organism can lead to severe disease, and cause
coma, severe haemolytic anemia, and death. P. vivax rarely kills, but P. vivax and P.
ovale can persist for many years as a dormant hypnozoites in the liver, that can cause
recurring blood infection and clinical relapses. Sporozoites o f P. falciparum and P.
malariae do not develop into hypnozoites, and therefore do not cause a relapse of
disease symptoms.

1.1.4. The life-cycle of Plasmodium falciparum : an overview

The life cycle o f all species o f human malaria parasites is essentially the same
(Fig. 1.1).

It comprises a sexual phase within an invertebrate vector, the female

Anopheles mosquito, and an asexual phase with multiplication in a vertebrate host. In
the case of P. falciparum, an infected mosquito bites a vulnerable human host and
injects sporozoites into the bloodstream. Within 30 minutes, the sporozoites move
through the bloodstream

to

the liver and infect hepatocytes, initiating the

developmental process within these cells that is referred to as pre-erythrocytic
schizogony.
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Figure 1.1: Life-cycle of Plasmodium species showing the parts occurring in the
mosquito and in the human host. (http://www.cdfound.to.it/HTML/pfic.htm).
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During this stage parasites multiply about 10000-fold within hepatocytes, dividing
asexually to form daughter progeny called merozoites. At the end o f this stage, free
merozoites are released into the bloodstream and can invade erythrocytes, initiating
the intraerythrocytic stage o f the parasite life cycle.
During intraerythrocytic development each parasite grows and multiplies
asexually, finally producing merozoites. Lysis of the erythrocyte releases free
merozoites into the host circulation, which then invade fresh erythrocytes (Shentian,
1979). Some merozoites that enter erythrocytes differentiate into sexual forms known
as gametocytes.

If these gametocytes are ingested by a mosquito a sexual cycle is

initiated. The male gametocyte divides by mitosis to form eight microgametes. When
one o f these microgametes fuses with a female macrogamete, a zygote is formed that
differentiates into a motile ookinete, penetrates the mosquito gut wall, and develops
into an oocyst, within which thousands o f sporozoites are produced by asexual
multiplication (Sherman, 1979).

Sporozoites migrate to the mosquito's salivary

glands, and when the mosquito feeds on its next bloodmeal, they are injected into the
bloodstream o f the human host, thus beginning a new cycle o f infection (BruceChwatt, 1980).

1.1.5. The intra-erythrocytic stages of P. falciparum infection

The invasion o f host erythrocytes by merozoites initiates the intra-erythrocytic
phase o f the parasite life cycle. It is a complex process, and requires the involvement
of, and interactions between, both parasite and host proteins. Overall the process o f
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invasion by the parasite involves recognition and attachment, formation o f a tight
junction, formation of the parasitophorous vacuole, entry, and the sealing of the
erythrocyte after merozoite entry (Chitnis and Blackman, 2000, Dvorak et al, 1975,
Mitchell and Bannister, 1988),
Although merozoites are only ~l|j.m in diameter, each contains the necessary
equipment to find and attach to a host erythrocyte. Rlioptries, micronemes and dense
granules, together referred to as the apical organelles, are found at the apex o f the
merozoite (Bannister et al, 2000). They discharge their contents during invasion, and
their secretions are thought to be vital for the attachment o f the merozoite to the
erythrocyte, and for the subsequent formation o f an invasion pit, which envelopes the
merozoite in a membrane cavity, the parasitophorous vacuole (Barnwell et al, 1998).
Ultrastructural analysis o f the merozoite has shown that its surface is comprised
o f numerous filaments that are thought to be involved in capturing erythrocytes.
Merozoite surface protein-1 (MSP-1), a surface protein o f merozoites (Holder, 1994),
is a major protein o f these filaments, and both filaments and MSP-1 are cleaved and
shed during invasion (Holder 1994, Bannister et al, 2000).

Merozoite cytoskeletal

microtubules are also thought to be involved in the process, since antimicrotubule
drugs which cause the depolymerization o f microtubules interfere with invasion
(Bannister et al, 2000).
P. falciparum, P. vivax, and P. ovale development occurs over a 48-hour time
period, but for P. malariae it takes 72h. During this time parasites develop from small
ring-stage organisms (0-16h old post-invasion), to more metabolically active
trophozoites (16-36h old post-invasion), to multinucleated schizonts and segmenters
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(36-48h old post-invasion).

In the course of their development, young ring stages

begin to feed on the surrounding erythrocyte cytoplasm, ingesting and digesting host
cell haemoglobin in a digestive vacuole (DV) (Gluzman et al, 1994, Goldberg et al,
1990, 1991, 1992, Rosenthal and Meshnick, 1996).

A product of digestion,

haemozoin, accumulates within the DV throughout the erythrocytic phase of the life
cycle, and its fonnation detoxifies the haem that is potentially lethal to the parasite
(Sullivan et al, 1996). Trophozoites continue to feed, and increase in size.

The

number of ribosomes in the trophozoite cytoplasm increases, and the endoplasmic
reticulum enlarges in size, both changes denoting increased protein synthesis
(Bannister et al, 2000). After a period of growth and, late in the trophozoite stage, the
parasite initiates DNA synthesis and begins erythrocytic schizogony. This involves
first the mitotic division of the parasite nucleus (during which time the parasite is
known as a schizont), and then the rapid partitioning of cytoplasm and organelles
(when it is known as a segmenter). When segmentation of the schizont nuclei and
cytoplasm occurs, a number of merozoites are produced fi'om a single schizont. Up to
32 merozoites can be produced from one erythrocytic schizont, and once released
from erythrocytes, they are free to reinvade fresh erythrocytes, reinitiating the
erythrocytic phase (Bruce-Chwatt, 1985).
The development of the parasite inside the erythrocyte brings about changes
associated with this host cell. The parasite modifies the erythrocyte membrane to
make it more permeable to low molecular weight metabolites and certain proteins,
some thought to be involved in cytoadherence (the adherence o f parasitized
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erythrocytes to endothelial cells), are transported to and embedded in the erythrocyte
membrane.
The erythrocytic phase o f the parasite life cycle is responsible for the
characteristic fever and chills o f malaria. Most o f the merozoites are released into the
bloodstream synchronously, and the huge loss o f erythrocytes and other factors cause
the disease symptoms.

1.1.6. Chemotherapy and prophylaxis

Antimalarial drugs can be broadly categorised depending on their mechanism
of action, or with reference to the particular stage o f the parasite life cycle against
which they have therapeutic efficiency. Prophylactic drugs are used before infection
occurs, preventing the establishment o f infection in the liver or blood.

Blood

schizontocidal drugs act on blood stages, and tissue schizontocides on exoerythrocytic forms. Gametocytocidal dmgs destroy the sexual forms o f the parasite,
and sporontocidal drugs prevent the development o f the oocyst in the stomach wall o f
the mosquito (Bmce-Chwatt, 1985). These antimalarial types may serve to protect
against disease, to cure an established infection, or to prevent parasite transmission.
At present there is no agent that can offer protection against m alaria in all parts
o f the world. Current antimalarial drugs act differently against the four species o f
human malaria, and can even differ in how they act between strains o f the same
species. Factors such as the immune status o f the host can also govern the way in
which a particular antimalarial drug will act.
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Blood schizontocides are the most commonly used antimalarial drugs. There
are several types o f antimalarial drugs in present day use which have been reviewed
extensively in the literature (Bruce-Chwatt, 1985, Foote and Cowman, 1994, Pudney,
1995, Vial, 1996, Warhurst, 1986).
Quinine is one of the oldest recognised antimalarial agents. It is a cinchona
alkaloid derived from the bark o f the cinchona tree, first isolated by Pelletier and
Caventou in France (Bruce-Chwatt, 1985). Quinine has been used in the treatment o f
malaria for several hundreds o f years and remained an effective remedy for malaria
until the mid-20* century (Reiter, 2000), Today, resistance to quinine is widespread
throughout Thailand, and is spreading through Southeast Asia.

In this part o f the

world, therefore, it is often used in combination witli antibiotics. Clinical failure with
quinine is unusual outside Southeast Asia, and it is commonly used for the treatment
of severe falciparum infection (Foote and Cowman, 1994, Winstanley, 2000).
Quinine belongs to the quinoline-containing antimalarial class, to which chloroquine
and other 4-aminoquinoline compounds belong, and to which mefloquine (a quinoline
methanol)

and

halofantrine

(a

phenanthrene

methanol

analog)

are

related.

Chloroquine is a weak base, which accumulates to millimolar levels in the DV (Yayon
et al, 1984a).

Despite many years o f study, the precise mechanism o f action of

quinolone antimalarials is not completely understood; however, their antimalarial
effects are thought to be due to interference with the fimction o f the DV during the
mature stages o f intraerythrocytic development (Yayon et al, 1984b).
Plasmodium

resistance

to

chloroquine

and

other

quinoline-containing

antimalarials has become rampant in recent years, in particular in Sub-Saharan Africa
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and South-east Asia (Watkins et al, 1997).

The decreasing effectiveness of

chloroquine applies to P. falciparum infection; it remains the treatment of choice for
P. vivax.

Antibiotics such as tetracycline are often used in conjunction with

chloroquine, mefloquine or artesunate (see below) to combat resistant falciparum
malaria, in particular in regions o f multiple drug resistance (MDR).
Folate is an essential cofactor in the synthesis o f nucleic acids by Plasmodium
species, and the parasite folate biosynthesis pathway has long been targeted by
antimalarial agents (Walter, 1991). Folate antagonists can be divided into two types,
type 1 antifolates (sulphonamides and sulphones) that mimic para aminobenzoic acid
(PABA) and compete with this metabolite for the active site of the enzyme
dihydropteroate synthetase (DHPS), and type 2 antifolates (such as pyrimethamine and
cycloguanil) that mimic dihydrofolate, and compete with it for the enzyme active site
of dihydrofolate reductase (DHFR) (Warhurst, 1986), Folate pathway inhibitors have
long elimination half lives, staying in the bloodstream o f an infected individual for
long periods following administration.

In general, folate inhibitors are used in

combination antimalarial treatment (see below).
8-Aminoquinolones such as primaquine act by killing the dormant hypnozoites
o f P. vivax and P. ovale malarias, and also kill mature gametocytes, however, the
latter action requires doses that are toxic to the host (Warhurst, 1986). Primaquine is
currently the only 8-aminoquinolone available for attacking the hypnozoites o f P.
vivax and P. ovale malaria, but a congener, tafenoquine (WR238605), is currently
being developed (Winstanley, 2000).
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Artemisinin (qinghaosu), the active constituent o f a Chinese antimalarial herb,
Artemisia annua L (Meshnick et al, 1993, 1996), and its derivatives (e.g. artesunate,
artemether, dihydroartemisinin), are the most potent and rapidly acting o f all the
antimalarial drugs. Good tolerance o f and lack o f parasite resistance to these drugs,
both in clinical trials or laboratory experiments, have promoted their widespread use,
in particular in combination regimens. They decrease parasite density more rapidly
than other antimalarial drugs, minimising the probability that a resistant mutant will
survive therapy. Their ability to reduce gametocyte levels reduces transmission rates
(White, 1997). The most important feature o f the mechanism o f action o f artemisinin
is that it kills the parasite by a completely different mechanism to that o f established
antimalarials such as chloroquine: it is thought that the reaction o f artemisinin with
haem iron leads to the dissociation o f the endoperoxide bridge o f the molecule,
resulting in the production o f free-radicals which alkylate parasite proteins, thus
killing parasites (Vroman et al, 1999).

Artemisinin and its derivatives are now

recognised as the most important new antimalarials, and these compounds, together
with other antimalarial agents in clinical trials (reviewed in Bell, 2000) are hoped to
be the basis o f novel antimalarial drug regimens for the future.
At present, there is no malaria vaccine. Several approaches have been used to
produce a vaccine that would induce long-lasting complete protection. Vaccines in
present day development are o f three main types;

Anti-sporozoite vaccines are

designed to prevent infection, anti-asexual blood stage vaccines are designed to reduce
severe manifestations of the disease, and transmission blocking vaccines are designed
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to arrest the development o f parasites in mosquitoes and decrease transmission
(reviewed in Engers and Godal, 1998).

1.1.6.1. Combination therapy o f malaria

Combinational therapy (that refers to the concurrent therapeutic administration
of two or more drugs) has been adopted to combat resistance to a variety of infectious
agents such as Mycobacterium tuberculosis, H IV-l, and the malaria parasite (Chou
and Rideout, 1991). The purpose o f using dmgs in combination is to achieve effects
that are more favorable than when a single drug is used alone.
The introduction o f combination therapy for the treatment o f malaria has had a
significant beneficial impact on the hazard o f the emergence of resistant parasites, in
particular in South-East Asia (Wliite and Olliaro, 1996, White et al, 1992, 1999), and
is increasing in popularity for use throughout regions where chloroquine resistant
parasites are ubiquitous, in particular, in Sub-Saharan Africa (White and Olliaro,
1996).

PSD (a combination o f folate pathway inhibitors, pyrimethimine and

sulfadoxine) is at present the cheapest replacement for chloroquine in South-East
Afi'ica (Boland et al, 2000, Watkins et al, 1997). PSD is advantageous in terms of
being cheap and effective, but its slow elimination rate has allowed the development
of parasite resistance to the drug combination.

This observation, together with

concerns about its safety, has substantiated the need for alternative treatments.
The combination of the short-half-life antifolates chlorproguanil and dapsone is
currently in field trials in Africa as a replacement for PSD. The rapid elimination rate
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of artemesinins and its derivatives has also promoted their use in combination with
more slowly eliminated drugs such as mefloquine or PSD. In combination with PSD,
artesunate has also shown protect against the onset o f resistance to PSD in the
Gambia, and much o f South Africa (Watkins, 1997,1999).
Other drug combinations for multidrug resistant malaria are being developed by
the public and private sectors (WHO, 1998a). A drug-combinational drug regimen for
m alaria is looked upon favourably as a mechanistic approach to combat development
o f resistance to certain antimalaiials, the basic thinking being that the probability of
resistance

developing

simultaneously

to

two

chemotherapeutic

agents

with

independent mechanisms o f action is extremely low (Boland et al, 2000).

1.1.7. Drug targets and drug resistance in malaria parasites

The need for new antimalarials is made more acute by the widespread resistance
to those in current use.

Drug resistance has become one o f the most important

problems with malaria control, and resistance in the field has been reported to all
antimalarial drugs except artemisinin and its derivatives (WHO, 1995). The pattern of
cross resistance of Plasmodium to antimalarial drugs is a worrying one, and there are
some areas o f the world, namely Southeast Asia and East Africa, where parasites can
be found that are highly resistant to all known drugs (Bruce-Chwatt, 1985, Peters,
1985, White, 1998).
Many factors have contributed to the problem o f drug resistance including,
increased selection pressures on P. falciparum due to incomplete drug use for self-
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treatment (WHO, 1995), the evolution o f spontaneous mutations in parasite genomes
that confer resistance [for example the resistance o f P. falciparum to antifolates such
as pyrimethamine and cycloguanil has resulted from point mutations in their drug
target, dihydrofolate reductase-thymidylate synthetase (DHFR-TS) (Sirawarapom et
al, 1997)], selection o f previously existing drug resistant cells from a mixed
population under dmg pressure, mutation of extra-nuclear genes, and the acquisition
o f plasmid-like factors (Bruce-Chwatt, 1985).
In recent years the identification o f chemotherapeutic targets for m alaria has
been greatly aided by the introduction o f new tools and technologies that have allowed
for a greater understanding o f basic metabolic and biochemical processes, and of
parasite drug resistance (Macreadie et al, 2000).

Genetic, biochemical, and

immunological research has led to the identification o f several putative drug targets in
Plasmodium species, but only a minority o f them have been validated so far (Olliaro
and Yuthavong, 1999). Target validation, however, is essential prior to making any
research commitments for long-term studies o f drug discovery, to ensure that studies
are not misguided.
To be valid, an antimalarial drug target should perform essential functions for
growth, survival, and/or induction o f disease in the host, and have low potential for
development of resistance.

Moreover, the target should be parasite-specific, thus

demonstrating some feasibility for selective inhibition (e.g., targets in the DV:
proteases, haem polymerisation; and organelle unique to the parasite itself, such as the
plastid [an organelle containing an extrachromosomal plastid genome unique to
Apicomplexa (Gleeson, 2000)]).

The target must show differential sensitivity from
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any analogous process in the host (e.g. DHFR), be present in all parasites o f the
spectrum o f action desired (Vial, 1996), and lack alternative proteins or pathways that
might circumvent the target.
Preliminary analysis of putative antimalarial targets can be approached by
testing the antimalarial activity o f an inhibitor o f the target in culture. Potential
antimalarial drug targets that have been identified to-date include parasite proteins
involved in invasion into host hepatocytes and erythrocytes, transport proteins that are
inserted into the host membrane or parasitophorous membrane to enable rapid influx
o f nutrients, enzymes involved in haemoglobin degradation, haem polymerisation,
antioxidant defence mechanisms, iron utilization, the folate pathway, various
metabolic pathways such as the biosynthesis o f pyrimidines and phospholipids,
mitochondrial electron transport, free radical alkylation, the purine salvage pathway,
and protein synthesis, and extra-chromosomal DNA (Olliaro and Yuthavong, 1999,
reviewed in Vial 1996).

With an increase in our understanding of the biochemistry

and molecular biology o f malaria parasites, the identification, characterization, and
validation o f new and existing antimalarial targets is likely to increase.

1.2. P r o tea ses

1.2.1. Proteolytic enzym es and their classification

Proteolytic enzymes, or proteases, are a diverse group o f enzymes that play
regulatory roles in a great variety of physiologic and pathologic processes.
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They

catalyze the degradation o f peptide bonds in both proteins and peptides, and are found
throughout the plant and animal kingdoms.

Proteolysis is an irreversible process,

therefore it is not surprising to find that these enzymes are at the helm o f essential
irreversible processes such as in controlling protein synthesis and turnover, digestion,
growth, differentiation, immunological defense, wound healing, disease progression,
the cell cycle and most irreversibly of all, cell death (Leung et al, 2000).
Most proteases are synthesized as precursors that are converted to the active
enzyiTie by proteolytic processing mediated by another protease or by autocatalysis.
Proteases are broadly divided into endoproteases or exoproteases, but sometimes this
in an over-simplification, as endopeptidases can show a measure o f exopeptidase
activity (Barret, 1977).

In general, endoproteases (or -proteinases) catalyse the

hydrolysis of specific internal bonds within polypeptide chains whereas exoproteases
(or -peptidases) attack only peptide bonds located at the ends o f protein or peptides,
releasing

amino

acid

residues

from

the

extremities.

Aminopeptidases

are

exopeptidases, which catalyze the cleavage o f amino acids from the amino terminus,
and carboxypeptidases are exopeptidases that catalyze the cleavage o f amino acids
from the carboxy temiinus o f protein or peptide substrates.
Proteases are classified into four major types based on a comparison o f the
enzyme active sites: serine, aspartyl, cysteine, and metalloproteases (Beynon and
Bond, 1989). Serine proteases are the largest group, and require a hydroxyl group o f
the amino acid serine present at the enzyme active site for substrate binding and
catalysis.
recognized:

They consist of approximately 30 families, of which two are distinctly
(i) The mammalian serine proteases, which include enzymes such as
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human pancreatic trypsin, plasmin (a serine protease with trypsin like specificity that
is normally present in the blood as the precursor plasminogen), enzymes involved in
the digestion o f food proteins in the intestine, coagulation, fibrinolysis and
compliment activation in blood plasma, e.g. elastase and chymotrypsin, and (ii) the
bacterial serine proteases, which include subtilisin-like enzymes (Kraut, 1977).
Enzymes of the second family type have a very different tertiary structure from that of
mammalian serine proteases, implying that the two families represent a separate
evolutionary line of serine proteases (Rawlings and Barrett, 1993).
Cysteine proteases contain cysteine as their catalytic amino acid residue, the
thiol group of which forms a thiol ester intermediate during catalysis. Approximately
20 families have been recognized, and examples include the mammalian papain
family (e.g. lysosomal cathepsins B, H and L), cytosolic calcium-activated proteases
(calpains), and the malarial falcipains (section 1.4.3).

Another important class of

cysteine proteases is the caspase class of enzymes, alternatively known as cysteine
aspartate proteases. These enzymes are involved in inflammation and apoptosis, and
have an absolute requirement for cleavage after an aspartic acid, and a recognition
sequence of at least four amino acids N-terminal to the cleavage site (Grutter, 2000).
Caspases are classified into two subfamilies:

Interleukin-ip converting enzyme

(lCE)-like, and Caenorhabditis elegans protein-3 (CED-3)-like enzymes (reviewed in
Villa e/a/, 1997).
Aspartic proteases rely on the presence of two aspartic acid side chains that are
in close proximity to each other at the active site. Approximately 20 families are
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recognized, examples o f which include mammalian pepsin and renin, lysosomal
cathepsins D and E, and malarial plasmepsins (section 1.4.2).
Metalloproteases require a metal ion at the active site for substrate binding.
The structures o f metalloproteases are exceptionally diverse.

Approximately 25

families are recognized, and the majority o f this enzyme class are zinc- or calciumdependent,

Examples include families o f carboxypeptidases, aminopeptidases, and

the thermolysin family.

1.2.2. Protease inhibitors

Wliere there are proteases, there are protease inhibitors. Protease inhibitors are
almost as diverse as the proteases themselves, playing important roles in the regulation
o f proteolytic activity in biological systems. They can be divided into two overall
classes; natural [e.g. serpins; a family o f serine protease inhibitors diversely present in
eukaryotes, plants and viruses (Janciauskiene, 2001) and cystains; protein inhibitors o f
cysteine proteases in mammalian tissues (Barrett, 1981)], or synthetic [e.g. peptidyl
diazomethanes; synthetic peptide derivatives (Green and Shaw, 1981)].

Natural

protease inhibitors have been isolated from plant, animal, and microbial organisms.
Synthetic protease inhibitors are usually low molecular weight peptides synthesized to
mimic the natural enzyme substrate.
Protease inhibitors are considered important tools for sub-classifying proteases
into the four major protease types, and are also important for the understanding of the
proteolytic mechanisms o f biological processes. Where protease inhibitors are used to
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determine the role o f an enzyme, there are advantages and disadvantages. A good
protease inhibitor can be used as a tool to establish target essentiality, and to show that
when a particular enzyme activity is inactivated, it inhibits a particular cellular
function, thus demonstrating a potential biological fimction for the enzyme o f interest.
However, few of the available inhibitors are sufficiently specific for a single enzyme;
and natural protease inhibitors often exhibit broad specificity for enzymes that are
members o f the same protease class. This renders it difficult to identify unequivocally
the enzyme inhibited by an inhibitor if it exhibits broad specificity. In addition, high
concentrations of inhibitors lead to undesirable or unrelated side effects, making it
difficult to decipher the exact target being inhibited.
Over 100 natural protease inhibitors have been identified, and many more have
been synthesised (Beynon and Bond, 1989).

Some examples of endo-protease

inhibitors are given in Table 1.1. Overall, one must consider that the specificity o f the
inhibitor used is obviously crucial, and must be taken into consideration when being
used for investigations.
Enzyme inhibition by protease inhibitors can be either reversible or irreversible.
Irreversible inhibitors are bound covalently to the enzyme active site so that its
dissociation from the enzyme is very slow, and an amino acid residue o f the active site
o f the enzyme is irreversibly modified.

These tight binding inhibitors decrease the

number o f active sites available for the binding of natural substrates.

Reversible

inhibition can be competitive or non-competitive. A competitive inhibitor competes
with the substrate for binding to the same active site. The binding of a competitive
inhibitor therefore reduces the sites available for a substrate to bind.
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A non-

Table 1.1. Protease inhibitors
Chemical class

Type o f inhibitor

Examples

a 2 -macroglobulin
Peptide aldehydes

Protease class inhibited

Irreversible

most

Leupeptin

Reversible ‘transition

Antipain

state analogues’

Serine and Cysteine

Irreversible

Serine and Cysteine

Reversible

Metal lo-proteases

Chymostatin
Peptide chloromethyl

TLCK“

ketones

TPCK*’

Metal chelators

EDTA*^
EGTA**
1,10 Phen.®

Organophosphates

DFP*^

Irreversible

Serine

Sulphonyl fluorides

PMSF*

Irreversible

Serine

Coumarins

3,4-DCl'’

Irreversible

Serine

Reversible

Serine

Peptide boronic acids

Peptide diazomethanes

Z-Phe-Ala-CHNj'

Irreversible

Cysteine

Peptide epoxides

E-64J

Irreversible

Cysteine

Cystatins

Human cystatins

Reversible

Cysteine

Reversible____________

Aspartic________

Kininogen
______________________________ Pepstatin A
Data are from Beynon and Bond, 1989, and Barret, 1981.
“TLCK: tosyl-lysine chloromethyl ketone,

TPCK: tosylamido-2-phenyl-ethylchloromethyl ketone, ‘'EDTA:

Ethylenediaminetetra-acetic acid, ‘*EGTA: Etheleneglycolbis(aminoethyl)-tetra-acetic acid '1,10 Phen: 1,10
Phenanthroline, *^DFP: Diisopropylphosphofluoridate, *PMSF: Phenylmethylsulphonyl fluoride, *'3,4-DCI: 3,4dichloroisocoumarin, ‘Z-Phe-Ala-CHN 2 : Benoxycarbonyl-phenylalanine-diazomethyl ketone, ^E-64: [N-(L-3/ra/w-carboxyoxiran-2-carbonyl)-L-leucyl]-amido (4-guanidino)butane].

competitive inhibitor binds to a site that differs to that to which the substrate binds,
and although substrates still bind to the enzyme, the turnover rate of the enzyme is
reduced. For allosteric enzymes (enzymes in which substrate binding to one active
site in an enzyme molecule can affect substrate binding to another active site in the
same enzyme molecule), inhibition occurs when interactions occur between sites on
different subunits of an oligomeric enzyme. For example, an inhibitor binding to a
site on one subunit will induce a conformational change o f the enzyme molecule to
favour the binding o f inhibitor to another site on a different subunit o f the same
enzyme, as opposed to inducing a confirmational change that would favour the
binding o f substrate or activator (Beynon and Bond, 1989).

1.2,3. Parasite endo-proteases

Endo-proteases play key roles in the life cycle o f numerous protozoan
parasites, as well as being involved in the pathogenesis o f the diseases they produce.
Their essentiality indicates that proteases represent promising targets for the
development of antiparasitic agents (McKerrow et al, 1993).

The interest in

discovering proteases involved in essential parasite developmental pathways has
increased since the demonstration that protease inhibitors can be used successfully in
combating infectious diseases such as HIV infection.

Protease activity in parasite

extracts can be measured using natural substrates, native or denatured proteins, or
synthetic peptide substrates.

When the specificities o f proteases are known, their

physiological roles can be inferred from inhibitor studies.
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Potential functions o f parasitic endo-proteases include degradation o f host
cytoskeleta! proteins during invasion or subsequent nipture from the host cell,
degrading host tissues, general metabolism, immune evasion, differentiation, and
regulation of enzyme activity (reviewed in McKerrow et al, 1993).

1.2.4. Endo-proteases of malaria parasites

Malarial endo-proteases were first identified in 1946 (Moulder and Evans,
1946), and since then, protease activity o f all four classes has been identified in
several malaria species.

Proteolytic activity is required by m alaria parasites in

particular for the intra-erythrocytic existence and development o f the parasite (section
1.1.5).

The maturation of the parasite within the erythrocyte, parasite cell

morphogenesis, digestion o f host cell haemoglobin, posttranslational modification o f
proteins, and routine intracellular housekeeping functions, all require protease activity
(Schrevel et al, 1990). Non-erythrocytic stages o f malaria parasites are difficult to
study, and little information regarding proteases o f these stages is available.

1.2.4.1. Involvement o f endo-proteases in erythrocyte invasion and rupture

As discussed in section 1.1.5, the malarial erythrocytic cycle is characterized by
the periodic invasion of host erythrocytes by Plasmodium merozoites, a complex
sequence o f events that involves merozoite-erythrocyte recognition, attachment,
orientation and internalization (Chitnis and Blackman, 2000, Dvorak et al, 1975,
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Mitchell and Bannister, 1988). Little is known about the mechanism o f rupture o f
erythrocytes by mature schizonts; however, a recent model for the process has been
proposed whereby merozoites are released from erythrocytes within a parasitophorous
vacuolar membrane (PVM), and are then released from the PVM due to the effect of
components that are activated by parasite proteases (Salmon et al, 2001).
The involvement o f specific proteases in merozoite invasion and schizont
rupture o f erythrocytes has been deduced from the use o f specific protease inhibitors.
The evidence suggests that both serine and cysteine proteases are involved, since both
processes are blocked by inhibitors specific for these protease classes.

These

proteases are most likely required for the degradation of the complex network of
proteins that make up the host cytoskeleton, in addition to the proteolytic processing
o f schizont and merozoite proteins (McKerrow et al, 1993, Schrevel et al, 1990).

1.2.4.2. Endo-proteases mediating haemoglobin degradation

Intra-erythrocytic malaria parasites have evolved to require haemoglobin as their
principle source o f amino acids for protein synthesis (Sherman, 1979). Haemoglobin
degradation takes place in the DV, and acidic organelle that contains a number o f
well- characterized proteases that are involved in the catabolic process (Goldberg et
al, 1990).
To date, most models for the pathway o f haemoglobin degradation suggest that
amino acids are liberated in the parasite cytoplasm from haemoglobin-derived
peptides processed from haemoglobin in the parasite DV. Enzymes in the DV that
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have been implicated in the pathway o f haemoglobin degradation include aspartic
(plasmepsins I, II, and possibly III and IV), cysteine (falcipain I and II), and metallo(falcilysin) proteases (Eggleson et al, 1999, Francis et al, 1997b, Gluzman et al, 1994,
Goldberg et al, 1990, 1991,

Liya et al, 1994, Shenai et al, 2000), and will be

discussed in detail in section 1.4.

1.2.4.3. Endo-proteases with housekeeping functions

Proteolytic activity is required by malarial parasites for general housekeeping
functions, just as they are in eukaryotic cells. The processing of polypeptides into
mature proteins, the turnover o f cellular proteins, and catabolic pathways all require
proteolytic activity (reviewed in McKerrow et al, 1993, Schrevel et al, 1990).

1.2.4.4. Proteases as Drug Targets fo r M alaria

The essential nature o f Plasmodium proteases for parasite metabolism implies
that they are good targets for new anti-malarial drug development (McKerrow et al,
1993). It is now widely recognized that new anti-malarial therapies could be based on
the specific inhibition o f Plasmodium proteases that are involved in key steps o f the
parasite development within the erythrocyte. Protease inhibitor effects have been used
to show the importance o f a number o f proteases in parasite biological processes, and
several protease inhibitors have been shown to block P. falciparum development,
including those targeted against proteases involved in merozoite invasion or rupture
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(serine and cysteine proteases) (Dluzewski et al, 1986), or in haemoglobin degradation
(plasmepsins I & II, and falcipain 1 & II) (Francis et al, 1994, Rosenthal et at, 1988,
1991, Shenai et al, 2000).
Since proteases are ubiquitous enzymes, they are also present in the host, and
selectivity for parasite enzymes is therefore essential. With reference to the proteases
involved in haemoglobin degradation (section 1.4), studies perfonned to date appear
to indicate the possibility for the selective inhibition o f the aspartic and cysteine
proteases involved. For example, although the plasmepsins are only -3 5 % identical to
human renin, cathepsin D and cathepsin E (Hill et al, 1994), plasmepsin I is partially
inhibited by some, but not all renin-specific inhibitors (Hill et al, 1994). Although
SC-50083, the plasmepsin I-specific inhibitor has some anti-renin and anti-cathepsin
D activity, it is unlikely to be of physiological consequence, and has been rejected as a
renin inhibitor (Francis et al, 1994). The substrate preferences o f the plasmepsins have
also suggested that the development o f inhibitors targeted towards parasite but not
homologous host enzymes enzymes should be achievable (Gluzman et al, 1994). In
addition, both plasmepsins I and II appear to be processed in a different manner to
those o f their mammalian counterparts, again providing a selective strategy for their
specific targeting (Francis et al, 1997a).

Vinyl-sulfone-containing peptidomimetic

compounds that inhibit falcipain show no apparent toxicity in rats (Rosenthal et al,
1996), and the chalcones, falcipain inhibitors, are poor inhibitors of the mammalian
homologue to falcipain, cathepsin B (Li et al, 1995). These studies show the potential
for developing new types o f inhibitors with diminished action against mammalian
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protease action, and raise the hope for the development o f protease inhibitors that
could be useful antimalarial agents.
The conservation o f protease gene sequences among strains o f species must also
be considered when analyzing proteases as suitable dmg targets for malaria,
considering the fact that to be useful for therapy, an antimalarial dnig should be
effective against all strains that cause human malaria.

It is encouraging that the

similarity o f genes encoding the plasmepsins and falcipains between P. falciparum
and rodent malarial forms are sufficient to allow murine malarial models to be
employed in the testing o f susceptibilities o f parasites to inhibition by specific
protease inhibitors (Humphreys et al, 1999, Olson et al, 1999, Rosenthal, 1993,
Rosenthal et al, 1993a). For example, recombinant P. berghei plasmepsin appears to
cleave synthetic substrates and is inhibited by protease inhibitors with similar kinetics
to that o f plasmepsin I from P. falciparum (Humphreys et al, 1999). What would be
desirable would be to develop inhibitors o f the plasmepsins that are equipotent against
all human malaria strains, and the species that are used as in vivo models. However,
often IC50S for inhibition o f parasite growth in culture differ between rodent and
malarial species [as in the case o f the susceptibility of P. vinckei and P. falciparum to
peptidyl cysteine protease inhibitors (Olson et al, 1999)], and in some cases the
susceptibility o f the proteases themselves also differ [for example the sensitivity o f P.
vinckei and P. falciparum falcipains to peptidyl inhibitors (Olson et al, 1999)]. As a
better approach, protease sequences where available should be analysed, computer
generated model structures produced, and detailed comparison o f the inhibition o f
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these enzymes by inhibitors performed to aid in the design o f selective inhibitors (i.e.
structure-based daig design).
The development o f a new antimalarial brings with it the constant concern for
the emergence of resistant strains o f parasites.

As discussed in section 1.1.6.1,

combinatorial drug administration is considered a way to avert the emergence o f
resistant parasites to newly introduced antimalarial drugs.

Inhibitors specific for

aspartic and cysteine proteases, that concomitantly and specifically target enzymes
involved in the essential metabolic process o f haemoglobin breakdown, have
synergistic effects with each other on growth o f P. falciparum in culture (Bailly et al,
1992, Gluzman et al, 1994), and also on inhibition of haemoglobin degradation
(Rosenthal et al, 1991, 1995). This has encouraged use o f a combination drug regimen
that targets enzymes involved in haemoglobin breakdown (section 1.4).

1 .3 . A m i n o p e p t i d a s e s

1.3.1. The aminopeptidase family: classification and catalytic function

Aminopeptidases (AP) are exopeptidases that catalyse the cleavage o f Nterminal amino acid residues from polypeptides and proteins. Specifically, the term
aminopeptidase refers to N-terminal exopeptidases that require a free a-am ino group
on the peptide or protein substrate from which they release fi'ee amino acids,
dipeptidyl aminopeptidases liberate dipeptides, and tripeptidyl aminopeptidases cleave
tripeptides from the free N-termini o f oligopeptides.
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Aminopeptidases are widely distributed throughout the prokaryotic and
eukaryotic kingdoms and occur in several forms.

Aminopeptidases from diverse

organisms show extensive primary sequence homologies (Taylor, 1993a, b).

Most

aminopeptidases are metallopeptidases, and are located in the cytoplasm, on
membranes, associated with the cell envelope, or secreted into the extracellular
medium. They play roles in several important physiological processes such as uptake
o f amino acids into various tissues (Taylor, 1993a, b), metabolism o f secretory
molecules (Watt and Yipp, 1989), the terminal stages o f cellular protein degradation,
and cell cycle control, and they perform “house-keeping” roles in continuous turnover
and regulation of protein levels or in the elimination o f obsolete or defective proteins
(Taylor, 1993a, b).
The classification o f aminopeptidases is based on criteria such as the number of
residues cleaved from the amino terminus, the efficiency with which different residues
are removed from their substrates, location, susceptibility to the aminopeptidase
inhibitor bestatin, metal ion content, optimal pH, and substrate specificity (Taylor,
1993a, b).

In a broader sense, the classification o f aminopeptidases into different

families is governed by the evolutionary relationships that are shown between the
members o f the same family, either throughout the whole sequence, or at least in the
part o f the sequence o f the protein responsible for catalytic activity (Rawlings and
Barrett,

1993,

1995).

Since

most

aminopeptidases

are

metallopeptidases,

aminopeptidase classification into families is governed according to the classification
o f metallopeptidases using the criteria o f Rawlings and Barrett (Rawlings and Barrett
1993,1995).
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Metallopeptidases form the most diverse o f the catalytic types o f peptidases,
about 30 families being recognized. About half belong to the zinc-binding family
containing the canonical PIEXXH sequence (where X can be almost any amino acid,
but is usually an uncharged one) that has been shown by X-ray crystallography to form
part o f the site for binding o f the metal (normally zinc) ion in some families (Rawlings
and Barrett, 1995). Families o f metallopeptidases are grouped into 5 clans (a clan
comprises o f groups o f families for which there are indications o f evolutionary
relationships, despite statistically significant differences in sequences). The first three
clans o f metallopeptidases contain the HEXXH motif, and vary in the residues that
complete the metal ion binding site. The last two are metallopeptidase families that
require unknown metal ligands for catalytic function (Rawlings and Barrett, 1995).
Aminopeptidases are classified as metallopeptidase clan members (e.g. clan
MA,

MF, MG,

MH),

to

which

different

families

belong.

For example,

aminopeptidases belonging to the M l (Membrane alanine aminopeptidase) family,
(clan MA), and have evolutionary similarities in terms o f their amino acid sequences.
Members of the M l family are zinc metallo-enzymes, an interesting class o f
metallopeptidases that contain the typical zinc-binding active site with the consensus
amino acid signature m otif HEXXHXigG. M etallopeptidases with this type o f active
site have been termed gluzincins, and they constitute a large subdivision o f the
mammalian cell surface peptidase family (Shimazawa et al, 1999). They are type II
integral membrane proteins, and four members have been characterized: APA, APN,
APP, and APW,
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APA is thought to be involved in the in vivo conversion o f antiogensin 2 to
antiogensin 3 (N agatsu et al, 1970).

Hum an APN is involved in invasion by and

m etastasis o f a variety o f tum or cells, and invasion o f the extra cellular m atrix by
m acrophages and fibroblasts (Saiki et al, 1993, Tryggvason et al, 1987). It is the best
characterized o f the m am m alian cell surface peptidase fam ily. It is optim ally active at
a neutral pH, and exhibits broad substrate specificity, but its m ost favorable substrates
contain N -tenninal alanines. The enzym e also cleaves peptides containing N -tenninal
leucine, phenylalanine, tryptophan, and other am ino acids. APP has a requirem ent for
a proline residue in the penultim ate position o f susceptible substrates, and is anchored
in the m em brane by a glycosyl-phosphatidylinositol m oiety (Sim m ons and O rawski,
1992).

A role for A PW has not been deduced, in part due to the lack o f a selective

inhibitor (Tieku and Hooper, 1992).
Several am inopeptidases that w ere previously thought to be distinct enzym es
have show n to be identical using m odem day classification schem es. For exam ple,
am inopeptidase-M (m icrosom al alanyl am inopeptidase) (APM ) and am inopeptidase-N
(APN ), once considered as distinct enzym es, have shown to be identical. Today, the
enzym e is usually referred to as APN, but is also called alanyl am inopeptidase,
arylam idase am inopeptidase, or acyl-peptide hydrolase (Shim azaw a et al, 1999),
C ytosolic leucine am inopeptidase is another w ell-characterized am inopeptidase,
and belongs to the M l 7 (Leucyl am inopeptidase) fam ily.

It is considered a

prototypical am inopeptidase in term s o f its requirem ent for zinc ions for substrate
binding and catalysis. A crystalographic structure has been determ ined for bovine lens
am inopeptidase (Burley et al, 1992), revealing it to be a hom ohexam er com prising
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identical bilobal subunits, with two zinc ions bound per subunit.

Members o f the

family include homologues from Escherchia coli, Rickettsia species, potato, and
Arabidopsis (Rawling and Barrett, 1995). Amino acid sequence similarities between
them is extremely high. A list o f aminopeptidases belonging to different families is
given in Table 1.2.

1.3.2. Aminopeptidases of Plasmodium species

Several neutral aminopeptidase activities have been reported in P. chabaudi,
P. berghei, P. yoelii, and P . m a l a r i a l parasites. These activities include a
100-kDa aminopeptidase in P. falciparum FCBI (Vander Jagt et al, 1984), a 63-kDa
aininopeptidase in P. falciparum HB-3 (Vander Jagt et al, 1987), a 186-kDa neutral
peptidase, presumed to be an aminopeptidase, from P. falciparum (Gyang et al, 1982),
an 80-kDa leucyl aminopeptidase in P. chauhaudi chauhaudi (Curley et al, 1994), and
aminopeptidase activities associated with sizes from 63-90 kDa in P. chahaudi, P.
herghei, P. yoelii, and P. falciparum (Charet et al, 1980, Curley et al, 1994, Florent
et al, 1998, Nankya-Kitaka et al, 1998).

With the exception o f a P. chabaudi

aminopeptidase associated with the parasite digestive vacuole (Slomianny et al, 1983),
all o f the enzymes mentioned above are believed to be located in the cytosol. Some o f
these activities have been partially-purified from parasite extracts, however the
difficulties associated with isolating a native enzyme from Plasmodium (such as
limited starting material) are well known, and this has rendered the complete
characterization o f the enzymes difficult.

These aminopeptidase activities have.
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Table 1.2 Aminopeptidases belonging to different families
Recomended name

EC number

APM/N

3.4.11.2

Peotidase Family N-terminal amino acid released Location
Ml

alanine & other neutral

(membrane-alanine-AP“)

membrane
bound

Cytosolic alanyl AP

3.4.11.14.

Ml

alanine & other neutral

cytosol

LAP (Leucyl-AP)

3.4.11.1

M17

leucine

cytosol

APA (glutamyl/aspartate-AP)

3.4.11.7

Ml

glutamate & aspartate

cytosol/
membrane

Aspartyl AP

3.4.11.21

M18

aspartate & glutamate

cytosol

Aeromonas proteolytica-A?

3.4.11.10

M17

leucine

cytosol

APY (cobalt-activated)

3.4.11.15

M28

lysine

NR

APW (X-Trp AP)

3.4.11.16

nr"

wide variety, esp. glutamate

membrane

& leucine & on dipeptides
Cystinyl-AP

3.4.11.3

Ml

cysteine

cytosol

A PI

3.4.11.22

M18

any neutral or hydrophobic

NR

Tripeptide-AP (Peptidase B)

3.4.11.4

NR

release o f N-terminal residues

NR

from a tripeptide
Tryptophanyl AP

3.4.11.17

NR

tryptophan

NR

APB (arginine-AP)

3.4.11.6

Ml

arginine & lysine

cytosol

APP (X-Pro-AP)

3.4.11.9

M24

any linked to a proline residue

membrane

Methionyl aminopeptidase

3.4.11.18

M24

methionine

membrane

3.4.11.13

NR

any, but no cleavage of

secreted

(peptidase M)
Clostridial AP

Xaa-pro
D-stereospecific

3.4.11.19

S12

NR

D-ala ,D-ser or D-thr

aminopeptidase
AP Ey

D-amino acids, preferably,

3.4.11.20

Ml

broad specificity

cytosol/
membrane

Prolyl aminooeotidase

3.4.11.5

S33

proline

cytosol

Information for the construction of this table was obtained from ‘Enzyme Handbook’, Springer-Verlag
Berlin Heidelberg 1991, D. Schomburg and M Salzmann (ed.), and from Enzyme nomenclature
recomendations, 1992). It is not a comprehensive list o f all aminopeptidases, but lists the broad range
natural aminopeptidases o f diverse origions.
“ AP=Aminopeptidase
*’NR=Not reported

however, been partially characterized, and have generally displayed common
properties, such as near-neutral pH optima, a preference for short substrates, and
similar susceptibilities to certain inhibitors and metal ions (Table 1.3).
It is unclear whether the various aminopeptidase activities in P. falciparum for
example represent products o f a single gene, or a family o f aminopeptidase genes.
Previous studies have drawn conflicting conclusions.

On the basis o f isoelectric

focusing, Charet et al suggested that up to four aminopeptidase activities may exist in
P. chahaudi (Charet et al, 1980). However, the data of Curley et al are consistent with
the presence o f only a single aminopeptidase activity in P. chauhaudi, P. herghei, and
P. falciparum (Curley et al, 1994).
exist

in

different

Plasmodium

Whether or not more than one aminopeptidases
species

will

require

the

isolation

and

the

characterization not only o f individual aminopeptidase gene sequences, but also their
products.
To date, the only reported aminopeptidase gene isolated from any Plasmodium
species encodes a 1056-residue P. falciparum protein belonging to the M l family of
zinc-metallopeptidases, that is expressed in schizont stages as 96-and 68-kDa proteins
(Florent et al, 1998). As will be described herein, a second putative aminopeptidase
gene has recently been isolated from P. falciparum, and the conclusions drawn from
the observations discussed in this thesis suggest the possibility o f more than one
aminopeptidase in erythrocytic P. falciparum.
It has been suggested that aminopeptidases might be the exopeptidases
responsible for catalyzing the cleavage o f amino acids from haemoglobin-derived
peptides during the terminal stages of haemoglobin degradation (section 1.4) (Curley
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Table 1.3. Previously reported aminopcptidase activities from Plasmodium species
Soecies
P. chaubaudi
P. yoelii

Substrates
LNA**
ANA'

Mol. wt. CkDa")
NR'’

dH

optimum
7.2

SA“ fnmol/min/mB’t
4.8
8.4-S.8

A:mfuM^
NR

Inhibitors
1, 10-Phenanthroline,
Mn^"", Co^^

Reference
Charetefa/, 1980

Chloroquine, quinacrine,
and primaquine
P. falciparum

ANA

186

7.5

90-98

2.2

LNA

Hg'", Z t? \ Cd'",

Gyangef a/,1982

Cu^% Co^^,and
Leupeptin

P. falciparum

ANA

100

7.5

384

1.8

Bestatin,

LNA

81

0.35

phosphoramidone,

LAMC'

51

0.056

chloroquine, mefloquine,

Vander Jagt et a l , 1984

quinacrine,
P. falciparum

ANA

63

7.5

410

NR

NR

Vander Jagt er a/, 1984

150
P. falciparum

LAMC

80

7.2

51

56

Bestatin,

Curley c/ a/,1994

P. chaubaudi

LAMC

80

7.2

21

26

1,10-phenanthroline

Curley et al, 1994

P. berghei

LAMC

80

7.2

60

56

Hg^% Cd^'", Mn^^

Curley et al, 1994

P. chaubaudi

LAMC

80

7.2

586

20

Bestatin, nitrobestatin

Nankya-Kitaka et al, 1998

P. falcivarum
“Specific activity

LAMC

68-96/122

7.4

NRf

NR

NR

Florente^a/. 1998

‘’LNA=L-leucine-/7-nitroanilide
‘^ANA= L-anaiine-p-nitroanilide
‘'NR=Not reported
'LAMC=L-leucine-7-amino-4-methylcoumarin

et al, 1994, Kolakovich et al, 1997, Vander Jagt et al, 1984), as no carboxypeptidase
activity has been described for Plasmodium species (Kolakovich et al, 1997, JP
Dalton, personel communication).

As mentioned above, Curley et al previously

described an --80 IcDa aminopeptidase from cytosolic extracts of P. falciparum that
exhibited a preference for fluorogenic peptide substrates containing leucine or alanine
residues at the N-terminus. The activity o f this leucyl-aminopeptidase was optimal at
a near neutral pH o f 7.2, with no apparent activity at pH 5.2. This implied that if the
aminopeptidase were involved in haemoglobin degradation, it would not function in
an acidic compartment such as the DV, in contrast to aspartic and cysteine proteases
which act optimally in an acidic pH range (Curley et al, 1994, Francis et al, 1996,
Goldberg et al, 1991).

Amino acid release would have to occur outside o f the

digestive vacuole, most likely in a near-neutral environment such as the parasite
cytosol.
The actual biological role of Plasmodium aminopeptidase has never been
experimentally demonstrated. The demonstration that P. falciparum aminopeptidase
plays a role in terminal stages o f haemoglobin processing would suggest it worth
considering as a chemotherapeutic target, since enzymes involved in this essential
catabolic pathway are considered important targets to which novel antimalarials could
be directed.
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1.3.3. Am inopeptidase inhibitors

Aminopeptidases are a large and diverse class o f enzymes, and correspondingly,
have a large and diverse group o f inhibitors. Although several inhibitors o f the
aminopeptidases are available, most o f these are effective on more than one enzyme
class. A number o f aminopeptidases are inhibited by metallo-protease inhibitors, most
o f which are chelating agents that remove calcium or zinc from metal ion-dependent
proteases. Bestatin is a prototypical aminopeptidase inhibitor that inhibits most, but
not all aminopeptidases.

Bestatin and congeners have been used througliout this

study, and will be described here.

1.3.3.1. Bestatin and congeners

Bestatin

[(2S,

3R)-3-Amino-2-hydroxy-4-phenylbuthanoyl-L-leucine]

(less

commonly known as Ubenimix), a dipeptide analog containing an unusual amino acid
(Fig 1.2), was first isolated from culture filtrates o f Streptomyces olivoreticult by
Umezawa and co-workers (Umezawa et al, 1976).

It was identified as a potent

inhibitor of aminopeptidase B (APB) and leucine aminopeptidase (LAP), and
subsequently was shown to inhibit purified APN, APW, alanine-AP, and tripeptidyl
and tetrapeptidyl aminopeptidases.

It does not inhibit APA, carboxypeptidases or

endopeptidases. Bestatin has shown to be a slow-tight-binding, competitive inhibitor
for most aminopeptidases tested (Taylor, 1993a, b).
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Figure 1.2. Structures o f bestatin (A), nitrobestatin (B), and amastatin (C). There
are three reactive fiinctional groups essential for activity that are highlighted in red. The
boxes enclose the novel amino acid residue o f bestatin, AHPBA, and the different novel
amino acid o f amastatin, AHMHA. The stereochemistry (R and S configuration) o f the
functional groups are indicated for each structure.

Bestatin has attracted m uch attention in the past due to its num erous biological
properties, in particular its im m unom odulatory and therapeutic properties such as the
augm entation o f hum oral and cell-m ediated im m une responses and the activation o f
m acrophages and natural killer cells to becom e cytotoxic against tum or cells (Tieku
and Hooper, 1992, U m ezaw a et al, 1976).

It has also been shown to inhibit cell

m etastasis o f P388 leukem ia in m ice (Tsuruo et al, 1981).

These properties are

thought to be due to the inhibition o f cell-surface am inopeptidases, such as APN or
APW. The use o f bestatin as a therapeutic agent is therefore prom ising, even m ore so
considering its low toxicity: in one study, bestatin exhibited low toxicity, and caused
no death when adm inistered orally to m ice at a m axim um dose o f 4g/kg, rats at 2g/kg,
and dogs at 1.2g/kg (Sakakibara et al, 1983). It is now used clinically as an anticancer
agent (Shim azaw a et al, 1999).
A m astatin

[(2S,

3R)-3-am ino-2-hydroxy-5-m ethylhexanoyl-L-valyl-L-valyl-L-

aspartic acid], a m olecule chem ically related to bestatin, is also a slow -binding
am inopeptidase inhibitor, isolated from actinom ycetes by U m ezaw a and co-w orkers
(Aoyagi et al, 1978). It was originally identified as an inhibitor o f APN and APA; it
also inhibits LAP, and Tyr-AP, but not APB.

Like bestatin, am astatin inhibits cell

surface am inopeptidases, and its biological properties are believed to stem from this
inhibition (Rich et al, 1984). A m astatin is a 100-fold stronger inhibitor o f A PN than
bestatin, and the val-val portion o f am astain enhances this inhibition, but the
difference in the N-term inal groups

[3-am ino-2-hydroxy-5-m ethylhexanoic acid

(AHM HA), and 3-am ino-2-hydroxy-4-phenylbutanoic acid AH PBA , respectively] does
not (Fig 1.2) (Rich et al, 1984).
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N um erous derivatives have been synthesized from bestatin and amastatin that
show varying degrees o f activity on a num ber'of am inopeptidases. The production o f
such derivatives has been important not only in the search for am inopeptidase
inhibitors with increased activity, but also to identify the m o ieties on these m olecu les
that are required for activity. In this w ay, the N H 2 , OH, and COOH groups indicated
on Fig. 1.2 w ere identified as being absolutely required for functional activity o f
bestatin and amastatin (Fig 1.2, A, C), since replacing these groups with others
resulted in lo ss o f activity (Takita et al, 1977).
The a -am in o group o f bestatin and amastatin is required for the slow -binding
inhibition that is characteristic o f these inhibitors.

The 2-hydroxyl group influences

the form ation o f the initial collision com plex (E l) betw een the enzym e and the
inhibitor, and is required for tight binding o f the inhibitor to the enzym e active site
(Taylor, 1993a). Both the a-am in o group and the 2-hydroxyl group o f bestatin are c o 
ordinated to the readily exchangeable zinc ion at the active site o f the enzym e. The S
configuration o f the hydroxyl group at position C 2 o f the m olecu le is required for
enzym e inhibition o f LAP, and APB by bestatin, and for enzym e inhibition o f A PM by
amastatin. Sterioisom ers that have the 2-hydroxyl group substituted to the R, and not
the S configuration, are relatively inactive am inopeptidase inhibitors, indicating also
that the inhibitor binding is stereospecific (Takita et al, 1977), Som e derivatives are
more potent for am inopeptidase inhibition than bestatin itself, for exam ple, the nitrosubstituted derivative o f bestatin, nitrobestatin, is five tim es more active than bestatin
(Takita e^al, 1977) (Fig 1.2, B).
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1.3.3.2. Crystal structure o f leucine aminopeptidase complexed with bestatin or
amastatin

The three-dimensional structures o f complexes formed between bestatin or
amastatin and cytosolic leucine aminopeptidase (LAP) have been analysed by X-ray
crystallography.

The data have indicated that the mode o f binding for the two

inhibitors is identical. The chemical structure of bestatin, amastatin and nitrobestatin
are shown in Fig. 1.2, the crystal structure o f the binding o f amastatin to LAP is showoi
in Fig. 1.3. The two zinc ions of LAP lie in the enzyme active site. One o f the zinc
ions is coordinated to the enzyme by the carboxylate oxygen atoms o f asp-273 and
glu-334, and the side chain amino group o f lys-250. The other is co-ordinated by the
carboxylate oxygen atoms of asp-255, glu-334, and asp-332, and the carbonyl oxygen
atom o f asp-332. The a-am ino group of bestatin or amastatin is coordinated with a
zinc ion, and also forms a hydrogen bond with asp-273. The 2-hydroxyl group of the
inhibitors is also coordinated with a zinc ion (Note; although native LAP binds two
zinc ions, other metal ions can be readily exchanged for them at the active site o f the
enzyme). Additional stabilization o f bestatin and amastatin in the active site o f the
enzyme comes from hydrogen bonding (between the carbonyl oxygen o f the inhibitors
and the amino group o f lys-262, the backbone NH group o f the inhibitors and the
carbonyl oxygen o f leu-360, and one o f the carboxylate oxygen atoms o f the inhibitors
with gly-362 (Burley et al, 1991). The D-phenylalanyl side chain is stabilised by Van
der W aal’s interactions with met-270, thr-359, gly-362, ala-451, and met-454, which
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Figure 1.3. Crystal structure of Bos Taurus LAP (accession no. M17.001), (A) complexed
with amastatin, resolution 2.4A, (B) LAP alone. Panel A: The catalytic zinc ions are shown
as light gray spheres. The zinc ligands are shown in ball-and-stick representation: lys-250 in
purple, asp-255, asp-273 and asp-332 in pink, and glu-334 in dark blue. The catalytic residues
are shown in ball-and-stick representation: lys-262 in purple and arg-336 in blue. Amastatin is
shown in gray in ball-and-stick representation. Panel B: Bos Taurus LAP crystal structure,
modified in Rasmol (version 2.6) to show more clearly the same zinc ligands; [lys-250 in
green, asp-255 in red, asp-273 in grey, asp-332 in orange, and glu-334 in purple], and catalytic
residues; [lys-262 in yellow, and arg-336 in white] that are shown in panel A. The mode of
bestatin binding to LAP is identical to that shown here for amastatin. The structures of the
molecules themselves are not significantly altered by binding to the active site of LAP.
[Adapted

fi'om

MEROPS

database](http:meropslinks.iapc.bbsrc.ac.uk/meropslinks/pepcards/m 17p001.htm).

protease

B

appear to form a terminal hydrophobic pocket.

The L-leucyl side chain binds in

another hydrophobic cleft lined by asn-330, ala-333, and lle-421 (Burley el al, 1991).

1.3.3.3. Cyclic imides and other aminopeptidase inhibitors

Many of the currently available aminopeptidase inhibitors such as bestatin and
amastatin are peptides or peptide mimics in stnicture.

In general, peptides have

drawbacks for clinical application: poor bioavailability, rapid excretion, short half-life,
and/or proteolytic lability. In tenns of use for therapy, non-peptide derivatives are
preferable.
A novel series of non-peptide APN-specific inhibitors with a N-phenylphthalimide or
N-phenylhomophthalimide cyclic-imide skeleton have recently been produced that
inhibit cell surface APN of MOLT-4 human acute lymphoblastic leukaemia cells,
(Shimazawa et al, 1998). Some of these compounds also exhibit inhibitory activity
against dipeptidylpeptidase IV (DPP-IV), a membrane-associated serine protease of
certain subsets of leukocytes. Interestingly, some show effects similar to those elicited
by bestatin on cultured mammalian cells. These compounds are PPS-33, (N-(2, 6diisopropylphenyl) thiophthalimide), 4APP-33 (4-amino-N-(2,6-diisopropylphenyl)
phthalimide), PIQ-0101 (N-(3, 5-dimethylphenyl) homophthalimide), and PIQ-22128
(>^-(2, 6-diisopropylphenyl) homophthalimide). The protease inhibitory activities of
these compounds against two surface enzymes of a mammalian cell line (APN and
DPP-IV), are shown in Table 1.4. The specificity of these compounds for enzyme
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Table 1. 4.

Protease inhibitory activity of cyclic imides in MOLT-4 cells

Cyclic Imide

A PN

D PP -IV

PPS-33

> 100

18.7

4A PP-33

2.5

3.5

PIQ-0101

1.5

>100

PIQ -22128

0.12

>100

B estatin

0.81

>100

Actinonin

0.32

>100

The data presented is taken directly from Shimazawa et al, 1998, and represent the concentrations o f
inhibitors required to inhibit each enzym e activity o f M OLT-4 cells by 50% (ICjo).

APN-inhibitory

activity w as assayed using the substrate Ala-AM C, and DPP-IV-inhibitory activity was assayed by the
glycyl-L-Pro-A M C method.

For comparison, the IC50 values o f bestatin and actinonin for APN

mhibition are shown.

inhibition differs; PPS-33 inhibits DDP-IV but not APN, 4APP-33 is broadly specific,
inhibiting both enzymes, and PIQ-0101 and PIQ-22I28 inhibit APN only.
PPS-33 and 4APP-33 are thiocarbonyl-phenylphthalimide derivatives, and PIQ0101 and PIQ-22128 are phenylhomophthalimide derivatives. The basic structures for
these two cyclic imide types are shown in Fig 1.4. Phenylphthalimide derivatives refer
to compounds that possess a cyclic imide skeleton with a five-membered ring system,
and phenylhomophtlialimide derivatives a six-membered ring system.

Change to a

six-membered ring type enhances APN-inhibitory activity, as can be seen from the
data in Table 1.4.
Leuhistin

[(2R,

3S)-3-amino-2-hydroxy-2

(lH-imidazol-4-ylmethyl)-5-

methylhexanoic acid] (Aoyagi et al, 1991) and actinonin (3-[[l[[2-(hydroxymethyl)-l
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A
X

R2
N

X

R3
Y

B

3' R2
-R 3
R1
5

Figure 1.4. Backbone structures o f (A) thiocarbonyl-phenylphthalimide and (B)
phenylhomophthalimide derivatives. PPS-33 and 4APP-33 are phenylphthalimide
derivatives,

whereas

PIQ-0101

and

PIQ-22128

are

phenylhomophthalimide

derivatives.

R1-R3 represent the positions that are varied to produce a particular

compound. The effects o f substituents introduced around the imide nitrogen (positions
2' and 6 ' highlighted in red), are extremely important for activity.

pyrolidinyl]-carbonyl]-2-methyIpropyl]

carbamoyl]-octanohydroxamic

acid)

(Umezawa e /o /, 1985), like the cyclic imides, are APN-specific inhibitors. Actinonin
is an equipotent inhibitor o f LAP.
1,10-phenanthroline, EDTA, and dipicolinic acid are metalloprotease inhibitors.
1, 10 phenanthroline has a high stability constant for zinc (Beynon and Bond, 1989).
It is usually used as a chelator that is diagnostic for a Zn^"^ metallo-protease.
Dipicolinic acid is also a selective chelator o f zinc ion, and EDTA is a membrane2+
•
•
impenneant chelator o f divalent cations such as Ca . Dipicolinic acid may require

acidic environments in which to function (Larson and Kitto, 1999),
aminopeptidase

and

metalloprotease

inhibitors,

aminopeptidase inhibition is given in Table 1.5.
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and

their

A list o f

specificities

for

Table 1.5. Aminopeptidase and metallo-protease inhibitor specificities
Compound

Target aminopeptidase

EC number

Peptidase family

APM/N (membrane-alanine-AP“)
3.4.11.2
Ml
3.4.11.1
M17
LAP (Leucyl-AP)
APM/N (membrane-alanine-AP)
3.4.11.2
Ml
APA (glutamyl/aspartate-AP)
3.4.11.7
Ml
Aeromonas proteolytica-AP
3.4.11.10
M17
X-Trp AP (APW)
3.4.11.16
NR”
3.4.11.1
M17
LAP (Leucyl-AP)
Bestatin
APM/N (membrane-alanine-AP)
3.4.11.2
Ml
Ml
Cystinyl-AP
3.4.11.3
3.4.11.4
NR
Tripeptide-AP (Peptidase B)
3.4.11.6
Ml
APB (arginine-AP)
3.4.11.9
M24
APP (X-Pro-AP)
Aeromonas proteolylica-AP
3.4.11.10
M17
X-Trp AP (APW)
3.4.11.16
NR
3.4.11.1
LAP (Leucyl-AP)
M17
EDTA
Ml
APM/N (membrane-alanine-AP)
3.4.11.2
Cystinyl-AP
3.4.11.3
Ml
3.4.11.4
NR
Tripeptide-AP (Peptidase B)
APB (arginine-AP)
Ml
3.4.11.6
3.4.11.7
Ml
APA (glutamyl/aspartate-AP)
3.4.11.9
M24
APP (X-Pro-AP)
3.4.11.14
AP (human liver)
Ml
3.4.11.15
M28
APY (cobalt-activated)
3.4.11.2
Ml
APM/N (membrane-alanine-AP)
EGTA
3.4.11.4
Tripeptide-AP (Peptidase B)
NR
3.4.11.7
Ml
APA (glutamyl/aspartate-AP)
3.4.11.14
Ml
AP (human liver)
3.4.11.1
M17
LAP (Leucyl -AP)
1,10-PhenanthroIine
APM/N (membrane-alanine-AP)
3.4.11.2
M17
3.4.11.3
Ml
Cystinyl-AP
3.4.11.4
Tripeptide-AP (Peptidase B)
NR
3.4.11.6
Ml
APB (arginine-AP)
APA (glutamyl/aspartate-AP)
3.4.11.7
Ml
3.4.11.9
M24
APP (X-Pro-AP)
Aeromonas proteolytica-AP
3.4.11.10
M17
AP (human liver)
3.4.11.14
Ml
3.4.11.1
M17
Puromycin
LAP (Leucyl -AP)
M17
APM/N (membrane-alanine-AP)
3.4.11.2
3.4.11.6
Ml
APB (arginine-AP)
3.4.11.7
APA (glutamyl/aspartate-AP)
Ml
3.4.11.14
Ml
AP Shuman liver)
Information for the construction o f this table was obtained from ‘Enzyme Handbook’, SpringerActinonin
Amastatin

Verlag Berlin Heidelberg 1991, D. Schomburg and M Salzmann (ed.)- It is not a comprehensive
list o f all aminopeptidase inhibitors available, but shows the broad range natural aminopeptidase
inhibitors o f microbial origin. Other compounds (inhibitory metal ions and co-factors) are not
included.
“ AP=Aminopeptidase
NR=Not reported

1.4.

H a e m o g l o b in D e g r a d a t io n

in

M a l a r ia P a r a s it e s

1.4.1. The pathway o f haemoglobin degradation: an overview

Malaria parasites reside during part o f their life cycle in the erythrocytes o f their
hosts. For intra-erythrocytic existence the parasite requires an abundant source of
nutrients to grow and develop, and in particular, requires amino acids for protein
synthesis. The environment within which intraerythrocytic parasites live is extremely
rich in haemoglobin, which accounts for 95% o f total erythrocyte protein (Shennan,
1979). Once inside the erytlirocyte, the parasite ingests large quantities o f erythrocyte
cytosol, and uses it as a source of nutrients. Depending on the species of Plasmodium,
25-75% o f haemoglobin is degraded by the parasite in just a few hours o f its
intraerythrocytic development, most actively during the trophozoite stage (Ball et al,
1948, Groman, 1951).

The process is characterized by a decrease in haemoglobin

content o f infected erythrocytes, and by the accumulation o f the malarial residual
pigment haemozoin (see below) in the parasite DV.
Haemoglobin degradation is not the only mechanism by which malaria parasites
obtain amino acids for protein synthesis.

Parasites also biosynthesize amino acids

from available carbon sources, and take up preformed amino acids from the plasma or
host cell. However, de novo biosynthesis o f amino acids is restricted in kind, and the
free amino acids present within erythrocytes are not o f sufficient quantity to serve
parasite protein synthesis (Sherman, 1979).
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Thus, consumption o f host cell

haemoglobin serves as the nutrient supply from which the parasite receives most o f
the amino acids it requires for protein synthesis (Sherman, 1979).
Numerous proteases have been described as being involved in the process of
haemoglobin degradation. It takes place at least in part within a specialized organelle,
the DV (Olliaro and Goldberg, 1995).

This organelle is an acidic proteolytic

compartment analogous to a mammalian lysosome or a yeast food vacuole (FV) in
tenns o f low pH and proteolytic activity (Gyang et al, 1982, Yayon et al, 1984b,
Zarchin and Ginsburg, 1986). It differs from mammalian and yeast organelles in its
hydrolytic abilities: although exopeptidase activity has shown on a single occasion to
be associated with P. chauhaudi DV, (Slomianny et al, 1983) [see section 1.3.2], no
DV exopeptidase activity has ever been reported for other species. Whereas complete
proteolysis o f peptides to amino acids can occur in mammalian lysosomes and yeast
FVs (Kilionsky et al, 1990, Pisoni and Thoene, 1991), no amino acids are produced in
the malarial DV (Kolakovich et al, 1997).
Within the DV, haemoglobin is degraded at a pH o f between 5.0-5.5. The haem
moiety which is toxic to parasite membranes (Orjih et al, 1981), cannot be degraded,
and is sequestered in the form of ferriprotoporphyrin IX (FP) in an insoluble granule
called malaria pigment or haemozoin, rendering it non-toxic to the parasite (reviewed
in Francis et al, 1997b). Free iron may also be generated during the process (Goldberg
et al, 1990, Rosenthal and Meshnick, 1996). Released globin is hydrolyzed to free
amino acids that are incorporated into parasite proteins. The parasite possesses an
efficient and unique pathway for haemoglobin proteolysis, which to-date has only
been partially elucidated (Fig 1.5).
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Figure 1.5. Proposed pathway for haemoglobin degradation in P. falciparum. Pgh 1
refers to a known transporter protein that may be capable o f peptide efflux (Cowman et
al, 1991).

The catabolic process of globin hydrolysis involves the activities of a number of
vacuolar proteases. Aspartic (plasmepsins I & II [Goldberg et al, 1991]), cysteine
(falcipain I & II [Rosenthal et al, 1988, Shenai et al, 2000]), and metallo-(falcilysin
[Eggleson et al, 1999]) endoprotease activities have been identified in the DV of
parasites, and have been shown to be involved in this process. Their genes have been
cloned, and proteins characterized both in the native and recombinant forms (Dame et
al, 1994, Francis et al, 1994, Salas et al, 1995, Shenai et al, 2000). Their involvement
in haemoglobin hydrolysis to small peptides has been demonstrated biochemically
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(Eggleson et al, 1999, Francis et al, 1994,), and ultrastructurally (Rosenthal et al,
1988).
Although there is uncertainty as to the exact sequence o f events that occur
during initial globin proteolysis inside the digestive vacuole, plasmepsins have been
shown to cleave native haemoglobin between phenylalanine-33 and leucine-34 of the
alpha subunit chains (Gluzman et al, 1994). Falcipain-I can cleave denatured globin,
but not native haemoglobin, whereas falcipain-ll can cleave the native or denatured
molecule under physiological conditions (Shenai et al, 2000). Falcilysin can cleave
polypeptide fragments resulting from digestion o f globin by aspartic and cysteine
proteases (Eggleson et al, 1999). Therefore, there is evidence from in vitro studies for
each o f these enzymes being capable o f the initial proteolytic events inside the DV. In
addition, evidence for a role o f these enzymes in intact cells has been demonstrated by
the use o f protease-specific inhibitors (see below). Judging by the effects o f these
inhibitors globin degradation has shown to be essential for parasite growth and
development and thus represents a good target for antimalarial drug development
(section 1.4.5).
Recent studies have shown that no free amino acids are produced from
haemoglobin-degrading enzymes within the DV o f P. falciparum (Kolakovich et al,
1997), therefore, it is likely that in addition to the endoproteinases described above,
exoproteinases are required for hydrolysis o f small peptides which remain after initial
haemoglobin cleavages.

Aminopeptidases are exopeptidases involved in catalyzing

the cleavage o f amino acids from the amino tennini o f protein or peptide substrates
(section 1.3.1). As described in the previous section, ami nopeptidase activity has been
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reported in P. chahaudi, P. herghei and P. falciparum malarial parasites (Charet et
al, 1980, Curley et al, 1994, Florent et al, 1999, Gyang et al, 1982, Nankya-Kitaka et
al, 1998, Vander Jagt et al, 1984, 1987), and since no carboxypeptidase activity has
been identified in Plasmodium speices, it is possible that aminopeptidase may be the
exo-proteolytic enzyme responsible for the cleavage o f peptides remaining after initial
proteolytic attack by aspartic, cysteine, and metallo- proteases (see below).
Predominant studies investigating haemoglobin proteolysis have focused on the
initial events that occur in the parasite DV, and the current understanding is that the
proteases mentioned above are involved. Little is known, however, about the latter
stages that are presumed to occur in the cytoplasm, and involve the activities o f one or
more aminopeptidases.

Present day studies strive to elucidate the biochemical

pathway for haemoglobin catabolism in full.

1.4.2.

Aspartic proteases involved in haemoglobin degradation (plasmepsins 1 &

II)

The plasmepsins are located in the DV, and are optimally active at an acidic
pH.

To date, plasmepsins have been identified in five species of Plasmodium-. P.

falciparum, P. vivax, P. malariae, P. ovale, and P. herghei. Two plasmepsins have
been reported in P. falciparum, (plasmepsins I and II), but Humphreys et al, (1999)
have reported the presence o f two additional proplasmepsin genes in this species
(plasmepsins III and IV). All the other species possess just one enzyme as far as is
known.
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Plasmepsin I & II [fonnerly aspartic haemoglobinases I & II] were isolated
from P. falciparum DVs (Goldberg et al, 1991, Gluzman et al, 1994). The cloning
and characterisation o f their genes and products (Dame et al, 1994, Francis et al,
1994), demonstrated them to be essential components o f the haemoglobin catabolic
pathway (Dame et al, 1994, Francis et al, 1994, Francis et al, 1997a, b, Hill et al,
1994, Luker et al, 1996, Moon et al, 1997,). Proplasmepsin I & II recombinant
enzymes were functionally expressed at high levels in E. coli (Dame et al, 1994, Hill
etal, 1994, Luker

o/, 1996, Moon e /a/, 1997).

Plasmepsins I & II cleave native haemoglobin between the domain responsible
for holding the haemoglobin tetramer together when oxygen is bound, the hinge
region, at phenylalanine-33 and leucine-34 of the a chain (Gluzman et al, 1994).
However, the enzymes differ in their individual specificities for subsequent cleavages
of unraveled globin (Gluzman et al, 1994). The enzymes are synthesized at different
stages o f the parasite life cycle; plasmepsin I predominantly at the ring stage, and
plasmepsin II predominantly during the trophozoite stage (Francis et al, 1997a, Moon
et al, 1997). Plasmepsins I & II are synthesized as integral membrane zymogens that
are proteolytically cleaved to soluble active enzymes (Francis et al, 1997a). It is
possible that proplasmepsin II auto activates under acidic conditions, however,
potentially requires the activity o f a proteolytic enzyme for processing to the mature
form (Francis et al, 1997a,b).

Proplasmepsin processing protease (PPPP), an acid

hydrolase, maybe the enzyme responsible (Francis et al, 1997a, b).
The crystal structure of recombinant plasmepsin II complexed with pepstatin A
has been solved (Silva et al, 1996), and a model structure determined for plasmepsin I
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(Dame et al, 1994). Overall, the enzymes have been well characterized, and the fact
that inhibitors of aspartyl proteases block the growth o f cultured P. falciparum, most
likely due to inhibition o f the plasmepsins, makes the enzymes promising targets for
antimalarial

drug

development.

Both

plasmepsins

have

different

inhibitor

susceptibilities, which may indicate differences in enzyme substrate specificities
(reviewed in Berry, 1999, Francis et al, 1997b), and both enzymes are required by the
parasite for survival in culture. Inhibition o f plasmepsin I in vitro by SC-50083, a
plasmepsin I-specific inhibitor, cannot be compensated for by the activity of
plasmepsin II (Francis et al, 1994).
Currently, combinatorial libraries are being used for the screening of
compounds for plasmepsin II inhibition, in the hope o f identifying a suitable lead
compound for use in antimalarial treatment.

Protease inhibitors specific for

plasmepsins I are also being explored for the development o f novel lead compounds
for therapeutic use (reviewed in Berry 1999, Carroll et al, 1998, Olson 1999, Ring et
al, 1993).

1.4.3. Cysteine proteases involved in haemoglobin degradation (falcipains I & II).

In addition to the plasmepsins, cysteine protease activity is also required for
the hydrolysis of globin by Plasmodium species. Rosenthal et al identified a 28 kDa
cysteine protease in P. falciparum trophozoites (trophozoite cysteine protease) and
hypothesized that it was a haemoglobinase required for the hydrolysis of globin in the
DV (Rosenthal et al, 1987, 1988). Its inhibition using the cysteine protease inhibitors

E-64 or leupeptin inhibited haemoglobin degradation, and the extent o f inhibition
correlated with the extent of parasite growth inhibition by these agents (Rosenthal et
al, 1988). Similar observations were made when peptide fluoromethyl ketones were
used (Rosenthal et al, 1991), i.e. haemoglobin degradation was inhibited, and parasites
in culture were killed.

The inhibition o f globin hydrolysis by cysteine protease

inhibitors was also demonstrated ultrastructurally by these workers. In the presence o f
leupeptin or E-64, DVs completely filled with undegraded globin, indicating a block
in the digestive pathway (Rosenthal et al, 1988). From this work, the trophozoite
cysteine protease, then called falcipain, was implicated in the initial cleavages of
haemoglobin inside the DV.
Falcipain was isolated from parasite DVs (Gluzman et al, 1994), and the
enzyme exhibited characteristics that were typical o f the cathepsin L family of
cysteine proteases (Francis et al, 1996).

However, the issue o f when precisely

falcipain acts during the catabolic pathway remains controversial. Falcipain can only
cleave denatured or reduced haemoglobin (Francis et al,

1996), unlike the

plasmepsins, which can make initial cleavages in the haemoglobin tetramer.

This

indicates that falcipain may act later in the pathway, perhaps after initial proteolytic
cleavages by the plasmepsins (Francis et al, 1996). Some groups propose that aspartic
protease action was required for initial cleavages o f the haemoglobin tetramer (Francis
et al, 1996); however, Salas et al claim that the reducing conditions under which
falcipain can cleave native haemoglobin in vitro represent the conditions diat are
present in the DV in intact cells (Salas et al, 1995). These differences in opinion on
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the exact sequence o f events o f the pathway o f haemoglobin degradation have yet to
be resolved.
The identification o f the P. falciparum falcipain gene, a member o f the
cathepsin L/papain family (Rosenthal and Nelson, 1992), allowed its production as a
recombinant protein, which was achieved using a baculovirus expression vector. The
recombinant protein was biochemically characterised and found to be similar to those
of the native enzyme (Salas ei al, 1995). Genes encoding falcipain homologues have
also been identified in P. vivax, and other Plasmodium species (Rosenthal et al,
1993a, b, Rosenthal, 1993).
Falcipain is inhibited by vinyl sulphone cysteine protease inhibitors, and the
inhibition correlates with the inhibition of parasite haemoglobin degradation,
metabolic activity and development, emphasizing the fact that falcipain inhibitors
have promise as antimalarial drugs (Rosenthal et al, 1996).

The murine malarial

parasite P. vinckei contains a falcipain homologue, and therefore is a good animal
model for testing cysteine protease inhibitors against malaria parasites (Rosenthal
1993).

Fluoromethyl ketones (falcipain inhibitors) have been shown to cure

parasitemia in mouse m alaria (Rosenthal et al, 1993), and vinyl sulphone-containing
peptidomimetic compounds showed even better inhibition with

less toxicity

(Rosenthal et al, 1996).
The studies mentioned above relate to the enzyme which is now referred to as
falcipain I, consequential to the identification o f a second falcipain in P. falciparum ,
falcipain II. Falcipain II is predominantly expressed in trophozoites, is present in the
DV, and under physiological conditions (pH 5.5, Im M glutathione), hydrolyses both
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native and denatured haemoglobin (Shenai et al, 2000). The enzyme is proposed to
participate in the initial cleavages of haemoglobin, and is thought to play a key role in
the subsequent hydrolysis o f globin.
A computer model has been generated for mature falcipain I (Ring et al, 1993),
allowing a structure-aided search for novel falcipain inhibitors, and lead compounds
have been identified that are effective against P. falciparum growing in a culture
system (reviewed by Berry, 1999).

1.4.4. Metallo-proteases involved in haemoglobin degradation

A novel metalloprotease activity, falcilysin, was recently isolated from the DV
of P. falciparum (Eggleson et al, 1999). The gene for falcilysin has been cloned, and
appears to belong to the M l 6 member o f metalloproteases.

It is the only

metalloprotease that has been identified in the DV to date, and has been implicated in
the pathway o f haemoglobin degradation.

The proposed role o f falcilysin in

haemoglobin degradation is cleavage of certain haemoglobin-derived peptides,
produced by the catalytic activities o f the plasmepsins and falcipain into smaller
peptides.

It is possible that falcilysin acts in cohort with as yet, other, unidentified

proteases, producing small peptides that are o f suitable size for transport out o f the
DV.
As mentioned in section 1.3.2, Florent et al have isolated an aminopeptidase
gene from P. falciparum encoding an aminopeptidase belonging to the M l family of
zinc metalloenzymes (Florent et al, 1998). The enzyme appears to be located in the
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cytosol of schizonts, as determined by immuno localisation studies using antiaminopeptidase-Ml immunoglobulins (Florent et al, 1998). Since aminopeptidases
maybe the exoproteases responsible for haemoglobin-derived peptide cleavages to
amino acids in the parasite cytosol, the possibility exists that this aminopeptidase-Ml
is involved in haemoglobin-derived peptide cleavage (see below).

1.4.5. Haemoglobin degradation as a chemotherapeutic target for malaria

Haemoglobin degradation is a massive catabolic process undertaken by intraerythrocytic parasites in order for them to obtain amino acids for protein synthesis. As
such, it represents a prime target for antimalarial drug development, since disruption
of the process is inhibitory for parasite growth within the human erythrocyte. The
enzymes involved have considerable potential for consideration as chemotherapeutic
targets.

Inhibitors that concomitantly and specifically target enzymes involved in

haemoglobin breakdown, aspartic (pepstatin) and cysteine (E-64) protease inhibitors,
have shown to act synergistically with each other in blocking P. falciparum
development (Bailly et al, 1992, Semenov et al, 1998). Considering the fact that
protease inhibitors specific for plasmepsins I and II and falcipain are currently being
explored for the development of novel lead compounds for use in malaria (Berry,
1999, Carroll 1998, Olson 1999, Ring, 1993), the possibility of using a combinatorial
approach to target the pathway of haemoglobin degradation is attractive.
Dnigs that act on haem released during haemoglobin degradation also are used
in antimalarial treatment. For example, haem converts artemisinin compounds into
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free radicals, which alkylate parasite proteins and form adducts with haem, preventing
its polymerization into haemozoin cyrstals (Asawamahasakda et al, 1994, Meshnick et
al, 1993). The widely used antimalarial quinolines also are thought to act in some
way by blocking the polymerization of haem during the process of haemoglobin
degradation (reviewed in Francis et al, 1997b).
It would be desirable to have a new anti-malarial drug that disrupts digestive
vacuole function, through a different mode of action to that of chloroquine and other
antimalarial dmgs that are in present day use. Potential targets for novel antimalarial
drug design are the proteases involved in the pathway of haemoglobin degradation.

1.5. P r o j e c t O b j e c t i v e s

The work documented in this thesis was undertaken to provide evidence for the
biological importance of P. falciparum aminopeptidase for parasite metabolism, and
to show also that impairing aminopeptidase function interferes with a process on
which the parasite relies for survival in the human host, i.e. the process of
haemoglobin degradation. This project had three main aims:
1.

To resolve the biological fimction of P. falciparum aminopeptidase in parasite
metabolism, and in particular, to investigate the likelihood for its involvement in the
temiinal stages of haemoglobin processing. Elucidating a potential biological role for
P. falciparum aminopeptidase involved aminopeptidase location, characterization of
the effects of aminopeptidase-specific inhibitors on intact parasites and on enzyme
activity and the processing of haemoglobin derived peptides to free amino acids.
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2.

To study whether P. falciparum aminopeptidase is important in other aspects of the
parasite growth and development, e.g. erythrocyte invasion or rupture.

3.

To investigate whether P.

falciparum

aminopeptidase could be a valid

chemotherapeutic target.
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Chapter 2

Materials and Methods

2. 1. C h e m i c a l s AND

reagents

All chemicals and reagents used in this study were purchased from Sigma
(Poole, Dorset, U.K.), unless otherwise stated. All general chemicals were of
analytical grade. All reagents used during electrophoresis were o f electrophoresis
grade. All chemicals used during cell culture were cell culture tested.

2.2.

C u l t u r e o f P l a s m o d iu m

f a l c ip a r u m .

2.2.1. R outine culture

Plasmodium falciparum FCH5C.2, a cloned subline o f strain FCH5/Tanzania
adapted to grow in horse serum (Bell et al, 1993), was maintained in continuous
culture in human A-positive erythrocytes (obtained from the National Blood
Transfusion Board, Dublin every three weeks or as necessary) according to the method
of Trager and Jensen (Trager and Jensen, 1976).

A portion o f whole blood was

washed weekly using a Sorvall RT6000D benchtop centrifuge (Du Pont Ltd.,
Stevenage, Herts, UK), by centrifuging at 1500rpm (487.5 x g) at 4°C for lOmin,
removing the buffy coat, washing three times in cold phosphate buffered saline (PBS)
[0.8%

(w/v) NaCl, 0.02%

(w/v) KCl,

0.02%

(w/v) KH 2PO 4, 0.14%

(w/v)

Na 2HP0 4 .2 H 2 0 ], and once in culture medium by centrifuging as before and removing
the buffy coat each time. Packed erythrocytes were resuspended to 50% haematocrit
in culture medium and stored at 4°C. Parasites were cultured routinely in complete
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medium, which consisted o f RPMI 1640 medium supplemented with 25mM
HEPES/0.01% (w/v) neomycin sulphate/0.18% (w/v) sodium bicarbonate/50ng/ml
hypoxanthine/10% (v/v) heat-inactivated horse serum. Parasites were maintained in
Petri dishes (Starstedt Ltd., Drinagh, Co. Wexford), at 37°C in a candle jar.
Erythrocytes were used at 2.5 % (v/v) or 5% (v/v) haematocrit in culture medium for
cultivation o f parasites. Parasitaemia was monitored by microscopic examination o f
Giemsa-stained smears and routine cultures were diluted with fresh erythrocytes twice
a week or as necessary, and culture medium was replaced depending on the
parasitaemia.

2.2.2.

Harvesting of cultures

Free parasites were generated from infected erythrocytes as follows: parasite
cultures, generally o f 10-15% parasitaemia, 2.5% haematocrit, were collected by
centrifugation at 2000rpm (650 x g) at 4°C for 10 min, and washed twice in ice-cold
PBS.

The pellet was incubated with 0.05% (w/v) saponin in ice-cold salt sodium

citrate (SSC) [150mM NaCl, 15mM tri-sodium citrate] for 20 min on ice with
vigorous shaking every 5 min for 30 sec to lyse erythrocyte membranes and release
intracellular parasites (Zuckerman, 1967).

Freed parasites were pelletted by

centrifugation at 3000 rpm (975 x g), for 15 min at 4°C, and washed with SSC until
the cells were considered free from erythrocyte contaminants. Parasite harvests were
stored at -80°C in PBS containing 10% (v/v) glycerol in the absence or presence of
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protease inhibitors (2 mM phenylmethylsulphonyl fluoride (PMSF)/1 |o.g/ml pepstatin
A/20

leupeptin).

2.2.3. Synchronization o f cultures

Under

normal

culture

conditions,

erythrocytic

P. falciparum

are

an

asynchronous population consisting of rings, trophozoites, schizonts and merozoites.
Cultures of P. falciparum can be treated so that asynchronous parasites are
synchronized to provide populations that are at one particular stage of erythrocytic
development (i.e. all rings, trophozoites or schizonts). For the purposes of the work
described herein, synchronization of parasite cultures to the three stages (rings,
trophozoites, and schizonts) was achieved by treatment with 5% (w/v) D-Sorbitol
(Merck, 64271 Danxistadt, Germany) (Lambros and Vanderberg, 1979).

Cultures

were resuspended and centrifuged at 2000ipm (650 x g) at 22°C for 10 min. The pellet
was resuspended in warm filter-sterilised 5% (w/v) sorbitol and left for 5 min for the
sorbitol to accumulate in mature parasites and promote osmotic lysis. Parasites were
centrifuged again and washed in warm RPMI 1640 medium supplemented with 25mM
HEPES/0.18% (v/v) sodium bicarbonate/50}ig/ml hypoxanthine. The pellet was
resuspended in culture medium to 2.5 % haematocrit and cultured as normal. Highly
synchronized cultures were established by repeating this process twice, 36 hours apart,
followed by growth for a further 54 hours (for rings 6 to 12 h post-invasion), 73 hours
(for trophozoites 25 to 31 h) or 82 hours (for schizonts 34 to 40 h) before harvesting as
described in section 2.2.2.
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2 .3 . P r e p a r a t i o n o f c e l l - f r e e p a r a s i t e e x t r a c t s

2.3.1.

Preparation o f crude cytosolic, membrane/organelle fractions, and whole

cell extracts

Asynchronous or synchronised harvested P. falciparum prepared in the absence
or presence of protease inhibitors (section 2.2.2) were thawed, and diluted in isotonic
PBS, and cell extracts were prepared by three cycles o f freeze-thaw lysis followed by
centrifugation at 14 000 x g for 30min at A°C using a Sorvall RT6000D benchtop
centrifuge. High-speed supernatants were obtained by centrifugation at 100 000 x g
for Ih at 4°C (L8-M B ecbnan ultracentrifuge) and referred to as cytosolic extract.
The pellets were pooled, solubilised further using 0,5% (v/v) Triton-X-100,
centrifuged at 14 000 x g, and referred to as “membrane/organelle fraction” . For
detergent lysis, frozen parasite harvests were incubated in 0.5% (w/v) Triton X-100 for
30 min on ice with agitation every 5 min to enhance the release o f membrane-bound
proteins. Cells were then cleared by spinning at 14 000 x g for 5 min at 4°C (this was
repeated with the supernatant). The final supernatant was referred to as whole cell
extract.

2.3.2. Isolation of digestive vacuoles (DVs)

Digestive vacuoles (DVs) from mid-trophozoite-stage parasites (24-30h old post
invasion) were isolated by a combination o f differential centrifugation and density
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gradient separation, with a few deviations from the original m ethod described
(Goldberg et al, 1990; D. E. Goldberg, personnel com m unication).

The procedure

involved harvesting 32 x 10ml dishes o f synchronized trophozoites at 10-15%
parasitaem ia, 5% haem atocrit, and w ashing tw ice in PBS containing 1.5m M M gC l 2 .
Parasites w ere lysed with 5 volum es o f 5% (w/v) D-sorbitol at room temperature for 10
m in, follow ed by centrifugation at 2000rpm (650 x g ) for 7 min. The black top o f the
red cell p ellet from sorbitol treatment w as diluted in PBS and spun again to increase
the yield o f vacu oles obtained (centrifuging at 2000rpm for 7 min at 22°C ). V acuoles
from this supernatant w ere sedim ented separately. 0.05 volum es o f 1% (w /v) saponin
in PBS and 0.01 volum es o f 50% (w /v) streptom ycin sulphate w ere added to both
supernatants, and left for 10 min at room temperature. Crude D V s w ere sedim ented at
3000rpm (950 x g ) for 10 min.

D V p ellets w ere w ashed with 10ml o f PB S/1.5m M

M gCl2/0.5% (w/v) streptomycin sulphate, and resuspended in 0.25M sucrose/1.5m M
sodium phosphate/0.5% (w /v) streptom ycin sulfate pH 7.1.

The resuspension w as

triturated 10 tim es through a 26-gauge needle, keeping sam ples on ice.

13ml o f

42% (w /v) p ercoll/0.25M sucrose/1.5m M M gC b pH 7.0 w as added to the triturated
suspension, and the gradient w as centrifuged at 16 000 x g , for 40 min at 4°C in a
Sorvall RC -5B with a SS34 rotor.

The black band at the bottom o f the gradient

containing the purified vacuoles w as retrieved and w ashed with 5 volum es o f 0.25M
sucrose/lO m M sodium phosphate/1.5m M M gC b pH 7.1.

D V s w ere resuspended in

0.25M sucrose/lO m M sodium phosphate/1.5m M M gC l2 pH 7.1, and stored at -80°C . A
portion o f the D V s isolated w ere analysed for purity by phase-contrast m icroscopy.
U sing this approach, populations o f roughly spherical black vacu oles (~ 1 .5 -2 n M in
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diameter) were seen when an xlOO oil immersion lens was used.

The black

appearance of the vacuoles is due to the presence of malarial pigment (haemozoin).
Contaminating whole cells, if present, could be distinguished from DVs by virtue of
their appearance (visualized as transparent membrane-enclosed entities containing an
intact DV), and their size (trophozoites are ~7fiM in diameter).

2.3.3. Preparation o f DV extract

DVs were resuspended in lOmM sodium citrate buffer, pH 5.0, and lysed by
three cycles of freeze-thaw, or by detergent lysis, using 0.5% (w/v) Triton-X-100,
followed by centrifugation at 14 000 x g for 30min at 4°C using a Sorvall RT6000D
benchtop centrifuge. The supernatant after centrifugation was collected and referred
to as vacuolar extract,

The protein concentration was determined by the Bradford

method (section 2.8.1).

2.4.

A n t im a l a r ia l a c t io n o f p r o t e a s e in h ib it o r s m e a s u r e d u s in g t h e
LACTATE DEHYDROGENASE (p L D H ) METHOD

2.4.1. Inhibition o f parasite growth assessed using the pLDH method

The effects of aminopeptidase and other protease inhibitors on P. falciparum
growth in culture was determined using the spectrophotometric parasite lactate
dehydrogenase (pLDH) assay of Makler et al (1993). Protease inhibitors tested are

60

listed in Table 2.1. The assay is based on the biochemical reaction leading to the
fonnation o f pyruvate from L-lactate in the presence of pLDH and 3-acetyl pyridine
NAD co-enzyme (APAD).

In the standard assay, asynchronous parasite cultures o f

0.8% initial parasitaemia, 2% haematocrit were grown in culture medium containing
titrations o f inhibitors in 96-well flat bottom culture plates for 72h. Inhibitors were
diluted from 20, 50 or lOOmM concentrated stock solutions in DMSO into culture
medium, then serially two-fold in 96 well culture plates from the starting
concentration down to sub-inhibitory concentrations. As a control, the DMSO vehicle
for the drug was diluted in culture medium to the same extent and added to a similar
culture. After 72h, samples o f parasitized erythrocytes were taken and pLDH activity
determined.
For the determination o f pLDH activity, lOfil samples of parasitized erythrocytes
were mixed with Malstat (Flow Inc., Portland, OR), which consists o f APAD and Llactate substrate.

Since pLDH is secreted by parasites into the extracellular

environment in vitro (Basco et al, 1995), secreted pLDH of experimental samples
catalyses the production o f pyruvate from L-lactate, and reduced APAD is formed.
Ten microlitres o f nitro blue tetrazolium/phenazine ethosulfate (ratio I; l ) (SigmaAldrich), is added to experimental samples, which itself is reduced by the reduced
form o f APAD, forming a blue formazan product that can be detected both visually,
and using a spectrophometer at 650nm. Absorbance correlates directly with pLDH
activity, which in turn correlates with parasite growth. Uninfected erythrocytes served
as negative controls to determine the background level o f LDH in human erythrocytes.
Parasites cultured in the absence o f inhibitors served as positive controls for the
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Table 2.1 Protease inhibitors that were tested for their effects on cultured P. falciparum.
Inhibitor

Structural formula

Protease Inhibited

Reference

Bestatin

(2S, 3R)-3-amino-2-hydroxy-4-phenylbutanoyl-L-leucine

Aminopeptidase

Takitae/a/, 1977

Nitrobestatin

(2S, 3R)-3-amino-2-hydroxy-4-(4-nitrophenyl) butanoyl-L-leucine

Aminopeptidase

Nishizawa e/a/, 1977

Amastatin

(2S, 3R)-3-amino-2-hydroxy-5-methyihexanoyl-L-valyl-L-aspartic acid

Aminopeptidase

Aoyagie/a/, 1978

Apstatin

N-(2S, 3R)-3-amino-2-hydroxy-4-phenylbutanoyl-pro-pro-ala-NH2

Aminopeptidase

Porechel ef a/, 1995

Actinonin

3-(l -[2-(hydroxymethyl)-1-pyroli-dinyl] carbonyl)-2-methyl-propyl)-

Aminopeptidase

Umezawaera/, 1985

carbanoyl] octano-hydroxamic acid)
Epibestatin

(2R, 3R)-3-amino-2-hydroxy-4-phenylbutanoyl-L-leucine

Aminopeptidase

Takitae/a/, 1977

Epiamastatin

(2R, 3R)-3-amino-2-hydroxy-5-methylhexanoyl-L-valyl-L-aspartic acid

Aminopeptidase

T akitae/a/, 1977

Leuhistin

(2S, 3R)-3-amino-2-hydroxy-2-[lH-imidazol-4-ylmethyl]-5-methyl-

Aminopeptidase M,

Aoyagie/a/, 1991

hexanoic acid

Metalloprotease

Pepstatin

Isovaleryl-val-val-sta-ala-sta

Aspartic protease

R iche/a/, 1985

(Z)-Phe-Ala-CHN 2

Benzyioxycarbonyl- Phe-Ala-CHNa

Cathepsin L

George e/a/, 1980

E-64

Trans-epoxysuccinyl-L-Ieucylamido-(4-guanidino)butane

Cysteine protease

McGowan et al, 1989

Metalloprotease

Beynon and Bond, 1989

1,10-phenanthroline
EDTA

Ethylenediaminetetraacetic acid

Metalloprotease

Beynon and Bond, 1989

Dipicolinic acid

Pyridine-2, 6-dicarboxylic acid

Metalloprotease

Ginsburg e/a/, 1986

PPS-33

N-(2, 6-diisopropylphenyl) thiophthalimide

Aminopeptidase N,

Shimazawa et al, 1999

PIQ-0101

N-(3, 5-dimethylphenyl) homophthalimide

Aminopeptidase N,

Shimazawa e/a/, 1999

4APP-33

4-amino-N-(2, 6-diisopropylphenyl) phthalimide

Aminopeptidase N,

Shimazawa e/a/, 1999

PIO-22

N-f2. 6-diisoDroDvlDhenvn homoDhthalimide

Aminooeotidase N.

Shimazawa e/a/. 1999

Sta = Statine = (3S, 4S)-4-Amino-3-hydroxy-6-methylheptanoic acid

measurement of 100% pLDH activity.

Dose-response curves for each drug were

constructed from absorbance readings, and the median inhibitory concentrations (IC50 )
determined.

2.4.2, Antimalarial synergy of protease inhibitors

This pLDH method described in 2.4.1 was adapted to test for effects o f drug
combinations on asynchronous P. falciparum. Inhibitors were tested in series of 8 two
fold dilutions alone and in combination. Dose-response curves were constructed for
each drug combination, and used to determine IC50 values for each inhibitor in the
presence of various concentrations of the other inhibitor. IC50S were used to construct
isobolograms to assess the drug interactions. The statistical significance of apparent
synergies observed was assessed using a response-surface model (section 3.1.2)
developed by Dr. Stella Machado (Center for Drug Evaluation and Research, Food and
Drug Administration, Rockville, MD) especially for this purpose (Gavigan et al,
2001). For all other experiments, data were averaged and standard errors of the mean
(SEM) calculated.

2.4.3. Stage-specific susceptibilities to inhibitors

Stage-specific effects of aminopeptidase inhibitors on synchronized cultures were
determined using pLDH as an index of parasite growth.

Rings (0-6h old, stage I),

ring/early trophozoites (I2-18h old, stage 11), mid-trophozoites (24-30h old, stage HI),
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and schizonts (36-42h old, stage IV) were exp osed to serial tw o-fold dilutions o f
bestatin and nitrobestatin (0.25-128|uM ) in growth medium at 2.5% haem atocrit, and
1.5% parasitaem ia, in a total volum e o f 100|j.l in 9 6-w ell culture plates. After 12, 24,
36, and 48h, sam ples o f parasitized erythrocytes w ere taken and pLDH activity was
determined. D ose-response curves w ere constructed and IC 5 0 S determ ined for all stages
at each tim e point.

2.5. D e t e r m i n a t i o n

o f t h e s t a g e -s p e c if ic a c t io n o f in h ib it o r s b y

o b s e r v a t io n o f g ie m s a - s t a in e d t h in s m e a r s

2.5.1. Invasion and maturation assays

Parasite cultures synchronized to late trophozoite/young schizont stage (aged
betw een 34-40h old post-invasion) w ere established in 24-w ell m icroculture plates
(Starstedt Ltd., Drinagh, Co. W exford), at 37°C in a candle jar.

Cultures at 2%

parasitaemia in a 2.5% erythrocyte suspension in growth m edium w ere treated with
various concentrations o f bestatin (5-100)iM ).

The cultures included untreated

controls, and cultures established in the presence o f drug solvent DM SO . At four tim e
points (3, 12, 24 and 48h), sam ples o f parasitized erythrocytes w ere rem oved and
blood smears stained with G iem sa. Parasitaem ias o f dm g-treated and control parasites
w ere detennined by light m icroscopy (section 2.7.1).

Invasion rates w ere determined

by counting the number o f rings/1000 erytlirocytes at 24h, and effects o f bestatin on
invasion determined by calculating the percentage o f ring form appearance in the
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presence o f bestatin as: (the number of ring fonns per 1000 erythrocytes in an
experimental (bestatin-treated) culture/number in a control culture) X 100.

The

effects o f bestatin on parasite maturation were assessed by counting the number o f
trophozoite or schizont infected erythrocytes at 24 and 48h and comparing numbers of
mature parasites in drug-treated cultures to those o f non-dmg treated controls.

2.6.

H a e m o g l o b in

h y d r o l y s is a s s a y s

2.6.1. Degradation of haemoglobin by DV extract

The integrity o f isolated digestive vacuoles was detennined by analysing their
ability partially to degrade human haemoglobin in vitro.

Vacuolar extract (section

2.3.3) was incubated with human haemoglobin, over-night at 37°C, pH 4.7.
Degradation products were analysed by sodium dodecyl sulphate poly-acrylamide gel
electrophoresis (SDS-PAGE) (section 2.8.2).

Incubation mixes contained vacuolar

extract (1.2fig) and human haemoglobin (2.5nM ) in the presence o f lOmM DTT (for
activation of cysteine protease), in lOmM sodium citrate buffer, pH 4.7 to a final
volume o f 50^1. Incubations were performed in the absence or presence of inhibitors
specific for aspartic (lOfiM pepstatin) or cysteine (20fo.M E-64) proteases for 16h.
Reactions were stopped by mixing with electrophoresis sample buffer and boiling for
5 min.

Products o f haemoglobin digestion were separated on SDS-20%-PAGE

(section 2.8.2) and developed using silver stain (section 2.8.3).
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2,6.2. Degradation of vacuolar digest products by trophozoite extract.

Human haemoglobin (1.3mg/ml) was incubated overnight with 30(j,I (0.9|j,g) o f
digestive vaucole extract (section 2.3.3), at 37°C, in lOOmM sodium acetate buffer,
pH 4.9, in a final volume o f 200fil. Cytosolic extracts o f synchronised trophozoites
were prepared as described in section 2.3.1, and diaiysed against lOmM Tris-HCl, pH
7.0.

lOOfil o f vacuolar haemoglobin digest was incubated with 50|al o f diaiysed

cytosolic extract (0.33mg/ml), and brought to pH 7.0 with lOOmM Tris-HCl pH 8.0.
The reaction was incubated over-night at 37°C, and the supernatant collected after
centrifugation (14 000 x g, 30 min) was treated with one drop of glacial acetic acid to
inactivate enzymes. Hydrolysis o f vacuolar digest products by cytosolic extract was
perfomied in the absence and presence o f bestatin and nitrobestatin. Products were
analysed by fast protein liquid chromatography (FPLC) as described previously
(Kolakovich et al, 1997).

2.6.3. Fast Protein Liquid Chromatography (FPLC).

A Superdex-peptide HR 10/30 column (FPLC, Pharmacia Biotech, Upsalla,
Sweden), equilibrated with 0.1% (v/v) trifluoracetic acid (TFA)/30% (v/v) acetonitrile
(CH3 CN), was used for the resolution o f haemoglobin digest products i.e. peptides and
amino acids. 100|il of digest supernatants (section 2.6.2) applied to the column were
eluted with 0.1% (v/v) TFA/30% (v/v) CH3 CN, at a flow rate o f 0.5 ml/min. Human
haemoglobin (1.3mg/ml), HIV protease substrate (0.5mg/ml), synthetic peptide
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(Acetyl-ser-gln-asn-tyr-pro-val-val-amide 0.2mg/ml) (Sigma-Aldrich), amino acid
standard H (a mixture of 17 a amino-acids) (0.2mg/ml) (Pierce, 3747 N. Meridian
Road, P. O. Box 117, Rockford, IL 61105, USA), or tryptophan (Im g/m l), were used
to determine the retention times for proteins, peptides, and amino acids. The elution
profiles for experimental samples were compared to those for eluted standards.
Products

were

monitored

by

absorbance

at

280nm

using

a

flow-through

spectrophotometer (Pharmacia). 1ml fractions were collected. Gel exclusion fractions
from experimental sample runs encompassing the amino acid size range were
collected, and analyzed for amino acid content by reverse phase-HPLC at the
University o f Aberdeen (section 2.11.4), and by tandem reverse-phase liquid
chromatography/mass spectrometry (LC/MS) (below).

2.6.4. Liquid chromatography/mass spectrometry (LC/MS).

Fractions o f peptides and amino acids resulting from digestion o f human
haemoglobin (sections 2.6.1, 2.6.3) were analysed by LC/MS by Dr. Ronan Price,
Chemotech Discovery, Dublin.
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2 .7 .

M ic r o s c o p ic a l s t u d ie s

2.7.1. Light microscopy.

Thin smears o f parasitized erythrocytes were stained routinely using Giemsa
stain (Fluka Chemie AG, CH-9471, Buchs, Switzerland), using a 1:10 dilution of dye
in Giemsa buffer (1% (w/v) Na 2 HP 0 4 .2 H 2 0 , 1% (w/v) KH 2PO 4 ).

Parasite/blood

smears were methanol-fixed for 1 min, soaked in stain for lOmin, after which time
slides were briefly washed free o f stain with ddH 2 0 , and soaked in buffer for 2 min.
Slides were drained, and allowed to air-dry, Giemsa stained smears were examined by
light microscopy at 1000 X magnification (Gamham, 1988).

2.7.2. Transmission electron microscopy (TEM).

Two millilitres o f erythrocytes, infected with synchronized trophozoites (24-30h
post-invasion) at 10-12% parasitaemia, 5% haemotocrit, were incubated in

6

-well

culture plates and exposed to four different concentrations o f bestatin and
nitrobestatin (10, 40, 100, 200|iM ), or one o f E-64 (140jiM).

The inhibitors were

diluted from stock solutions in DMSO to the appropriate concentrations with culture
medium.

Untreated or solvent-treated cultures were established as controls.

Following 12h exposure to inhibitors, cultures were washed twice in PBS (2000 rpm
(650 X g, 25°C, 10 min), and the supernatant liquid was discarded.

Pellets were

resuspended in 10 volumes o f 2% (v/v) glutaraIdehyde/0.05M phosphate buffer/4%

(w/v) sucrose, pH 6.8, and incubated for Ih. Pellets were then suspended in 2% (w/v)
agarose and left to solidify.

Small sections were cut using a scalpel blade. Samples

were washed in 0.05M potassium phosphate buffer pH 6.8 (every 6 min over Ih), and
post-fixed in 2% (w/v) osmium tetroxide in 0.05M phosphate buffer pH 6.8. Samples
were dehydrated through a series of graded ethanol solutions (10-100%), and
embedded in agar 100-epoxy resin.

Ultra-thin sections (90-120nm) were obtained

from the resulting agar blocks using a Reichert 0M U3 ultramicrotome with a glass
knife. Sections were mounted on 300-mesh nickel grids, and stained with 2% (w/v)
uranyl-acetate, then lead-citrate (0.2% (w/v) in O.IM NaOH) before examination with
a Hitachi H-7000 Electron Microscope.

The procedure for TEM preparation is

summarized in Table 2.2.

2.8. P r o t e i n ANALYSIS

2.8.1. D eterm in ation o f protein co n cen tra tio n

Protein concentration was determined using the dye-binding assay of Bradford
(Bradford, 1976), or the bicinchoninic acid (BCA) protein assay kit in microtitre
plates according to the method of Smith et al. (1985) (Pierce) when protein quantities
in experimental samples were extremely small. The Bradford assay is based upon the
binding of a dye, Coomassie Brilliant Blue G, to protein. The Pierce BCA protein
assay is based upon the binding of 2 molecules of BCA with one cuprous ion,
produced from the reduction of Cu^^ to Cu^ by protein in the sample. Both assays are
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Table 2.2. Preparation of sections for TEM
Procedure
Fixation

Reagent

Time (min)

2% (v/v) glutaraldehyde, 0.05M phosphate buffer.
4% (w/v) sucrose pH 7.4

60

10 X Wash

0.05M Phosphate buffer

60

Post fixation

2% (w/v) Osmium tetroxide in 0.05M phosphate

Dehydration

Buffer, pH 6.8

30

Ethanol, 10% (v/v)

10

Ethanol, 30% (v/v)

10

Ethanol, 70% (v/v)

10

Ethanol, 95% (v/v)

10

Ethanol, 100% (v/v)

15

Ethanol, 100% (v/v)

15

0/N = overnight

O

Transition to resin

O

Ethanol, 100% (v/v)
100% Propylene oxide

15

100% Propylene oxide

30

50% (w/v) Resin solution in propylene oxide

120-180

Ethanol, 50% (v/v)

10

100% Resin

120-180

100% Resin

0/N

based on colorimetric reactions, the products o f which are read by absorbances at 595
or 570nm, respectively.

Sample absorbances were compared to absorbances o f a

protein standard, which in both cases was bovine serum albumin (BSA). Absorbances
at 595 or 570nm o f BSA titrations were used to constnict standard curves. Protein
quantity in experimental samples were assessed with reference to the standard curves.
For the Bradford assay, filter-sterilised BSA was diluted from a stock solution of 0.5
mg/ml to 12.5, 10.0, 7.5, 5.0, 2.5, and I.O |ag/ml. Protein standards and experimental
samples for the determination of protein concentration were diluted appropriately with
PBS to a final volume o f lOOjiil, and 1ml of Bradford reagent (0.01% (w/v) Coomassie
Brilliant Blue G-250/0.25% (v/v) ethanol/10% (v/v) orthophosphoric acid) was added
to samples, vortexing to ensure adequate mixing. Samples assayed were allowed to
stand for 20 min at 22°C before their absorbance was measured at 595 nm in a UV1601 Spectrophotometer (Shimadzu). For the BCA assay, BSA was diluted from a
stock solution o f 2mg/ml to 250, 125, 50, 25, 5, and 0.625 ^g/ml. 10-25|il o f protein
standards and experimental samples were added to microwell plate wells, and 200jil
of working reagent (50 parts o f BCA reagent A, + 1 part o f BCA reagent B) added.
After incubation at 37°C for 30min, the plate was cooled, and absorbance measured at
570nm on a plate reader (Titertek, Multiskan Plus, M Kl 1).

2.8.2. SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

Protein samples were electrophoretically separated by SDS-PAGE according to
Laemmli (1970).

For the best separation of the proteins of interest, 12.5% (w/v)
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acrylamide separating mini-gels (9 cm x 9 cm) were generally used, however 20%
(w/v) SDS gels were used for the analysis of haemoglobin degradation products (see
section 2.6.1 for description). Separating gels consisted of 0.375M Tris-HCl, pH 8.8;
12.5% (v/v) acrylamide/bisacrylamide (58.4:1.6) (Protogel, produced by National
Diagnostics, Hessle Hull, UK); 0.1% (w/v) SDS; 0.06% (w/v) ammonium persulphate
(APS) and 0.05% (v/v) N, N, N', N'-tetramethyl-ethylenediamine (TEMED). Stacking
gels consisted o f 0.125M Tris-HCl, pH 6.8; 4% (w/v) acrylamide/bisacrylamide (ratio
as above); 0.1% (w/v) SDS; 0.1% (w/v) APS and 0.1% (v/v) TEMED. Separating gels
were poured into clamped glass plates, and overlaid with water saturated iso-butanol.
Following a period of one hour for polymerisation, the top of the gels were washed
with distilled water, and a stacking gel was poured on top of the separating gel. A
comb was inserted, and gel left to polymerize for 20 min. Routinely, samples were
solubilized in 5X reducing SDS sample buffer: 0.312M Tris HCl, pH 6.8/0.23% (w/v)
SDS/25% (v/v) glycerol/25% (v/v) 2-mercaptoethanol, with bromophenol blue as a
tracking dye, then heated to 95 C for 5 min followed by centrifugation at 14 000 x g
for 5 s before being loaded on the gel. A mixture of proteins of known molecular
weight (Sigma or New England Biolabs, Hertfordshire, UK) was loaded on each gel as
reference standards (Table 2.3). Protein samples (20-30p,l) were separated by SDSPAGE under reducing conditions, in the electrophoresis chamber.

Gels were

electrophoresed at lOOV through the stacking, then 150V through the separating gel
using a constant power supply (E-C Apparatus Corp., Holbrook, New York, USA)
until the bromophenol blue reached the bottom.
0.025M Tris/1.9M glycine/0.1% (w/v) SDS.
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The running buffer consisted of

Table 2.3.

Standard molecular weight proteins (New England Biolabs')

Protein_____________________________ Calculated MW (Da)
Myosin

212,000

MBP“-galactosidase

158,194

Galactosidase

116,351

Phosphorylase A

97,184

Serum albumin

66,409

Glutamic dehydrogenase

55,561

MBP2

42,710

Lactate dehydrogenase M

36,487

Triosephosphate isomerase

26,625

Trypsin inhibitor

20,040

Lysozyme

14,313

Aprotinin

6,517

Insulin A. B chain____________________________ 2.340______
‘‘MBP: Maltose binding protein

2.8.3. Visualisation of proteins on polyacrylamide gels

Gels were stained with Coomassie reagent; 0T 5% (w/v) Coomassie Brilliant
Blue R250 (Phiobio, Fisons Scientific Equipment, Lx)ughborough, Leicester, UK) 45%
(v/v) M ethanol/10% (v/v) acetic acid, overnight, followed by destaining with 20%
(v/v) M ethanol/ 7.5% (v/v) acetic acid until the background was clear. If the proteins
were undetectable by Coomassie staining, silver staining was employed to visualise
the bands (Ansorge, 1985). Destaining was carried out with 1% (v/v) glacial acetic
acid. Gels were photographed with UV Grab-IT software package (Ultra Violet
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Products Ltd., Cambridge, UK) and dried onto cellophane (Bio-Rad Laboratories,
2000 Alfred Nobel Drive, Hercules, CA 94547).

2.8.4. Native electrophoresis

Native 10% (w/v) poly-acrylamide separating gels were prepared as described in
section 2.8.2, except gels were prepared in the absence of SDS. Protein samples,
diluted with equal volumes of electrophoresis sample buffer with no SDS, were
separated in the electrophoresis chamber as described above.
contained 0.025M Tris; 1.9M glycine; and no SDS.

Running buffer

Proteins were stained with

Coomassie reagent or silver nitrate as described in section 2.8.3.

2.8.5.

Direct visualisation o f aminopeptidase activity in polyacrylamide gels

(fluorography)

Cytosolic extracts of trophozoite stage parasites, and aminopeptidase-active
fractions eluted from a bestatin affinity column (section 2.10.1) were subjected to
PAGE on 10% (w/v) polyacrylamide gels in

the absence o f SDS (prepared as

described in section 2.8.2), under non-reducing conditions (Laemmli
Electrophoresis was performed at 150 V at 4°C for 1.5h.

1970).

Gels were then

disassembled, washed in PBS (3 x 20 min) and incubated with 50juM fluorogenic Lleucine-AMC substrate for 20min at 37°C as described previously (Curley et al, 1994).
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Fluorescent bands were visualized using UV Grab-IT software package and
photographed.

2.8.6. Anti-aminopeptidase antibody production

Antisera directed against P. falciparum aminopeptidase was generated by Dr.
Bernadette Condon, Dublin City University using two different methods; (i) A 395bp
putative aminopeptidase gene fragment was generated by PCR from genomic P.
falciparum DNA, cloned into an expression vector, and over-produced as a his-tag
fusion polypeptide in E. coli. The resulting partially-purified recombinant polypeptide
was used to immunize a rabbit, and antiserum obtained designated as antiaminopeptidase-X antiserum,

(ii) A synthetic peptide synthesized based on the

bestatin binding site o f the same putative P. falciparum aminopeptidase ORF was used
to immunize a rabbit, and the resulting antiserum was obtained and designated antipep AP.

2.8.7. Western Immunoblotting

After electrophoresis, unstained polyacrylamide gels were washed with Transfer
buffer (0.025M Tris-HCL; 1.9M Glycine; 24% (v/v) methanol) for 30 min, then
sandwiched with pre-soaked nitrocellulose (BDH Laboratory Supplies, Poole, Dorset,
UK), placed in a blotting tank with 11 Transfer buffer and transferred overnight at lOV
(250/2.5 Power Model Supply, Bio-Rad Laboratories, Hercules, California, USA.).
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After transfer the gel was blocked with 10% (w/v) non-fat dry milk in Towbin’s buffer
(O.IM Tris HCl, pH 7.4; 0.9% (w/v) NaCl) for 1 hour. The primary antibody was
diluted to a working concentration of 1:500 or 1:1000 in 3% (w/v) skimmed milk;
Towbin’s buffer, and applied to blocked membrane for 90 min. The blot was washed
three times for 10 min in Towbin’s buffer with 0.05% (v/v) Tween 20.

These steps

were repeated for the secondary antibody (Towbin et al, 1979). Bands were detected
using a chemiluminescence system (Roche Diagnostics Ltd., Lewes, East Sussex, LTK)
according to the manufacturer’s instructions in a darkroom under safety lights. The
blot was exposed to X-ray film for 1 min or as required before being developed as
described below.

2.8.8. Development of X-ray Film

All steps were followed out in a dark room under safety lights. Exposed X-ray
film, was soaked in Industrex developer, (Kodak Instmmentie, Saone, France), for 4
min, followed by washing in ddH20 for 1 min and soaking in Industrex fixative for 4
min. The film was then washed in ddH20 for 1 hour.

2 .9 . S p e c t r o f l u o r o m e t r i c e n z y m e a s s a y s .

Crude whole cell, cytosolic and DV extracts of P. falciparum were prepared as
described in sections 2.3.1 and 2.3.3.

In the standard assay for aminopeptidase or

cysteine protease activity, activity was determined monitoring the release of the
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fluorogenic leaving group, 7-amino-4-methyl-coumarin (AMC) from fluoromethyl
ketone

substrates

L-Leucine-AMC

(ajninopeptidase

specific

substrate)

benzoxycarbonyl (Z)-Phe-Arg-AMC (cysteine protease-specific substrate).

and
All

enzymatic reactions were performed in a reaction mixture which contained 20nl o f
sample extract with substrate to a final concentration o f 10|iM in 1ml PBS pH 7.2
(when assaying for aminopeptidase), or 1ml lOOmM sodium acetate pH 5.0 (when
assaying for cysteine protease).

Fluorogenic substrates stored at lOOmM stock in

dimethylformamide (DMF) at -20°C were diluted to the final concentration used in the
appropriate buffer.

Incubation proceeded for 1 hour at 37°C, reactions were then

stopped adding 200|il o f 10% (v/v) acetic acid. Liberated AMC was determined using
a spectrofluorimeter (LS50B Perkin-Elmer model, with excitation at 370nm, slit width
10 and emission at 440nm, slit width 2.5) as described previously (Curley et al, 1994).
One unit of enzyme activity was defined as the activity releasing Inmol AMC/min/mg
protein.

Several o f the protease inhibitors listed in Table 2.1 were tested for their

ability to inhibit aminopeptidase activity in trophozoite extracts.

2.10. P u r i f i c a t i o n

o f a m i n o p e p t id a s e - a s s o c i a t e d a c t i v i t y

2.10.1. Preparation o f bestatin affinity column

A bestatin affinity column (5 x 1cm) was used for the first-step purification o f
aminopeptidase from crude cell extracts o f P. falciparum. The resin EAH-Sepharose
4B (Phannacia), was prepared by coupling bestatin to EAH-Sepharose 4B (4.5mg
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inhibitor/m l swollen gel), as described by the m anufacturer. C oupling was perfonned
as follows: 5 ml o f EA H -Sepharose 4B were suspended in 12ml w ater that had
previously been adjusted to pH 4.5 with HCl (acid water). N ext, 5ml o f a 4.5m g/m l
bestatin solution in acid w ater w as added to the suspension.

5ml o f a lOmg/ml

solution o f l-ethyl-3-(3-dim ethylam inopropyl) carbodiim ide-H C l (ED C ) (Pierce) in
acid w ater was added to the resin/bestatin m ixture, and the reaction m ixture was
gently agitated at 22°C overnight (the pH was m easured after 1 hour, and adjusted to
pH 4.5-5.0 with HCl if outside this range).
supernatant rem oved.

The resin w as allow ed to settle, and

The resin w as sequentially w ashed with 20 volum es each o f

deionised water; O.IM sodium acetate, 0.5M NaCl, pH 4.0; O. IM Tris-HCI, 0.5M
NaCl, pH 8.0; and finally, deionised water. Prior to application o f the experim ental
sam ple, the bestatin affinity colum n was equilibrated w ith 0.05M Tris-HCI buffer pH
8.0. A fter all proteins w ere eluted, the colum n was w ashed w ith running buffer, then
5 volum es o f 0.05% (w/v) chlorohexidine in w ater, before storing at 4°C.

2.10.2. Preparation of gel-exclusion column

Sephycryl S-200 High R esolution resin (A m ersham Pharm acia B iotech) was
poured into a gel filtration colum n according to the instructions o f the m anufacturer.
The poured colum n, m easuring 54 x 1cm, w as equilibrated w ith 50m M Tris-HCI, pH
8.0, and calibrated using the follow ing low m olecular w eight standards: album in, 67
kDa; ovoalbum in, 43 kDa; chym otrypsinogen A, 25 kDa; and ribonuclease A, 13.7
kDa (N ew England Biolabs, H ertfordshire, UK).
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2.10.3. Bestatin-affinity chromatography

P. falciparum cell extracts were prepared from 320ml of parasite culture at 2.5%
haematocrit, 10-15% parasitaemia (section 2.3.1), and harvested as described in
section 2.2.2. Isolated parasites were diluted in lOmM Tris-HCl pH 8.0, and ruptured
by three cycles of freeze-thaw, followed by centrifugation at 14 000 x g for 30min at
4°C using a Sorvall RT6000D benchtop centrifuge, then further centrifugation of the
supernatant at 100 000 x g for Ih at 4°C (Beckman ultracentrifuge). 100 000 x gcytosolic extracts prepared in this way were used as the starting material for each
purification of aminopeptidase. Extracts were dialysed against 50mM Tris-HCI, and
applied to bestatin column which was pre-equilibrated by passing at least 10 bed
volumes of 0.05M Tris-HCl equilibration buffer through at a flow rate of 0.30.5ml/min. Typically, 0.3-lmg of soluble protein was loaded on the column. Elution
of aminopeptidase activity was performed using a step-wise NaCl gradient (40mMl.OM in 50mM Tris-HCl buffer, pH 8.0). In general, 1ml fractions were collected.
Protein elution was monitored as absorbance at 280nm using a spectrophotometer
(UV-1601PC, Shimadzu).

Elution of aminopeptidase activity from the affinity

column was monitored by measuring AMC release from leucine-AMC as described in
section 2.9.

Fractions active for aminopeptidase were pooled and concentrated using

Amicon ultracentrifugation devices (Millipore Devices, MA, USA). These allowed
concentration of molecules above the molecular weight cut-off (3 kDa), without
concentration of smaller solutes. These were used in accordance witli the
manufacturer’s instructions.
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2.10.4. Gel exclusion chromatography

Concentrated sam ples from the bestatin affinity matrix w ere applied to a
calibrated S-200 Sephacryl colum n (54 x 1cm ), equilibrated with 50m M Tris-HCl, pH
8.0. Sam ples w ere eluted in the sam e buffer at a flo w rate o f 0.2m l/m in and collected
in 0.5m l fractions.
flow-through

Protein elution w as m onitored by absorbance at 280nm using a

spectrophotom eter

(Phannacia).

A ctive

fractions

w ere

pooled,

concentrated using A m icon ultracentrifugation d evices, and stored at 4°C until used.

2.11. P e p t id e

h y d r o l y s is a s s a y s

2 .11.1. D esign o f sy n th etic p ep tides

The am ino acid sequences o f many o f the peptides liberated from haem oglobin
during vacuolar digestion can be obtained by com paring the m olecular m asses o f
haem oglobin-derived
haem oglobin.

peptides

to

the

corresponding

am ino

acid

sequences

of

Three peptide substrates were designed with am ino acid sequences

corresponding to haem oglobin-derived cleavage products from P. falciparum-iniQcXQd
erythrocytes (Gluzman et al, 1994, K olakovich et al, 1997, E ggleson et al, 1999):
N H 2 E EK SA V T A COOH (Pep 8), N H 2 LRVDPV NFK L COOH (Pep 10), and N H 2
LSFPTTKTYFPHF COOH (Pep 13), corresponding respectively to residues 6-13 o f
the p chain, and residues 91-100 and 34-46 o f the a chain o f human haem oglobin.
Sequences w ere chosen for small size, and considering the substrate preference o f P.
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falciparum aminopeptidase, which is for leucine or alanine residues at the aminoterminus.

All peptides were synthesised by Genemed Synthesis, Inc., South San

Francisco, USA.

Stock substrate solutions were prepared in deionised water at

concentrations o f 2 or lOmg/ml, and stored at -20°C.

2.11.2. Thin Layer Chromatography (TLC)

Sample hydrolysates o f synthetic peptides were analysed qualitatively using thin
layer chromatography (Botbol and Scomik 1979). Sample hydrolysates were prepared
in a reaction mixture containing 25fil of each peptide (lOmg/ml in water), incubated
with 25^1 o f cytosolic extract (prepared as described in section 2.3.1), in lOmM TrisHCl pH 7.0, at 37°C for 16h. Reactions were stopped by adding glacial acetic acid to
a final concentration of 10% (v/v).

Twenty microliters of reaction mixtures were

spotted onto pre-prepared Silica gel G-60 TLC plates (Merck) and subject to
ascending chromatography in vapour-saturated tanks using chloroform/methanol/30%
(v/v) ammonia (125/75/21). Standard amino acid H (Pierce, Rockford, USA), peptide,
and trophozoite extract were chromatographed separately for use as reference
standards.

Reaction products and standards were visualized with ninhydrin (0.2%

(v/v) in ethanol), and photographed.
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2.11.3. Degradation o f synthetic peptides by aminopeptidase.

The ability o f cytosolic extract to cleave synthetic peptide substrates was
investigated in a more quantitative manner by incubating 1.02-2.1 units (15-30fig) of
cytosolic extract aminopeptidase activity with 155nmoI (130|j.g) of Pep 8 or Pep 10,
or I64nmol (260)ig) Pep 13 in lOmM Tris-HCl, pH 7.2. In a separate experiment, 0.89
units (~165ng) o f partially purified aminopeptidase was incubated with 54 nmol
(65|j.g) Pep 10, or 82nmol (130^g) Pep 13 in lOmM Tris-HCl, pH 7.2. Reactions were
incubated for various times (5min-12h) at 37°C and stopped by adding glacial acetic
acid to a final concentration o f 10% (v/v). Hydrolysis was performed in the presence
and absence o f (i) aminopeptidase-specific inhibitor nitrobestatin and (ii) inhibitors
specific for other protease classes, extract or enzyme being pre-incubated with
inhibitors at 20°C for 30min before the addition o f peptide substrate. As controls,
similar incubations without extract or enzyme were performed.

2.11.4. Amino acid analysis.

The liberation

o f amino acids from peptide

substrates was monitored

quantitatively by amino acid analysis, performed by Ian Davidson at the University of
Aberdeen. Reaction products o f sample hydrolysates (lOOfj.1) were precipitated with
ethanol to a volume of 500(j,l, andlOO|j,I o f the supernatant were dried under vacuum,
reconstituted in 100|ul O.IM HCl and filtered througli a filter o f 10 kDa molecular
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weight cut-off.

Samples were taken for physiological and hydrolysate amino acid

analysis, performed by Reverse-Phase HPLC (RP-HPLC).
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Chapter 3

Aminopeptidase in intact P. falciparum cells

3,1

In t r o d u c t io n

As a first step to investigate a novel antimalarial drug target, it is necessary to
establish that the target is required for parasite viability. Often this is achieved using
inhibitor studies. Protease inhibitors are important tools used by cells for regulating
the activity o f their target proteases, and they usually exhibit good protease class
specificity. Therefore, they can be important tools for demonstrating the role o f a
specific protease class in parasite viability. The involvement of a number o f proteases
at multiple points in the Plasmodium erythrocytic life-cycle has been detennined in
this way (Dluzewski et al, 1986, McKerrow et al, 1993, Rosenthal 1995, Rosenthal et
al, 1991, 1996, Vander Jagt et al, 1989).
Often, a method used to determine inhibitor susceptibility o f P. falciparum in
culture, is microscopic examination o f Giemsa-stained blood smears to observe
changes in parasite morphology, and parasite progression through the erythrocytic
cycle. More frequently, a method for the measurement o f parasite metabolic activity
when grown in the presence o f the inhibitor is used. In metabolic assays, parasiteinfected erythrocytes are incubated with various amounts o f an inhibitor in 96-well
plates for at least one cycle. One method relies on the incorporation o f the labeled
nucleotide precursor [^H] hypoxanthine, which is usually added to the culture
following a period o f inhibitor exposure (Desjardins et al, 1979). Considering the fact
that P. falciparum LDH (pLDH) is the most active of all malarial enzymes, and its
activity correlates directly with parasite growth, a second method, the lactate
dehydrogenase assay relies on measuring the activity of pLDH (section 2.4.1) (Makler
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et al, 1993).

Advantages o f this assay over the ['^H] hypoxanthine assay are the

rapidity and ease to perform, and the fact that it does not require the use o f radioactive
compounds or specialized equipment. Both assays are convenient and sensitive, and
show the increase in metabolic activity o f the parasite as it progresses througli the
erythrocytic cycle, developing from rings to trophozoites and schizonts, metabolism
peaking at the mature trophozoite/schizont stages. The pLDH assay, unlike the [’H]
hypoxanthine one, gives a “snapshot” of the metabolic state o f the cell at the time of
sampling.
The goal o f this chapter was to obtain experimental evidence for the hypothesis
that one or more aminopeptidases are required for the terminal stages o f haemoglobin
breakdown.

Aminopeptidase inhibitors have been used as tools for this purpose,

taking three different approaches to investigate the function o f the enzyme, and to
demonstrate the essential nature o f P. falciparum aminopeptidase for parasite
metabolism.
The first approach determined the part o f the erythrocytic cycle most affected by
aminopeptidase-specific inhibitors, suggesting the parasite stage at which the enzyme
might be most active. Since previous work in our laboratory showed that bestatin and
nitrobestatin are relatively potent inhibitors o f P. falciparum growth in culture
(Nankya-Kitaka et al 1998), these agents were used here, to analyze the effects of
inhibiting P. falciparum aminopeptidase as the parasite progressed through the
erythrocytic cycle.
The second approach was to investigate whether bestatin and endoprotease
inhibitors would act synergistically on cultured P. falciparum. The synergistic actions
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o f aspartic (plasmepsins) and cysteine (falcipain) proteases that are involved in the
initial stages of haemoglobin degradation in the parasite digestive vacuole has
previously been demonstrated (section 1.1.6.1, and 1.4.5) (Bailly et al, 1992,
Rosenthal et al, 1995, 1996). The mechanism o f synergy is thought to be related to
aspartic and cysteine proteases being involved in successive steps o f the same
catabolic pathway.

For this reason, it was o f interest to investigate whether

aminopeptidase inhibitors could act synergistically with inhibitors o f aspartic and
cysteine proteases against P. falciparum in culture. The means used to assess this
possibility is described in section 3.1.1 below. Synergies observed were consistent
with a combined role o f endoproteases and aminopeptidase in an aspect o f parasite
metabolism, possibly the pathway o f haemoglobin degradation.
The third approach followed the methodology used in previous studies that used
ultrastructural analysis o f inhibitor-treated parasites to show the role o f a cysteine
protease in haemoglobin degradation within the parasite DV (Rosenthal et al, 1988).
The premise was that inhibition o f aminopeptidase by bestatin and nitrobestatin would
cause a disruption o f the metabolic process associated with it, resulting in
morphological alterations that might be revealed upon examination by EM. However,
EM did not reveal ultrastructural change in parasites treated with relevant
concentrations o f bestatin or nitrobestatin.
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3.1.1. Investigating synergy

Synergy has been broadly defined as a condition where the effectiveness of
agents is increased when they are combined, and antagonism as the reverse. Drugs that
are synergistic require lower doses to produce a given effect when used in
combination than when used alone: this is advantageous for application in clinical
therapy, since lower doses are required to obtain the desired therapeutic effect.
Agents that act additively are no more and no less effective in combination than they
are separately; in other words, there is no therapeutic advantage in combining them
(Berenbaum, 1978). For the purposes o f the analysis o f drug combinations described
in this study, synergy was evaluated by the construction o f isobolograms. These are
graphs which display effects for a dnig combination, and allow the extent o f synergy,
additivity or antagonism to be graphically classified (Berenbaum, 1977). To construct
an isobologram, experimentally determined points, [for example, doses that are
required to inhibit growth o f an organism by 50% (IC 50 ) by drug 1 alone, drug 2 alone,
and the various drug combinations], are plotted on a graph.
isobologram,

IC 50

1 and

IC 50

2

(IC 5 0

In the classical

IC 50

values for each drug alone) are placed on the X

and Y coordinates respectively, the doses represented as points (X, 0) and (Y, 0) on
the axis (Fig. 3.1).

The use o f an isobologram

for the interpretation of

synergism/antagonism is advantageous as it allows the visual determination o f drug
interactions, and allows immediate identification o f those drug combinations which
have maximal synergistic effect.
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ICso (2)

0.5

ICsoO)

Drug 1 (conc ^M)
Figure 3.1. Isoboles o f additivism, synergism, and antagonism. IC 50 (1) and IC 50
(2) are doses o f drug 1 and 2 required to inhibit parasite growth by 50% when used
alone. The straight line joining IC50S 1 and 2 produce a line termed the isobole o f
additive interaction.

It depicts the inhibition by drug 1 and drug 2 at various

combinations o f mixtures. When experimentally determined IC 50 point falls on the
hypotenuse, such as point a, the effects o f the two drugs are additive. Such would be
the case if drugs 1 and 2 were identical. If data points for experimental combination
fall in the lower left, like point b, then the combination is synergistic; if the data
points fall in the upper right, like point c, then the combination is antagonistic. Point
b requires smaller doses o f drugs 1 and 2 to achieve 50% inhibition than point a, and
point c requires larger doses to achieve the same effect.

The experimentally determined points used to construct isobolograms are
subject to both random and systematic errors.

Thus, it is essential to conduct

statistical justification for the conclusions drawn to ensure that the points on the
isobologram do depart significantly from mere additivity.

Only a few and limited

methods for statistical analysis o f drug-drug interactions have been addressed in the
literature (e.g. Tallarida, 1992). For the statistical evaluation of the synergy studies
described in this study, the response-surface statistical model was used (Machado and
Robinson 1994).

3.1.2. Statistical analysis of synergy: the response surface model

The response surface model o f Machado and Robinson (1994) can be explained
briefly as follows: The response surface is expressed by an interaction parameter ri,
which quantifies the extent o f synergism or antagonism. Values of r\ equal to 1
indicate additivity (no interaction), less than 1 indicate synergy, and greater than 1
indicate antagonism. The parameter r\ is not the same as the sometimes used fractional
inhibition constant (FIC) (FlC being the effective concentration o f a given drug with a
second drug divided by its effective concentration alone (Elion e( al, 1954), althougli
FIC = 1, < 1 and > 1 also indicate additivity, synergy and antagonism, respectively.
There is a direct geometric interpretation for t|, and the greater the difference between
ri and 1, the greater the curvature. The statistical significance is determined by
whether or not the value lies within the confidence intervals determined for r) for the
particular drug combination.
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3 .2. M e t h o d o l o g y

M aterials and methods used in this chapter are described in detail in chapter 2.
Cyclic imides, inhibitors of aminopeptidase-N, were obtained from Yuichi Hashimoto,
Institute o f M olecular and Cellular Biosciences, University o f Tokyo.

3.3. R e s u l t s

3.3.1 Growth inhibition of cultured P. falciparum by protease inhibitors

3.3.1.1. Bestatin and congeners

Previously published IC 50 values of bestatin and nitrobestatin for P. falciparum
clone FCH5C.2 (1,7 and 0.32jiM respectively), reveal them to be relatively potent
inhibitors o f parasite growth in culture (Nankya-Kitaka et al, 1998). Although these
IC 50 values do not match those o f established anti-malarial drugs such as chloroquine
(~2nM) (Nankya-Kitaka et al, 1998), there is the possibility o f developing modified
derivatives o f bestatin that are more potent. For this reason, stereoisomeric derivatives
o f bestatin were evaluated for their ability to inhibit P. falciparum growth in culture,
and potencies compared to those o f bestatin and nitrobestatin. Other aminopeptidase
inhibitors which differ in specificity to bestatin were also evaluated.

None of the

congeners had activity matching that o f bestatin and nitrobestatin. IC 50 values for
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amastatin, apstatin, actinonin, leuhistin, epibestatin and epiamastatin (steroisomers of
bestatin and amastatin respectively) were >128)aM.

3.3.1.2.

Cyclic imides (non-peptide aminopeptidase-specific inhibitors)

To broaden the spectrum o f aminopeptidase inhibitors tested against cultured
parasites, cyclic imide inhibitors [three of which are aminopeptidase-N-specific, and
one (PPS-33) o f which inhibits dipeptidyl-dipeptidase IV (DPP IV) o f mammalian
cells] were tested for their effects on P. falciparum growth. Dose-response curves for
parasite growth following 72h incubation with inhibitors were constructed and used to
obtain IC50 values.

Although these compounds were not as potent as bestatin and

nitrobestatin, they exhibited moderate growth inhibition at low ]uM concentrations
(Fig. 3.2), IC50S being PPS-33: ~12)iM; 4APP-33: ~25mM; P1Q-22I28: ~36mM; and
PIQ-0101:~45^M .

3.3.1.3. Other compounds

To provide baseline values for subsequent synergy/antagonism and ultrastmctural
studies, inhibitors specific for aspartic, cysteine, and metallo-proteases were tested for
their effects on P. falciparum growth in culture. Compounds tested and their IC50
vaules are shown in Table 3.1.
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Figure 3.2. Inhibition of the growth of P. falciparum in culture by cyclic imides PPS-33 (A), 4APP-33 (B), PIQ-22128 (C), and
PIQ-0101 (D). Graphs represent parasite growth at 72h following parasite exposure to inhibitors. Data are expressed as the % pLDH
activity detected in cells incubated in the presence of each inhibitor. Data points represent the mean values recorded for 3
experimental determinations for each inhibitor, and vertical error bars represent the SEMs.

Table 3.1.

ICsn of the growth of P. falciparum in culture by non-aminopeptidase

inhibitors

Inhibitor__________________________ ICsn (uM )
Pep statin

33.8

E-64"

2.93

Z-Phe-A la-CH N 2 '’

9.1

1, 10-Phenanthroline

0.6

Dipicolinic acid_____________________>256
“ Trans-epoxysuccinyl-L-leucylam ido-(4-guanidino)butane
B enzyloxycarbonyl-phenylalanine-alanine-C H N 2

3.3.2.

Stage-specific

effects

o f aminopeptidase

inhibitors

on

cultured

P.

falciparum

Parasites w ere synchronized and grown to different developm ental stages as
described in m aterials and m ethods (section 2.3). Typical distributions o f parasite
stages for each synchronized stage are shown in Fig. 3.3. Synchronized parasites w ere
exposed to serial dilutions o f bestatin and nitrobestatin for 12, 24, 36, and 48h. At
these tim es, dose-response curves w ere constructed for each stage and the IC50 values
w ere obtained using the pLDH m ethod (section 2.4.1).

At 12h follow ing inhibitor

exposure, stage I parasites w ould be aged approxim ately 12-18h, stage II parasites 24-
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Figure 3.3. Stage profile for P. falciparum progression through the 48h erythrocytic cycle. Parasitemias o f each stage, synchronized by 2step sorbitol treatment as described in Materials and Methods, are expressed as the % o f parasitised erythrocytic forms present at each stage.
Stages I-IV were, respectively, early rings (0-6h post-invasion), late ring/early trophozoites (12-18h), mid-trophozoites (24-30h), and schizonts
(36-42h). Values are expressed as the means from 3 separate experiments.

30h, stage III parasites 36-42h, and stage IV parasites 0-6h in a new cycle.

Sim ilar

progression through the cycle w as seen for 24, 36 and 48h follow in g exposure to
inhibitors. After I2h exposure, the effects o f bestatin and nitrobestatin were lim ited,
but it is nonetheless clear that stages I and II (approxim ating 12-18h and 24-30h post
invasion at the end o f the incubation), w ere m ost susceptible to these inhibitors (Fig.
3.4. A , B),

The IC 5Q values for stages I and II w ere low est, and clo se to those

previously determ ined over 48h on asynchronous cultures (Nankya-Kitaka et al,
1998).

Therefore, late rings and early trophozoites appeared to be the stages m ost

affected by the inhibitors.

The observations observed from dose-response curves

constructed at 24 (Fig. 3.5), 36 (Fig. 3.6), and 48h (Fig. 3.7) follow in g drug exposure
were consistent with this conclusion.

3.3.3. Effects of bestatin on invasion into human erythrocytes

In v iew o f the data o f Olaya & W asserman (1 9 9 1 ) suggesting that bestatin
exhibited an effect on m erozoite invasion, w e investigated the effects o f bestatin on
erythrocyte invasion and subsequent early ring-stage developm ent.

Rather than

em ploying the pLDH assay (as described in section 2 .4 .1 ), the counting o f G iem sastained parasite smears w as used to exam ine the effect o f inhibitors on invasion. The
pLDH assay w as not suitable for m easuring the effects o f inhibitors on invasion due to
the

fact

that

pLDH

activity

increases

substantially

during

intraerythrocytic

developm ent (M akler et al, 1993). Therefore, the pLDH activity measured on stage
IV parasites after 12h incubation (such as seen in Fig 3.4A , B ), probably derived
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Figure 3.4. Stage-specific antimalarial activities of bestatin (A) and nitrobestatin (B) on the growth in culture of the FCH5C.2
clone of P. falciparum following 12h exposure to inhibitors. Cultures synchronized to stage I (early rings, approximately 0-6h postinvasion), stage II (late ring/early trophozoites, 12-18h), stage III (mid-trophozoites, 24-3 Oh), and stage IV (schizonts, 36-42h) were
incubated in the presence o f dilution series o f aminopeptidase inhibitors as described in Materials and Methods. The curves are derived
from triplicate experiments for each inhibitor: each point is the geometric mean ± SEM. pLDH activity was used in all experiments to
assess parasite viability.
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Figure 3.5. Stage-specific antimalarial activities of bestatin (A) and nitrobestatin (B) on the growth in culture of the FCH5C.2 clone of
P. falciparum following 24h exposure to inhibitors. Cultures were synchronized to stages I-IV as described in Fig. 3.3. The curves are
derived from triplicate experiments for each drug: each point is the geometric mean ± SEM.

i50n

X
a

100-

Oi

o
B

O

Stage I
Stage II
Stage III
Stage IV
10

Bestatin (^M)

Stage 1
Stage II
Stage III
Stage IV

100

10

100

Nitrobestatin (fiM)

Figure 3.6. Stage-specific antimalarial activities of bestatin (A) and nitrobestatin (B) on tlie growth in culture o f the FCH5C.2
clone of P. falciparum following 36h exposure to inhibitors. Cultures were synchronized to stages I-IV as described in Fig.3.3. The
curves are derived from triplicate experiments for each drug: each point is the geometric mean ± SEM.
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Stage-specific antimalarial activities of bestatin (A) and nitrobestatin (B) on the growth in culture of the

FCH5C.2 clone of P. falciparum following 48h exposure to inhibitors. Cultures were synchronized to stages I-IV as described
in Fig. 3.3. Tlie curves are derived from triplicate experiments for each drug: each point is the geometric mean + SEM.

mainly from the small minority o f schizonts in the culture (~17% in one experiment),
rather than the new ring forms.
The invasion assay was established with parasite cultures synchronized to late
trophozoite/early schizont stage (aged between 34-40h post-invasion). In the absence
o f inhibitors, the time course o f development for parasites over the duration o f the
experiment revealed a gradual disappearance o f mature forms, with an increase in the
appearance o f ring forms, the latter peaking at 24h (Fig. 3.8A).

At 24h after the

setting up of cultures in the presence of bestatin, concentrations o f 10|j,M and below
exhibited only minor inhibitory effects on the appearance of new ring forms (Fig.
3.8B). A reduced number o f ring forms was observed in parasite cultures established
in the presence o f higher concentrations of bestatin: for example, a reduction in 50%
rings was observed in the presence o f ~25|iM bestatin, a result similar to that reported
by other workers (Olaya and Wasserman, 1991).

By contrast, concentrations of

>10|^M bestatin exhibited a >90% effect on the development o f trophozoites observed
at 48h (Fig. 3.SB) (see below).
These data suggest that bestatin does not primarily affect erythrocyte invasion by
merozoites or early ring-stage development; rather, as suggested in Fig 3.4, this
inhibitor exerts its effect on late rings/early trophozoites. The growth o f parasites in
the presence o f drug solvent, DMSO, was identical to those incubated in culture
medium alone (data not shown).
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Figure 3.8.

Distribution of parasite stages in control cultures (A), and

parasitemias in drug-treated P. falciparum (B and C). Cultures were synchronized
by two-step sorbitol treatment to provide populations rich in mature parasites (aged
between 34-40h). These were mixed with fresh erythrocytes and left to mature, and
reinvade, in the absence (A) or presence (B and C) of bestatin. A. Non-drug treated
cultures. B. Effects o f bestatin on the appearance of ring forms after 24h, trophozoites
after 48h, schizonts after 3h and C. schizonts at 24h. Time points at which giemsastained blood smears were counted were those at which each stage reached a peak in
confrol cultures (rings at 24h, frophozoites at 48h, and schizonts at 3h), except for
schizonts at 24h, which represents the time at which the majority of schizonts had
disappeared from control cultures. Concentrations of bestatin required to inhibit 50%
invasion or parasite maturation were read from the graphs. Data represent results
averaged from four separate experiments; error bars show the SEMs.
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3.3.4.

Effects of bestatin on maturation of erythrocytic forms

In an attempt to gain a better insight into the stage o f action o f bestatin, parasite
growth in the presence o f bestatin was monitored continuously over 48h, analysing
parasite development on Giemsa-stained blood smears.

To determine whether the

effects of high concentrations of bestatin on the appearance o f new rings occurred at
the stage o f reinvasion p er se, or merely schizont maturation, the numbers o f schizonts
in drug-treated cultures were compared with those o f non-drug treated controls.

As

can be seen from Fig. 3.8A, the numbers o f trophozoites and schizonts in control
cultures decreased to minimum levels at 24h, as expected from the normal time course
of development o f parasites through the erythrocytic cycle.

However, at 24h,

significant differences in the numbers o f schizonts were apparent in cultures treated
with >10)iM bestatin— 10 and 50^iM bestatin markedly increasing, by 2- and 7-fold
respectively, the number o f schizonts observed (Fig.

3.8C).

Microscopical

examination revealed that this increase in schizont number was a result o f a delay in
schizont development and/or an effect on subsequent cell rupture, since schizonts that
ruptured appeared successfully to reinvade fresh erythrocytes to produce new ring
fornis.

Therefore the decrease in new ring formation in the presence o f high

concentrations o f bestatin can be accounted for by schizogonic delay rather than
reduced invasion.

Within 3h o f incubation, the effect o f IOOjjM bestatin was so

inhibitory that late trophozoites did not develop into schizonts (Fig. 3.SB).

High

concentrations of bestatin, therefore, may exert an immediate effect on mature forms.
At 48h after drug addition, parasites that reinvaded to form new rings in the presence
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o f bestatin had a reduced trophozoite count (Fig. 3.8B). These observations correlated
with both the increase in schizont numbers and the decrease in new ring forms
observed at 24h in cultures treated with 10|iM or greater o f bestatin. This suggests an
effect on the early trophozoite stage and/or ring to trophozoite transition (Fig. 3.8B),
trophozoite development being reduced by 50% in the presence of ~7)j.M bestatin, a
concentration much lower than that required for the effect on new ring formation
mentioned above. In addition to an effect on the late maturation of schizonts, the
above data show that the inhibition by bestatin of the development of newly invaded
rings to trophozoites (IC 5 0 ~7|LiM) is consistent with our results obtained using pLDH
as a readout for parasite growth (section 3.3.2).

3.3.5. Effects of bestatin and nitrobestatin on parasite ultrastructure

Although the digestive vacuole (DV) abnormality o f vacuolar enlargement was
observed in Giemsa-stained blood smears o f trophozoites exposed to E-64, as seen
previously (Rosenthal et al, 1988), light microscopy was inadequate to detect any
specific alteration in parasite morphology in bestatin or nitrobestatin-treated cultures.
Therefore, trophozoites exposed to bestatin, nitrobestatin, or E-64, were examined by
TEM.

Drug-treated cultures were analysed for changes in parasite ultrastructure by

comparison with non-drug treated controls, as shown in Fig. 3.9A-E. Control parasites
contained as expected a large DV containing haemazoin pigment crystals, ribosomes
and transport vesicles scattered throughout the parasite cytoplasm, and depending on
the plane through which the cell was sectioned, a large nucleus (Fig. 3.9A).
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Figure 3.9.

Transmission electron

erythrocytes exposed to inhibitors.

micrographs of trophozoite-infected
Micrographs show trophozoites after 12h

exposure to (A) no inhibitor, (B) 140|j M E-64, (C) lOO^M bestatin, (D) 200(j.M
bestatin (all X 20,000), and (E) 100|jM nitrobestatin (X 30,000). In micrograph (A),
parasite cytoplasm (PC), digestive vacuole (DV) and erythrocyte cytoplasm (EC) are
labelled. The scalebar shown in each photomicrograph represents 0.5fj,m.

As shown by other workers (Rosenthal et al, 1988), the inhibition o f cysteine
protease activity by E-64 caused an accumulation o f undegraded erythrocyte
cytoplasm in the D V , causing it to enlarge substantially (compare Fig. 3.9A with
3.9B). This morphological effect is indicative o f a block in haemoglobin degradation
in the parasite DV. A similar inhibition o f globin degradation was not observed for
parasites treated with relevant concentrations o f bestatin or nitrobestatin. Digestive
vacuoles o f trophozoites exposed to up to 100|iM bestatin appeared normal in terms o f
vacuolar morphology (Fig. 3.9C).

Moreover, haemoglobin breakdown occurred, as

judged by the disappearance o f dark staining erythrocyte cytoplasm from within the
digestive vacuole, and the appearance o f the malarial haemoglobin digest product,
haemozoin.

Ultrastructural

changes

such

as

substantial

digestive

vacuole

enlargement, and a scarcity o f the haemoglobin digestion product, haemozoin, were
observed in parasites exposed to 100 p-M nitrobestatin (Fig. 3.9E), or 200|iM bestatin
(Fig 3.9D).

Degenerate membrane changes in the DV membrane, and concentric

membrane whorls scattered throughout the parasite [characteristic features o f drugtreated Plasmodium (Aikawa, 1971)], were apparent on occasion.

3.3.6. Antimalarial synergy between bestatin and endoprotease inhibitors

Experiments were performed to investigate whether combinations o f bestatin with
the aspartic protease inhibitor pepstatin, or the cysteine protease inhibitors Z-Phe-AlaCHN 2 or E-64, were synergistic against asynchronous, cultured P. falciparum
FCH5.C2. pLDH activity was used as an indicator o f parasite growth (section 2.4.1).
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Inhibitors were tested in series o f

8

two-fold dilutions, alone and in combinations.

Dose-response curves were constmcted for each drug, alone and in combinations, and
used to determine the IC 5 0 . Geometric mean IC 50 o f between three and five separate
experiments were used to construct isobolograms to assess drug interactions (section
3.1.1). In view o f previous reports o f strong synergy between inhibitors o f aspartic
and cysteine endoproteases on P. falciparum growth (Bailly et al, 1992) combinations
o f pepstatin with Z-Phe-Arg-CHNa or E-64 were used as positive controls (Fig. 3.10A,
B). The combinations of pepstatin with either Z-Phe-Ala CHN 2 or E-64 were strongly
synergistic as judged from the markedly concave isoboles.

Statistical evaluation

confirmed that there was highly significant synergy between these two agents (see
below). The isobolograms showed that for combinations o f bestatin and endoprotease
inhibitors, it was less obvious by eye whether there was significant synergy (Fig.
3.11A-C).

Bestatin in combination with pepstatin appeared to show slight if any

synergy (Fig. 3.11C), whereas more prominent synergy was apparent for combinations
o f bestatin and Z-Phe-Ala CHN 2 (Fig. 3. II A), and bestatin and E-64 (Fig. 3.1 IB).
Statistical evaluation of the data obtained using the response-surface-statistical
model (as described in section 3.1.3, and Gavigan et al, 2001), however, indicated that
the synergy observed was statistically significant for bestatin and the cysteine protease
inhibitors.
The value o f the synergy co-efficient r] o f 0.172 (95% confidence interval of
0.136, 0.216) and likelihood ratio statistic of 300.74 (p<0.0001) confirmed that there
was highly significant synergy between pepstatin and Z-Phe-Ala-CHNi. For bestatin
and the cysteine protease inhibitors, the values were r]= 0.597 (0.529, 0.674) and
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Figure 3.10. Isobolograms showing the interaction of the aspartic protease inhibitor
pepstatin, and the cysteine protease inhibitors; Z-Phe-Ala-CHNi (A) and E-64 (B),
against P. falciparum in culture. Each point is a geometric average o f four separate
experiments. The solid diagonal in the isobologram represents the theoretical line of
additivity (i.e. no interaction), while the values below this line indicate a synergistic
effect between the two compounds.
inspection.
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Figure 3.11. Isobologram showing interaction between bestatin and aspartic and cysteine protease inhibitors. (A) Bestatin and
Z-Phe-Ala-CHN2, (B) bestatin and E-64, and (C) bestatin and pepstatin. Points are geometric means from 3-5 separate experiments.

likelihood ratio statistic 44.478 (p<0.001) in the case o f Z-Phe-Ala-CHN 2 , and t]=
0.780 (0.656, 0.927) likelihood ratio statistic 6.267 (p=0.0123) in the case o f E-64.
For bestatin and pepstatin, the value was r|= 0.645 (95% confidence interval 0.527,
0.789), with a likelihood ratio statistic o f 14.3 (p<0.001) indicating significant
synergy. Therefore in all combinations tested, statistically significant synergy was
observed, but the strength o f the synergy varied and in all cases was weaker than that
with the combinations of pepstatin and Z-Phe-Ala-CHN 2 .

3 .4 D i s c u s s i o n

The effects o f a series o f peptidomimetic and non-peptide aminopeptidase
inhibitors on P. falciparum growth in culture were used to investigate the potential of
the malarial aminopeptidase as a chemotherapeutic target. Results presented in this
chapter confirm bestatin and nitrobestatin as the most potent inhibitors o f parasite
growth in culture.

Nitrobestatin was the most active compound [IC 5 0 0.32fiM

(Nankya-Kitaka et al, 1998)], followed by bestatin [IC 5 0 1.7|xM (Nankya-Kitaka et al,
1998)]. None o f the other bestatin analogues gave measurable inhibition o f parasite
growth, which could be due to the limitations in the transportation o f these compounds
across parasite and erythrocyte membranes. Amastatin, for example, is a larger
molecule than bestatin (Fig. 1.2).

The sterioisomers o f bestatin and amastatin are

synthesized by changing the chirality o f the hydroxyl group on position C2 o f the
native molecules from the R to the S configuration (Takita et al, 1977). Since this is
an important reactive functional group essential for the activity of both bestatin and
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amastatin, it may explain the lack o f potency o f both stereoisomers. Nitrobestatin is
prepared by nitration o f bestatin.

In its production the positions o f the important

functional groups o f bestatin (NH 2 , OH, and COOH) do not change. Therefore,
nitrobestatin remains a highly active aminopeptidase inhibitor, and in the studies
reported here has proved a more potent inhibitor o f P. falciparum aminopeptidase than
bestatin itself, perhaps due to a tighter binding between inhibitor and the substrate
active site due to the presence o f the charged NO 2 group.
To increase the spectrum o f aminopeptidase inhibitors tested on cultured P.
fa lc ip a n m ,

the

ability

of

peptide

and

non-peptide

inhibitors

specific

for

aminopeptidase N to inhibit parasite growth in culture was tested. Since bestatin is
also a natural inhibitor o f aminopeptidase N (Shimazawa et al, 1998), it was o f
interest to investigate the effects o f the peptidomimetic (leuhistin and actinonin), and
the non-peptide aminopeptidase N-specific inhibitors (cyclic imides), which are
unrelated to bestatin, against cultured P. falciparum . Aminopeptidase N (also referred
to as aminopeptidase M, alanyl, alanine aminopeptidase, arylamidase, and acylpeptide hydrolyase, see section 1.3.1), prefers substrates containing alanine residues at
the N-terminus (Miyachi et al, 1998, Shimazawa et al, 1998). The specificity o f this
enzyme,

therefore,

is

not

inconsistent

with

that

o f P. falciparum

leucyl

aminopeptidase, which has substrate preference for leucine or alanine at the Nterminus (Curley et al, 1994). The lack o f inhibition o f parasite growth by leuhistin,
actinonin and apstatin, again possibly due to limitations in the transport o f these
compounds, was not paralleled by the cyclic imide compounds, which were
moderately potent inhibitors (Fig. 3.2).

Generally, peptides have drawbacks for
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clinical application: namely low bioavailability, proteolytic susceptibility, rapid
excretion, and short duration o f action.

Therefore, it was encouraging that non

peptide aminopeptidase inhibitors could inhibit parasite growth in culture.

Also,

being highly specific aminopeptidase inhibitors, their effect on parasite metabolism
substantiates P. falciparum aminopeptidase as an essential enzyme for parasite
viability, supporting its validity as a potential drug target.
In clinical therapy, it is seldom feasible to warrant the application o f high doses
o f any drug.

Therefore, it is important that biological conclusions are formulated

from the effects o f relevant concentrations o f compounds.
concentrations o f bestatin

and nitrobestatin

Here, the effects o f low

on cultured P. falciparum

were

investigated, in the hope o f gaining some insight into a biological function for
aminopeptidase. Stage-specific effects were determined in two ways; (a) using pLDH
activity as an indicator o f parasite growth, and (b) analysing parasite invasion and
progression through the erythrocytic life-cycle m icroscopically using Giemsa-stained
blood smears. For metabolic studies, 12h dose-response curves showed that late rings
and mid-trophozoites (12-18h old and 24-30h old at the end o f the period o f exposure)
were considerably more sensitive to these inhibitors than were the other stages. In
fact, 24, 36, and 48h dose-response curves also showed that as the age o f parasites
approached 24-30h old trophozoites, a shift was observed in the drug sensitivity to
aminopeptidase inhibitors, IC50 values at this stage being lowest (Fig. 3.4-3. 7).
The effects o f bestatin on parasite maturation were determined by examining
Giemsa-stained smears. Observations did not substantiate the findings o f Olaya and
Wasserman, who suggested an effect o f bestatin on the invasion o f host erythrocytes

98

by merozoites (Olaya and Wasserman, 1991). Rather, the results indicated that the
susceptibility to aminopeptidase inhibitors was highest for developing trophozoites,
which are most prominent in the degradation o f host-cell haemoglobin (McColm et al,
1980, Yanon et al, 1983). Ring to trophozoite transition was most affected by low
concentrations of bestatin (~7p,M), and the concentration o f bestatin required to cause
a corresponding effect on invasion, although similar to previous studies (Olaya and
Wasserman, 1991), was much higher (~25tiM). Accordingly, it can be concluded that
the stage most susceptible to aminopeptidase inhibition is late ring and trophozoite
maturation. These results are not inconsistent with an earlier study, which reported
that bestatin affected late trophozoite maturation (Vander Jagt et al, 1989); moreover,
the effects observed here were demonstrated at concentrations much lower tlian those
reported previously.

The increase in the numbers of schizonts at 24h, apparent in

cultures treated with >10nM bestatin, (Fig 3.8C), was also indicative o f an effect on
schizont maturation, rather than a direct effect on invasion. Together, these data are
consistent with bestatin affecting a process essential to parasite progression through
the 48h erythrocytic cycle, a likely candidate being parasite nutrition, i.e. haemoglobin
breakdown.
To investigate the possible involvement o f P. falciparum aminopeptidase in the
pathway o f haemoglobin degradation, one approach taken in the experiments o f this
chapter was to determine whether bestatin acted synergistically with aspartic and
cysteine protease inhibitors on cultured P. falciparum . Statistically significant synergy
was observed for the growth inhibition o f parasites in culture using combinations of
aminopeptidase and aspartic (pepstatin) and cysteine (Z-Phe-Ala-CHN 2 and E-64)
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protease inhibitors.

However, the strength o f the synergy varied, and in all cases was

weaker than that with the combinations o f the positive control, pepstatin and Z-PheAla-CHN 2 . If we assume that the synergy between inhibitors specific for different
protease classes may reflect the inhibition o f different components o f the same
catabolic

pathway, these results are consistent with

a role for Plasmodium

aminopeptidase in haemoglobin degradation in concert with endoproteases.
The incubation o f trophozoites with bestatin did not result in obvious
ultrastructural changes trom which we could infer a role for aminopeptidase in the
tenninal stages o f haemoglobin proteolysis.

It was believed that this lack o f

ultrastructural change in bestatin-treated parasites indicated that if aminopeptidase
were involved in the terminal stages o f haemoglobin breakdown, no feedback
mechanism existed in the haemoglobin catabolic pathway to link the build up o f
undigested peptides to the reduction o f endoprotease activity in the digestive vacuole.
However, in parasites exposed to lOO^M nitrobestatin, or 200)iM bestatin, the
quantity o f the malarial pigment hemozoin (which results from haemoglobin
digestion) was dramatically reduced, and the digestive vacuoles were substantially
enlarged.

These changes indicate a block in haemoglobin digestion in parasite

digestive vacuoles. The high concentrations required for these effects, however, argue
against their relevance at the p.M levels that inhibit parasite growth, and queries
whether such observations resulted from an effect on the primary target, i.e. on an
aminopeptidase, or toxicity to an unrelated target. In conclusion, these results showed
that at high concentrations, aminopeptidase inhibitors do appear to interfere with the
parasite feeding process, however, at lower concentrations, relevant to those at which
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effects on parasite erythrocytic development are observed, no such interference is
seen.
hivestigations into the biological function of aminopeptidase will be dealt with
more fully in chapter 6, however, taking the above information together, there is a
strong suggestion that P. falciparum aminopeptidase plays an essential role in parasite
cellular processes, the inhibition of which affects the growth of the parasite in
erythrocytic

culture.

Our postulations for the

function of P. falciparum

aminopeptidase based on experiments described in this chapter are consistent with a
role for aminopeptidase in haemoglobin degradation, as well as secondary roles at
other points of the cycle.
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Chapter 4

Aminopeptidase in subceliular fractions of P. falciparum

4.1.

I n t r o d u c t io n

We saw in chapter 3 that the incubation o f P. falciparum with aminopeptidasespecific inhibitors bestatin and nitrobestatin prevented parasite progression through
the erythrocytic life cycle.

The work described in this chapter was performed to

extend these studies, and analyses the effects o f aminopeptidase inhibitors on
aminopeptidase activity in cell-free parasite extracts.

The aim was to investigate

whether or not we could correlate the inhibition o f parasite growth in culture with the
inhibition o f aminopeptidase activity in extracts. The results suggested that the target
o f bestatin is most likely to be leucyl-aminopeptidase. Spectrofluorometric enzyme
assays and subcellular fractionation studies were also used to investigate the
subcellular location o f aminopeptidase.
Aminopeptidase-N is a neutral aminopeptidase belonging to the M l family o f Zn
metalloproteases (Miyachi et al, 1998, Shimazawa et al, 1999).

As mentioned in

chapter 3, three o f the cyclic imides used in this study are APN specific inhibitors.
These compounds have been tested for the ability to inhibit P. falciparum
aminopeptidase activity in P. falciparum cytosolic extracts, which might indicate the
presence o f an aminopeptidase belonging to the M l family.
The partial purification o f P. falciparum aminopeptidase described in this chapter
was performed to obtain aminopeptidase for subsequent use for the experiments
described in chapter 6.
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4.2.

M ethodology

Materials and methods used in this chapter are described in detail in chapter 2.
All experiments were performed with the FCH5C.2 clone o f P. falciparum', with the
exception o f the stage-specific aminopeptidase assays, which also used P. falciparum
K l/Thailand strain.
2.3.2.

All extracts were prepared as described in sections 2.3.1 and

In general, parasite suspensions were diluted 1;7, and DVs 1:2, in the

appropriate buffers prior to extract preparation (these parasite suspension dilutions
were appropriate in order to keep enzyme activity within the linear range).
Synchronised or asynchronous parasite harvests prepared in the absence or presence of
protease inhibitors were used for the partial purification o f aminopeptidase (section
2 . 10 ).

4.3.

4.3.1.

R esults

Aminopeptidase activity in different parasite stages

The spectrofluorometric aminopeptidase assay o f Curley et al. (1994) was used
to investigate aminopeptidase activity in different intra-erythrocytic stages. Parasites
o f different stages [rings (9-15h old), late ring/early trophozoites (15-21h old), mid
trophozoites (25-3 Ih old), late trophozoites (34-40h old), and schizonts/segmenters
(39-45h old)] were harvested, and cytosolic extracts were prepared and assayed for
aminopeptidase. Activity was detected in all stages as shown in Fig. 4.1. The highest
aminopeptidase activity was found in trophozoite-stage parasites; hence trophozoites

103

Average parasite age (h post-invasion)

Figure 4.1.

Aminopeptidase activity in P.

different stages of development.

falciparum Kl/Thailand strain, at

Similar results were obtained with the FCH5C.2

clone o f P. falciparum. Assays were performed as described in Materials and Methods.
Data shown are averages from two separate experiments and error bars represent the
SEMs.

were predominantly used for subsequent experiments.

Extracts of uninfected

erythrocytes contained no measurable aminopeptidase activity.

4.3.2. Aminopeptidase activity in subcellular fractions

Extracts o f P. falciparum trophozoites were assayed for aminopeptidase activity
in order to locate the enzyme in a defined cellular compartment.

Since it is well

known that one or a number of cysteine proteases involved in haemoglobin
degradation are located in the parasite digestive vacuole (Rosenthal et al, 1988),
cysteine protease activity was used as a marker for an enzyme active in the DV.
Subcellular fractions (DV, cytosol, crude whole cell, and membrane/organelle
[particulate] extracts) were assayed for aminopeptidase and cysteine protease
activities measuring the release o f the fluorogenic leaving group AMC from substrates
L-Leucine-AMC (aminopeptidase substrate), and benzyloxycarbonyl (Z)-Phe-ArgAMC (cysteine protease substrate).
were typically

Protein concentrations o f subcellular fractions

-0.03-0.1, 0.3-0.5, 0.3-1.0 and 0.2-1.25 i^g/(al, for DVs, cytosolic,

crude whole cell and membrane/organelle extracts, respectively, depending on the
dilutions o f the original parasite suspensions used for extract preparation. Specific
activities for each enzyme in all cell extracts are shown in Table 4.1, and
aminopeptidase activity in subcellular fractions presented for visual comparison in Fig
4.2.
Enzyme activity o f isolated DVs was low, possibly due to the inactivation of
vacuolar enzymes during their isolation. The presence o f cysteine protease activity in
the DV, however, indicated that at least a substantial portion o f isolated DVs remained
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lau ie ‘t.i. i^minuucDiiuase anu cvsieine Droiease aciivities in r. raicioarum suo-ceuuiar extracts
Sample source

Mean specific activitv (nmol AMC released/min/mE') ± SEM
Aminopeptidase

Cvsteine protease

Cytosol (14 000 x ^ )“

11.6± 1.9

5.7± 1.1

Cytosol (100 0 0 0 x ^ )“

7 .7 1 0 .7

4.6 ± 0.2

Whole cell (14 000 x g )”

7.0 ± 1.1

3.5 ±0.6

Whole cell (100 000 x g)^

6.8 ± 1.3

2.3 ±0.5

Digestive vacuole (14 000 x g f

0.1 ±0.04

0.4 ± 0.06

Digestive vacuole (14 000 x g)^

0.1 ±0.05

0.13 ±0.06

Membrane/Organelle fraction (14 000/100 000 x g)®

5.5 ± 1.6

4.6 ± 1.1

“Parasite extract prepared by 3 X freeze-thaw. ‘’Parasite extract prepared using 0.5% Triton-X-100. ‘^Digestive vacuole extract
prepared by 3 X freeze-thaw. ‘'Digestive vacuole extract prepared using 0.5% Triton-X-100. 'Solubilized particulate fraction.
AMC: 7-Amino-4-methyl-coumarin (fluorogenic leaving group). Results were calculated using data obtained from between 3 and
7 determinations.

Cytosol

Whole cell

DV (T-X)

Membrane/organelle

Figure 4.2. Aminopeptidase activity in subcellular fractions of cultured P, falciparum. Cytosol was prepared by 3 X
freeze-thaw, whole cell extract using 0.5% Triton-X-100, and DV extract either by 3 X freeze-thaw [DV (F-T)], or using 0.5%
Triton-X-100 [DV (T-X)]. The membrane/organelle extract which was prepared by solubilizing the freeze-thaw pellet further
with 0.5% Triton-X-100, and centrifuging at 14 000 x g. The data represent the mean values from 3-7 separate determinations.
Vertical bars represent the standard errors.

active following their isolation. In addition, partial degradation o f added haemoglobin
by DV extracts, as judged by SDS-PAGE (see Fig 6,1) attested to the integrity o f the
DV preparations.

DV cysteine protease activity was greater than aminopeptidase

activity, both in DVs broken by freeze-thaw, and those prepared using detergent
(Table 4.1).

Most prominent was the observation that subcellular fractionation of

whole parasite cells left most aminopeptidase activity in the parasite cytosol (Fig. 4.2).
Ratios of cytosolic to membrane/organelle aminopeptidase activity were substantially
higher than those for cytosolic cysteine protease activity.

Moreover, cytosolic

aminopeptidase activity was -77-116 times that o f aminopeptidase activity in the DV,
whereas cytosolic cysteine protease activity was only -12-35 times greater than
cysteine protease activity in the DV (Table 4.1). These data indicate that in agreement
with previous data on pH optimum (Curley et al, 1994), aminopeptidase is most likely
to be located in the cytosol.
Although aminopeptidase activity in particulate fractions suggested a possible
association with parasite membranes, the level o f activity both for solubilised
particulate (membrane/organelle fraction), and detergent-lysed extracts (whole cell
extract), was below that of cytosolic extracts (Fig 4.2).

4.3.3. Inhibition o f aminopeptidase activity in parasite extracts by chemical
agents

4.3.3.1. Bestatin and congeners

We saw in chapter 3 that bestatin and nitrobestatin inhibit parasite growth in
culture.

In order to clarify the nature o f parasite growth inhibition by bestatin and

105

analogues on P. falciparum, the effects o f bestatin and its analogues nitrobestatin,
amastatin, epiamastatin, and epibestatin (Fig. 1.2), on aminopeptidase activity in crude
P. falciparum cytosolic extracts were assessed.

Results are shown in Fig. 4.3.

Nitrobestatin completely inhibited aminopeptidase at 0.2|aM, whereas for bestatin and
amastatin lO^M were required for the same effect. The IC5 0 for inhibition o f enzyme
activity were approximately two and one orders o f magnitude less than the IC 5 0 for
inhibition o f parasite growth inhibition by nitrobestatin and bestatin, respectively (see
chapter 3), Epiamastatin and epibestatin exhibited no inhibition on aminopeptidase
activity at the highest concentrations tested. Thus, nitrobestatin was the most potent
inhibitor, epiamastatin and epibestatin, the least, while the potency o f bestatin was
similar to that o f amastatin. Neither bestatin nor nitrobestatin had inhibitory effects
on cysteine protease activity (data not shown).

43.3.2.

Cyclic imides

As described in chapter 3, non-peptide cyclic-imides (three o f which are specific
inhibitors o f mammalian APN) inhibited P. falciparum growth in culture. It was of
interest to characterise the nature of parasite growth inhibition by these agents, and to
investigate whether these compounds could inhibit the release o f leucine from L-leuor L-ala-AMC, since the most favourable substrates of APN are peptides having
alanine at the N-terminus, though the enzyme will also release leucine and other
amino acids (Miyachi et al, 1998, Shimazawa et al, 1998).
The effects o f PPS-33, 4APP-33, PlQ-22128, and PIQ-0101 (Fig. 1.4) on
aminopeptidase activity in crude P. falciparum trophozoite extracts are shown in

Figure 4.3. Inhibition of aminopeptidase in cytosolic P. falciparum extracts by bestatin and derivatives. The numbers
on the X-axis are the final concentrations of inhibitor present in the 1ml reaction volume. The bars show means o f 4-6
determinations o f activity, expressed as a proportion o f that in inhibitor-free extracts, and vertical lines represent standard
errors. The solvent alone had no significant effect at the concentrations used.

Aminopeptidase activity (% of control)

100

80

-

60

-

40

-

20

-

0.0002

0.002

0.02

0.2

10

2

Final Inhibitor concentration (jiiM)
Bestatin
Nitrobestatin

□

Amastatin

□

Epiamastatin

□

Epibestatin

Table 4.2, No significant reduction o f aminopeptidase activity in cytosolic extracts
was observed following their pre-incubation with these compounds, when either Lleu-AMC (data shown) or ala-AMC (data not shown) were used as substrates. In the
case o f PPS-33, the inability to inhibit leucyl-AMC was not surprising, since it is an
inhibitor of mammalian dipeptidyl-peptidase IV (DPP-IV), and does not inhibit APN
(see Table 1,4).

4.3.3.3. Other compounds

The effects o f number o f compounds (including aminopeptidase inhibitors
unrelated to bestatin, and inhibitors specific for other protease classes) on P.
falciparum aminopeptidase activity in trophozoite cytosolic extracts were investigated.
The results are shown in Fig. 4.4. Aminopeptidase inhibitors leuhistin, actinonin and
apstatin inhibited aminopeptidase activity in trophozoite cytosolic extracts. Leuhistin
and actinonin had ICjoS o f approximately 2fj,M, and apstatin o f lOfiM, Complete
inhibition o f aminopeptidase activity by these compounds was not observed at
concentrations up to 10]uM.

The metalloprotease inhibitors 1, 10-phenanthroline,

dipicolinic acid, and EDTA had no inhibitory effect on aminopeptidase activity at
concentrations o f up to ImM. The aspartic and cysteine protease inhibitors pepstatin
and Z-Phe-Ala-CHN 2 also had no effect on aminopeptidase activity (data not shown).
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Table 4.2. Leucvl-aminopeptidase activity in the presence of aminopeptidase-N specific cyclic imides

Aminopeptidase activity (% o f control) in the presence of:
PPS-33

4APP-33

10

76.6

90.4

91.0

87.9

2

84.8

89.0

93.1

87.9

0.2

87.1

97.2

86.9

87.9

0.02

81.9

82.8

68.3

76.6

0.002

91.0

100

96.4

84.1

Final inhibitor concentration (^M)

PIQ-22128

PIQ-0101

Data represent aminopeptidase activity o f trophozoite cytosolic extracts pre-incubated with cyclic imides. Activity is
expressed as a percentage o f that obtained in the absence o f inhibitor. Assays were performed as described in Fig. 4.3,
using L-leu-AMC as substrate. Results shown are from a single representive experiment. Similar results were
obtained when ala-AMC was used as substrate.

Figure 4.4.

Aminopeptidase activity in P. falciparum cytosolic extracts in the presence of aminopeptidase and metailo-

protease inhibitors.

Spectrofluorometric assays were performed as described for Fig 4.3.

The bars show means of 2-3

determinations of activity, expressed as a proportion of that in inhibitor-free extracts, and vertical lines represent standard errors.

Aminopeptidase Activity (% of control)

0.002

0.02

0.2

2

10

Final Inhibitor concentration (^M)
Leuhistin

□

Actinonin

□

Dipicolinic acid

Apstatin

□

1,10 Phenanthroline

□

EDTA

4.3.4. Partial purification of P. falciparum aminopeptidase

Aminopeptidase was partially purified from 100 000 x g cytosolic extracts o f P.
falciparum trophozoites by a combination o f affinity chromatography and gel
exclusion chromatography. Extracts were applied to a bestatin affinity column, and
aminopeptidase was eluted with a step-wise NaCl gradient.

Fig. 4.5A shows the

aminopeptidase activity profile o f fractions eluted from the bestatin affinity column.
Activity appeared m two broad peaks, eluting at 40mM and 80mM NaCl, with minor
peaks eluting at 0.1 and 0.2M NaCl. The specific activity o f the major peaks gave
purification factors o f approximately 8 and 7, respectively, relative to cytosolic
extract, with total recoveries o f 29 and 51 %, respectively, o f the total aminopeptidase
activity present in the extract (Table 4.3). Substrate gel analysis o f fractions
containing peak activities indicated that these activities produced single bands o f
similar size upon incubation with fiuorogenic substrate L-leucine-AMC (Fig 4.5, inset
A), suggesting that the activities eluted at the different salt concentrations were more
than likely those o f a single aminopeptidase, possibly in different states o f posttranslational modification.

The unusually low NaCl concentration required for

elution, in agreement with previous work on other aminopeptidases (Acosta et al,
1998) may indicate that this column is working on an ion-exchange rather than affinity
principle.
The major peaks o f aminopeptidase activity were pooled and fractionated on a
S-200 Sephacryl gel-exclusion column. Aminopeptidase eluted as a single major peak
o f activity (Fig. 4.5B), the estimated molecular weight o f which was 66,000±10,000
Da, as judged by comparing the elution volume parameter Kav o f the eluted protein
with the values obtained for calibration standards.
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Table 4.3. Partial purification o f P. falciparum aminopeptidase

Step

Cytosolic extract

Protein (mg) Total activity Specific activity Yield (%) Purification factor

0.80

Bestatin-affinity (40mM 0.03

(units)®

(units/mg)

5.52

6.9

(100)

1

1.6

53.3

29.0

7.7

2.8

45.9

50.7

6.7

0.86

132.3

15.6

19.2

NaCl eluate)
Bestatin-affmity (80mM 0.061
NaCl eluate)
Gel-exclusion

0.0065

1 unit (U) of enzyme activity releases 1 nmol AMC/min at 37°C.

A
1
0.2 -

2

3
Activity
nmol AMCreleas ed^min

A280nm

0.18

fractions pooled

0.3

l.OM
- 0.25
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0.14
0.2
0.12

0.6M
0.15
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0.1
0.06

0.3M
0.2M

0.04

O.IM

- 0.05

0.02

11

21

31
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Figure 4.5. Partial purification of P. falciparum aminopeptidase. A. Affinity chromatography. Cytosolic extract o f P. falciparum
was applied to a bestatin-EAH-Sepharose 4B affinity column as described in section 2.10. Aminopeptidase activity
( • ) in collected fractions was assayed using the fluorogenic substrate L-leucine-AMC. Protein elution was measured by absorbance at
280nm (A ).

The black line indicates the NaCl concentrations used for elution. Inset A: Zymorography o f the crude cell extract (lane

1), and active 40 and 80mM fractions from bestatin affinity column (lanes 2 and 3 respectively).

B. Superdex 200 chromatography.

Pooled fractions with aminopeptidase activity from the bestatin affinity column were applied to a gel exclusion column. Elution was
performed using 0.05M Tris-HCl, pH 8.0. Protein ( 4 ) and aminopeptidase (0 ) were assayed as above. All active fractions were pooled
to obtain the partially-purified aminopeptidase. Inset B: Molecular weight calibration curve for the separation o f protein standards on
sephadex S-200 gel-filfration column.
experiments.

Data are from a single experiment.

Similar elution profiles were obtained in two other

SDS-PAGE o f the partially-purified enzyme revealed several bands with
apparent molecular weights o f between 56 and 97kDa, including one o f ~66kDa (Fig.
4.6A) which correlated with the molecular weight estimation from the gel-exclusion
column. In view o f the small amount o f material, it was not possible to estimate the
purity o f the enzyme.

Native gel electrophoresis o f bestatin-affinity peaks and

partially-purified preparations resolved bands o f between -45 and >66 kDa, as judged
by comparing the bands with those seen for protein standards albumin and ovalbumin
(lane 1, Fig 4.6B). Moreover, using non-reducing electrophoresis, no bands resolved
below 43kDa in partially-purified aminopeptidase, which may suggest that the faster
migrating bands observed when separation was performed by reducing SDS-PAGE
were degraded protein, and did not represent the protein bands responsible for enzyme
activity. An alternative explanation could be that the faster migrating bands on SDSPAGE form slow-migrating high molecular weight oligomers or complexes when run
on non-denaturing gels.
Gel-exclusion increased the purification factor by approximately 3-fold;
however, about 31% o f the aminopeptidase activity was lost during this procedure.
The specific activity o f activity purified by bestatin-affinity/gel-filtration was 132.3
U/mg, which represented a 19.2-fold increase over the cytosolic extract.

Overall

aminopeptidase yield was approximately 16%. Protein concentration o f the partially
purified enzyme was extremely low (Table 4.3), and only very low levels of
aminopeptidase activity were detected using zymography.
The purification procedure as described was performed three times to obtain
enough protein to visualize by SDS-PAGE analysis and to use for the experiments
described in chapter 6. The quantity o f partially-pure enzyme isolated was insufficient
to perform detailed kinetic studies, or to study the effects o f inhibitors o f
109

Figure 4.6. Gel analysis of partially-purified aminopeptidase. Panel A: SDSPAGE and silver staining o f partially-purified aminopeptidase.

Separation was

performed under reducing conditions on SDS-12.5% PAGE gels. Lane 1: cytosolic
extract.

Lanes 2 and 3: partially-purified aminopeptidase obtained from separate

purifications.

Arrows indicate the bands observed consistently in separate

purifications. Panel B: Native gel electrophoresis of partially-purified aminopeptidase.
Lane 1: protein standards, lane 2: cytosolic extract, lanes 3 and 4: 40 and 80mM
concentrated fractions, respectively, eluted from the bestatin affinity column, lane 5:
aminopeptidase isolated by 2-step purification.

Proteins were separated under non

reducing conditions in the absence of SDS using 10% native gels, and stained with
silver. Protein standards run for size comparison were; albumin (66kDa), ovalbumin
(43kDa), chymotrypsinogen A (25kDa), and ribonuclease A (14kDa). Major staining
bands are indicated by arrows.
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aminopeptidase on the kinetics o f enzyme inhibition.

However, when partially-

purified aminopeptidase was tested for inhibition o f activity on a single occasion,
50jj,M nitrobestatin completely inhibited activity, and 50|j,M dipicolinic acid inhibited
it by -65% . For all purifications that were performed separately, comparable results
were observed.

4 .4 .

D is c u s s io n

The principle aims o f this chapter have been to investigate the subcellular
location o f P. falciparum leucyl-aminopeptidase, and to characterise the nature o f the
growth inhibition by aminopeptidase inhibitors on parasites in culture. The partialpurification o f P. falciparum aminopeptidase from cytosolic extracts is also described
herein.
The neutral aminopeptidase activities previously reported in Plasmodium
species (see general introduction) have in the past been assayed for using either
colorimetric or spectrofluorometric enzyme assays (Acosta, et al, 1998, Charet et al,
1980, Curley et al, 1994, Gyang et al, 1982, Nankya-Kitaka et al, 1998, Vander Jagt
et al, 1984). For the purposes o f the present study, the spectrofluorometric assay of
Curley et al, (1994) was employed to measure leucyl-aminopeptidase in whole
parasite cells and sub-cellular fractions thereof To identify the parasite stage most
active for aminopeptidase, synchronized parasites o f different intra-erythrocytic stages
were assayed for aminopeptidase. Activity was detected in all stages, and was found
to increase as the parasite developed, peaking during the trophozoite stage,
coincidental with the period o f maximal haemoglobin digestion.

110

The determination o f aminopeptidase subcellular location was performed to see
if the enzyme was located in a suitable place for the liberation of amino acids from
haemoglobin derived peptides.

For this purpose, P. falciparum digestive vacuoles

and other subcellular compartments prepared from trophozoite-stage parasites were
assayed for aminopeptidase. In agreement with the findings o f Kolakovich et al that
were published as these studies were in progress (Kolakovich et al, 1997), substantial
aminopeptidase activity was not detected in extracts o f isolated vacuoles.

Ample

activity, however, was observed in the parasite cytosol. This supported the notion that
the P. falciparum aminopeptidase was likely to be a cytosolic enzyme, rather than
being located in the DV. This was in agreement with its neutral pH optimum (Curley
et al, 1994), and with a previous report that haemoglobin liberated peptides are not
degraded to amino acids in the parasite DV (Kolakovich et al, 1997).

Also,

membrane/organelle fractions did retain some aminopeptidase activity (Fig. 4.2),
implying that a sub-population o f aminopeptidase molecules may have some
membrane association.

However, whole cell and particulate extracts had lower

specific activity overall than cytosolic extracts prepared using freeze-thaw. Some o f
the activity o f the former could have originated from the cytosol and was previously
not detected due to the inefficiency o f complete cell lysis using freeze-thaw since
extractions with Triton-X-100 gave higher protein yields than freeze-thawing.
Bestatin and analogues were tested for their inhibition o f aminopeptidase
activity in P. falciparum cytosolic extracts. Bestatin and nitrobestatin inhibited the
enzyme, nitrobestatin being more potent.

Other bestatin analogues gave no

measurable inhibition o f aminopeptidase activity. The rank order inhibitory profile of
compounds tested was nitrobestatin >bestatin >amastatin, apstatin, epibestatin,
epiamastatin.

Therefore, good correlation was observed for the inhibition of

ami nopeptidase activity, and parasite growth as described in chapter 3, suggesting
inhibition of aminopeptidase to be the primary mechanism o f growth inhibition by
these agents.
The only discrepancy observed was for amastatin, which did not inhibit parasite
growth in culture, but was as potent as bestatin on aminopeptidase activity in cytosolic
extracts. Amastatin is a tetra-peptide whereas bestatin is a di-peptide (Fig 1.2),
therefore a possible reason for this discrepancy may be that amastatin is a larger
molecule than bestatin. We do not know the relative rates o f uptake of these inhibitors
into cells, and perhaps amastatin is not transported across erythrocyte and parasite
membranes as efficiently as bestatin. When the enzyme is freely available in parasite
cytosolic extracts, however, it can bind to aminopeptidase and inhibit its activity. This
is plausible, considering the fact that the complexing o f bestatin and amastatin with
leucine aminopeptidase as determined by X-ray crystallography is identical (Rich et
al, 1984, Burley et al. 1992, and Kim et al, 1993).

This is also suggested by the

similarity o f the inhibitor structures at the binding region (see general introduction,
section 1.3).
Cyclic imides were tested for their ability to inhibit aminopeptidase activity in
parasite cytosolic extracts to investigate the possible presence o f an APN-like activity,
since an aminopeptidase gene belonging to the M l family o f zinc-metallopeptidases
(of which APN is a member) has been isolated in P. falciparum (Florent et al, 1998).
That a member o f this family exists in P. falciparum was also implied from the fact
that these compounds inhibited parasite growth in culture (see chapter 3). Therefore,
the cyclic imides (three o f which are specific for APN inhibition [4APP-33, PIQ22128, and PIQ-0101]) were tested for their ability to inhibit aminopeptidase activity
in parasite cytosolic extracts.
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None o f the compounds were active at the concentrations tested.
several possible explanations for this.

There are

First, aminopeptidase inhibition by these

compounds may require higher concentrations than those tested here.

This would

presumably imply considerable accumulation o f these agents by whole parasites.
Second, an APN-like enzyme may have been inhibited, but the inhibition was not
observed due to the presence of another, cyclic-imide-resistant aminopeptidase. It is
known that APN and leucyl-aminopeptidase both cleave leu-AMC and ala-AMC
fluorogenic substrates (Shimazawa et al, 1998). This is somewhat unfortunate for the
purposes of the work described here, since if both aminopeptidases co-exist in
Plasmodium, their separate identities cannot be demonstrated biochemically using the
spectrofluorometric assays described without isolating and characterising the
individual enzymes. Third, the possibility exists that the target for inhibition by these
agents is not present in parasite cytosolic extracts, and is located elsewhere in the cell,
perhaps associated with a cell membrane, or indeed, is not an aminopeptidase at all.
The most likely o f these reasons could be that more than one aminopeptidase exists in
P. falciparum', however, to demonstrate this experimentally will require the isolation
and characterisation o f individual genes encoding the separate enzymes, production of
the recombinant enzymes, and their characterisation (see chapter 5).
Aminopeptidase inhibitors unrelated to bestatin — leuhistin, apstatin, and
actinonin — partially inhibited P. falciparum aminopeptidase activity, but they were
not as potent as bestatin or nitrobestatin. The metal loprotease inhibitors tested gave
no measurable inhibition o f aminopeptidase activity even at concentrations o f up to
ImM. This was unusual considering the fact that aminopeptidases typically have a
requirement for metal ions for catalytic activity. In the studies by Curley et al, 1,10-
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phenanthroline (albeit at 2mM) completely inhibited P. chauhaudi and P. falciparum
aminopeptidase activities that had been separated by HPLC. This demonstrated that
leucyl-aminopeptidase is a metalloprotease; however, unlike other aminopeptidases,
the metal ion required for catalytic activity appeared not to be Zn^^ (Curley et al,
1994), However, if the aminopeptidase activity described in this study is not a Zn^'^dependent enzyme, this could explain why no inhibition o f aminopeptidase activity
was observed when dipicolinic acid (the chelator that specifically inhibits zinc
metalloenzymes) was tested against P. falciparum aminopeptidase. These data appear
contradictory, but considering the fact that crude cytosolic extract was used as the
aminopeptidase source, another possibility is that in this environment, aminopeptidase
exists with the required metal co-factor bound deep within the active site of the
enzyme, and chelators are unable to disassociate the enzyme-metal ion complex once
it is bound, and therefore have no inhibitory effect.
The partial purification o f P. falciparum aminopeptidase revealed proteins with
apparent molecular weights of between 56 and 97kDa in the partially-purified
preparation, including a protein which ran with an approximate molecular weight o f
~66kDa. This approximates the expected size of 67.8 kDa from the full-length gene
sequence that will be described in chapter 5. The enzyme was considered to be a
leucine aminopeptidase, due to its cleavage o f fiuorogenic substrate leucine-AMC,
however, detailed characterisation studies could not be performed on the partiallypurified enzyme due to the limited quantities available.
The studies o f this chapter reveal that P. falciparum leucyl-aminopeptidase is an
active, cytosolic enzyme, the presence o f which can be detected biochemically in all
stages o f the erythrocytic cycle. The work has shown that nitrobestatin is the most
potent inhibitor o f aminopeptidase activity in trophozoite cytosolic extracts, in
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addition to being the most potent inhibitor o f parasite growth in cuhure (described in
chapter 3).

Since the inhibition o f am inopeptidase activity by am inopeptidase

inhibitors shows good correlation with the inhibition o f parasite growth in culture by
these inhibitors, it implies that am inopeptidase is likely to be the target being affected.
Overall, therefore, this work supports the idea that leucyl-am inopeptidase is
essential for parasite survival in culture, and as such implies that am inopeptidase is a
good candidate for investigation as a novel drug target.
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Chapter 5

Studies using anti-aminopeptidase antiserum

5.1. I n t r o d u c t io n

To date, the only reported aminopeptidase gene isolated from P. falciparum
encodes a 1056-residue protein belonging to the M l family of zinc-metallopeptidases.
It is present on chromosome 13 o f f*. falciparum FcBl/Columbia strain (Florent et al,
1998). The workers who reported the isolation o f this gene raised an anti-serum to a
synthetic peptide deduced from a region o f the nucleotide sequence. This antiserum
labelled two proteins o f apparent molecular weights 96-and 68-kDa in schizonts.
Immunoprecipitates of both bands displayed aminopeptidase activity, suggesting the
presence of an aminopeptidase belonging to the Ml family.
In addition to this aminopeptidase gene sequence, a partial sequence o f a
putative leucyl-aminopeptidase was isolated by our co-workers in Dublin City
University (DCU). A recombinant fusion polypeptide o f -1 6 kDa was produced from
this partial sequence by expression in E. coli, and used to generate antiaminopeptidase antiserum (anti-aminopeptidase-X) (section 2.8.6).
Subsequent to the identification of the partial gene sequence. Dr. Colin Berry
and our co-workers at DCU identified an entire open reading frame (ORF) for a
putative leucyl-aminopeptidase in the TIGR P. falciparum genome sequence database
(http://www.tigr.org), by searching using the partial sequence. The gene, located on
chromosome 14, encoded a 605-amino acid protein with a predicted molecular weight
o f 67.8 kDa.

This novel P. falciparum gene showed striking similarity to leucine

aminopeptidases from other eukaryotes and prokaryotes. Characterisation o f this gene
product is currently in progress.
This chapter describes the investigations that were performed using antiami nopeptidase-Ml immunoglobulins; (a) for the detection o f an aminopeptidase-Ml
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in P. falciparum cytosolic extracts, and (b) to test whether anti-aminopeptidase-Ml
immunoglobulins cross reacted with the aminopeptidase partially-purified in this study
(section 4.3.4). Also described herein are the investigations that analysed whether or
not anti-aminopeptidase-X antiserum generated by our co-workers could detect a
leucyl aminopeptidase in P. falciparum cj^osolic extracts.

The purpose was if

possible to relate the leucyl aminopeptidase activity described in chapter 4 to the gene
products described above.

5.2. M e t h o d o l o g y

Materials and methods used in this chapter are described in detail in chapter 2.
Anti-aminopeptidase polyclonal antisera (anti-aminopeptidase-X antiserum) was
provided by Dr. Bernadette Condon, School o f Biological Sciences, Dublin City
University.

Anti-aminopeptidase-MI immunoglobulins were provided by Isabelle

Florent, Laboratoire de Biologic Parasitaire, Museum National d’Histoire Naturelle,
Paris. Aminopeptidase-M 1 immunoglobulins were generated as follows: A multiple
antigenic peptide (MAP) with an amino acid sequence deduced from the
aminopeptidase-M 1 gene was synthesised, and the purified MAP construct;
('^^KNEPKIHYRKDY’’^KG)8 -(Lys)7-PAla-OH, emulsified in complete or incomplete
Freud’s adjuvant, was used to immunize a rabbit. Immunoglobulins G were purified
from the immune serum by using Sepharose coupled to protein-G, followed by affinity
on H-Trap® affinity columns on which the MAP had been covalently coupled (Florent
e t al , 1998).
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5.3. R e s u l t s

5.3.1.

Studies using anti-am inopeptidase-X antiserum

5.3.1.1. Stage specific expression o f aminopeptidase

Cytosolic extracts from synchronized parasites were analysed for their immunoreactivity with anti-aminopeptidase-X antiserum.

Proteins were separated by SDS-

12.5% PAGE, transferred to nitrocellulose, and immunoblotted by standard procedure,
using as first antibody anti-aminopeptidase-X antiserum. A number o f protein bands
in cytosolic extracts o f ring, trophozoite, schizont, and asynchronous cultures were
recognised by anti-aminopeptidase-X (Fig. 5.1).

Proteins recognised had apparent

molecular weights of between -30-96 kDa, the most prominent o f these at -3 0 , 43, 47,
and 66 kDa. The his-tag purified recombinant protein used for anti-aminopeptidase-X
antiserum production was 1185 amino acids in length, therefore, one would expect a
reactive band at -1 6 kDa. A band o f this size was observed, as were higher molecular
weight bands at -6 7 kDa, which may have represented aggregates containing
multimers o f the fusion protein.
As mentioned in chapter 2, two methods were used for the production o f
antibodies to the putative leucyl aminopeptidase. A second antiserum [anti-pepAP]
(produced after an ORF for a full-length aminopeptidase gene sequence was obtained)
was produced by immunizing a rabbit with a synthetic peptide that was based largely
on the bestatin binding site of the aminopeptidase gene sequence (JP Dalton, personal
communication).

Anti-pepAP was tested for immunoreactivity with proteins in

synchronized parasites, but none was observed (data not shown).
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Figure 5.1. P. falciparum ring (R), trophozoite (T), schizont (S) and asynchronous (A)
stage proteins recognised by anti-aminopeptidase-X antiserum. Proteins [0.3|ig rings (06h), O.S^g trophozoites (24-30h), lug schizonts (36-42h)], were separated in a SDS-12.5%
polyacrylamide gel, transferred to nitrocellulose, and labelled with anti-aminopeptidase-X
antiserum. Molecular masses are indicated on the left of the figure. The purified his-tag
recombinant protein (Rec) used for the production of anti-aminopeptidase X antiserum was
used as a positive control.

5.3.2. Immunoreactivity o f P. falciparum am inopeptidase in trophozoite extract,
and

partially-purified

aminopeptidase

with

anti-am inopeptidase

Ml

immunoglobulins

In order to determine whether the M l-class aminopeptidase described by Florent
et al (1998) bore any relation to the enzyme described here, anti-aminopeptidase-Ml
immunoglobulins were used to probe western blots o f synchronized whole P.
falciparum

and

partially-purified

aminopeptidase.

It

was

known

that

anti-

aminopeptidase-M 1 immunoglobulins recognised bands of apparent Mr 96 and 68 in
cytosolic extracts of schizonts (Florent et al, 1998).
Anti-aminopeptidase-Ml immunoglobulins labelled immunoreactive proteins of
approximately the expected sizes (-96 and 66 kDa) in cytosolic extracts prepared from
all P. falciparum stages (Fig. 5.2). During the partial purification o f aminopeptidase
(section 4.3.4), activity eluted from the bestatin affinity column in two broad peaks at
40 and 80mM NaCl. When these peaks of activity were concentrated and analysed for
recognition by anti-aminopeptidase-Ml immunoglobulins, immunoreactive bands of
-9 6 and 66 kDa were also observed (Fig. 5.3A). After storage o f these fractions for a
week at 4°C, only the lower 66 kDa band remained immunoreactive with antiaminopeptidase-Ml immunoglobulins (Fig. 5.3B).

This suggested that the 96 kDa

band had most likely been degraded upon storage. Moreover, the fact that both these
fractions were active for aminopeptidase implied that the 66 kDa band was most likely
the protein responsible for the majority o f the enzyme activity detected using L-leuAMC.

This presumption was further substantiated by the fact that following gel-

exclusion chromatography o f the bestatin-affinity eluted protein, anti-aminopeptidaseM l immunoglobulins recognised a single band o f -6 6 kDa (Fig. 5.3A, B).
119

MW KDa

Figure 5.2.
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P. falciparum proteins recognised by anti-aminopeptidase-Ml

immunoglobulins. Proteins (~1.5-2|xg) from asynchronous (lanes 1 and 3), schizont
(lanes 4 and 5), trophozoite (lanes 6 and 7), and ring (lane 8) stages were separated in
a SDS-12.5% polyacrylamide gel and transferred to nitrocellulose, then probed with
the anti-aminopeptidase-Ml immunoglobulins. Molecular masses are indicated on
the left of the figure. Lane 2: 2.5fil o f the his-tag purified recombinant protein used
for the production o f the anti-aminopeptidase-X antiserum was loaded in the gel that
was transferred to nitrocellulose. No recognition by anti-aminopeptidase Ml
immunoglobulins o f the recombinant protein was observed.

Figure 5.3. Recognition of partially-purified P. falciparum aminopeptidase by
anti-aminopeptidase-Ml immunoglobulins.

Panel (A l):

Proteins from the

bestatin affinity column corresponding to 40 and 80 mM NaCl peaks of
aminopeptidase activity recognised by anti-aminopeptidase-Ml immunoglobulins as
~96 and ~66 kDa proteins. Lanes 1-3 represent cytosolic extract (~3.2^g), fractions
eluted from the bestatin affinity column by 40 (~0.72|ag), and 80 (~1.5^g) mM NaCl,
respectively; lane 4: partially-purified aminopeptidase (~0.156|j,g).

Panel (A2):

Silver-stained SDS 12.5%-PAGE analysis of cytosolic extract (lane 1), fractions
eluted from the bestatin affinity column by 40 (lane 2), and 80 (lane 3) mM NaCl, and
partially-purified aminopeptidase (lane 4). This gel is identical to the gel run and
used for the western blot analysis described for panel A l.

Panel (B): Bestatin-

affmity purified proteins probed with anti-aminopeptidase-Ml immunoglobulins after
storage o f the fractions for a week at 4°C. Lane 1: parasite cytosolic extract (~3.6|o.g),
lanes 2 and 3: fractions eluted from the bestatin affinity column by 40 (0.12(jg) and
80mM (0.244|ig) NaCl, respectively.

Lane 4:

partially-purified aminopeptidase

(0.3|ig). All proteins were separated in a SDS-12.5% polyacrylamide gel, transferred
to nitrocellulose, and probed with the anti-aminopeptidase-Ml immunoglobulins.
Molecular masses are indicated on the left of the figure.
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5.4.

D is c u s s io n

The stage-specific expression o f aminopeptidase was investigated using antiaminopeptidase-X anitserum. Anti-aminopeptidase-X antiserum recognised a number
o f protein bands in ring, trophozoite and schizont stage parasites, as well as in
parasites from asynchronous culture (Fig. 5.1). Similar band patterns were observed
when experiments were performed using parasites that were prepared in the absence
or presence o f protease inhibitors, so was unlikely that the low-molecular weight
bands were proteolytically-degraded fragments o f higher molecular weight proteins.
The most prominent immunoreactive bands had apparent molecular weights o f -43
and 47 kDa, with others observed at 30, 66 and 96 kDa.

Anti-aminopeptidase-X

antiserum recognised parasite proteins in all stages, however, it is not possible at this
stage to identify which bands were most likely to be aminopeptidase. There are two
conclusions that can be drawn from the data.

Firstly, it is possible that the most

prominent of the low molecular weight bands (-43 and 47 kDa), represent natural
proteolytic products o f the high molecular weight precursor leucyl-aminopeptidase
(which has a predicted molecular weight o f 67.8 kDa from its gene sequence). This is
conceivable considering the fact that aminopeptidase-Ml appears to be proteolytically
processed from a 122 kDa precursor zymogen, to a mature 96 or -6 6 kDa protein
(Florent et al, 1998). Alternatively, but highly unlikely, the bands recognised by antiaminopeptidase-X antiserum are non-specific proteins.

Further investigations

regarding this work are required to decipher between these two possibilities, and will
only be possible once the recombinant protein product o f the full-length leucylaminopeptidase gene sequence becomes available, and an exact molecular weight
determination can be made.

Subsequent to this work, as mentioned in the introduction to this chapter, an
entire ORF for a putative leucyl-aminopeptidase was identified by our co-workers.
When analysed in the BLAST algorithm in the GenBank database, 385 o f the 605
amino acids o f the translated gene correspond to sequences characteristic o f the
Peptidase_M17 family of metallopeptidases, among which leucyl and cytosolic
aminopeptidases from plants and animals, ami nopeptidase A and peptidase B are
members

(Fig.

5.4A).

This

differs

from

the

similarities

displayed by the

ami nopeptidase isolated by Florent et al, which are towards members of the Peptidase
Ml family (Fig. 5.4B). When the two P. falciparum aminopeptidase sequences were
aligned using Clustal W, little similarity was observed between them. The putative
leucyl-aminopeptidase did not display any o f the categorical signature motifs that are
characteristic o f the M l family o f Zn^"^ metallopeptidases, however, sequences which
are conserved with the coordination sites for Zn^^ in bovine lens aminopeptidase are
present (Fig. 5.5). The substantial differences between the two sequences suggests
that these two aminopeptidase genes are encoding distinct enzymes, however, further
characterisation o f both genes, and gene products will be required to ascertain whether
one or both of them corresponds to the activity detected in P. falciparum.
Anti-aminopeptidase-Ml immunoglobulins labelled bands o f the expected sizes
in all three stages o f P. falciparum, verifying that aminopeptidase-Ml is expressed
throughout the erythrocytic cycle. Interestingly, the aminopeptidase partially-purified
in this study also immunoreacted with anti-aminopeptidase-Ml immunoglobulins.
This indicated that the purification was successful for the isolation o f an
aminopeptidase from cytosolic extracts, however, what remains uncertain is whether
or not the identified product represents the activity reported by Florent et al, Curley et
al, or indeed, other aminopeptidase activities reported in Plasmodium. It is possible
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Figure 5.4. Protein sequence similarity of putative P. falciparum (3D7 strain) ieucylaminopeptidase (A), and P. falciparum (FCBl strain) aminopeptidase M l (B), with
peptidase families. Amino acid sequences of aminopeptidase genes were analysed in the
BLAST algorithm in the GenBank database to search for homologous proteins, vertical bars
indicate the length o f the complete gene (not to scale), numbers indicate the numbers of amino
acids. The conserved domains are shown by the coloured boxes.
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Figure 5.5. Comparison of amino acid sequences of potential P. falciparum 3D7
ieucyl-aminopeptidase with P. falciparum FCBl/Columbia M l aminopeptidase.
Amino acid alignment of the sequences of P. falciparum 3D7 and P. falciparum
FCBl/Columbia (FCBl), indicate fiilly (*, red residues) and partially (•) conserved
amino acids.

Canonical signatures o f zinc-metallopeptidases (GAMEN motif,

HEXXHXigE, and conserved tyrosine at position 551) are indicated in pink (the
tyrosine residue indicated by arrow head) under the Ml aminopeptidase sequence. For
the putative leucyl-aminopeptidase, the sequences highlighted in green indicate the
sequences which are conserved with the coordination sites for Zn^^ in bovine lens
aminopeptidase. The sequences highlighted in yellow represent the 163-175 region
that was used to synthesise the peptide used for generation of the anti-aminopeptidase
Ml immunoglobulins (Florent e/a/, 1998).

that

anti-aminopeptidase-Ml

immunoglobulins

could

cross-react

with

aminopeptidases o f different classes if the epitopes recognised are common to
different classes o f enzymes. However, from the alignment o f the two aminopeptidase
amino acid sequences (Fig 5.5) we see that the region used to produce the peptide that
was used for generation of the anti-aminopeptidase-Ml immunoglobulins (Florent et
al, 1998) has only two amino acids that are conserved with the aminopeptidase
sequence isolated by our co-workers. Therefore, cross-reaction seems unlikely, and
indicates that the aminopeptidase being detected is most likely aminopeptidase-Ml.
However, the possibility must be considered that gel-exclusion chromatography (used
for the partial purification o f aminopeptidase [chapter 4]) was not successful for the
separation o f the two aminopeptidases discussed here. If these enzymes are of similar
molecular weights, both may be present

in the

fractions which displayed

immunoreactivity with anti-aminopeptidase-Ml antiserum.
The aminopeptidase genes mentioned above encode separate enzymes,
indicating that more than one aminopeptidase may exist in P. falciparum.

This

contradicts the previous presumptions by Curley et al o f the existence o f only a single
enzyme (Curley et al, 1994). It seems likely that there is a requirement for a family o f
aminopeptidases, that differ in specificity, for the successful exoproteolytic cleavage
o f haemoglobin-derived peptides to amino acids (the proposed function o f
aminopeptidase).

However, in order to establish whether or not aminopeptidases

isolated from P. falciparum in previous and present studies represent one or a family
o f enzymes, the isolation and characterisation o f all aminopeptidase gene sequences
and their products will be necessary. The ability to demonstrate that more than one
aminopeptidase exists in P. falciparum using biochemical means would be difficult
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using assays such as those used in this study, considering that often am inopeptidases
o f different families cleave sim ilar substrates.

123

Chapter 6

Effects of aminopeptidase inhibitors on terminal stages
of haemoglobin breakdown

6.1. I n t r o d u c t io n

The cleavages that aspartic, cysteine and metallo-proteases make during the
initial stages of haemoglobin hydrolysis in the DV are infrequent enough that there
must be exopeptidases to finish the proteolysis, generating free amino acids for the
parasite’s nutrition (section 1.4.4).

Other workers have shown that no detectable

amino acids are produced by endoprotease activities o f the parasite DV (Kolakovich
et al, 1997). Studies described in this chapter have directly investigated the possibility
that P. falciparum cytosolic leucyl-aminopeptidase is the exopeptidase responsible for
the cleavages o f haemoglobin-derived peptides to amino acids. The aminopeptidasespecific inhibitors bestatin and nitrobestatin have been used as tools for this purpose.
The known cleavage sites that define the peptide fragments for plasmepsins 1 and
II, falcipains I and II, and falcilysin (enzymes that act during the initial stages o f
haemoglobin proteolysis) are on average 8.4 amino acids apart (Gluzman et al, 1994).
The amino acid sequences of many o f the peptides liberated from haemoglobin during
vacuolar digestion have been obtained by comparing the molecular masses of
haemoglobin-derived peptides (determined by mass-spectrometry), to the sequences
o f the a and (3 chains o f human haemoglobin (Gluzman et al, 1994).

This

information was used here to design three synthetic peptide substrates with amino
acid sequences corresponding to endoproteolytic cleavage products o f globin.
Peptides were designed considering both size (choosing the smallest possible peptides
as those most likely to be exopeptidase substrates), and the substrate preference that
P. falciparum aminopeptidase exhibits for leucine or alanine residues at the amino
terminus. Peptides o f 8, 10 and 13 amino acids (Pep 8, Pep 10, and Pep 13
respectively) were designed on this basis (section 2.11.1).
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The experiments described herein have analysed the terminal cleavages o f
haemoglobin-derived peptides by both trophozoite cytosolic extract (containing
aminopeptidase activity), and partially-purified aminopeptidase in vitro using (a) the
natural peptide degradation products o f haemoglobin digestion in parasite digestive
vacuoles, and (b) synthetic peptide substrates. Peptide hydrolysis was analysed in the
absence and presence o f nitrobestatin, in addition to inhibitors specific for other
protease classes, to investigate the enzymes responsible for peptide hydrolysis. The
results presented in this chapter support the idea that P. falciparum aminopeptidase is
the enzyme likely to be responsible for the terminal cleavage o f haemoglobin-derived
peptides to amino acids.

6.2 . METHODOLOGY

Materials and methods used in this chapter are described in detail in chapter 2.
The FCH5C.2 Tanzania strain o f P. falciparum was used for all experiments.
Digestive vacuoles and whole cell extracts used for the hydrolysis o f haemoglobin
were prepared from synchronised trophozoites prepared in the absence o f protease
inhibitors as described in sections 2.3.2 and 2.2.2.

Trophozoite cytosolic extracts

(Text) used for the hydrolysis o f synthetic peptides, and extracts used for the partialpurification o f aminopeptidase, were prepared in the absence or presence o f protease
inhibitors as described in sections 2.3.1, and obtained by centrifugation at 14 000 x g
and 100 000 x g, respectively.
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6.3. R e s u l t s

6.3.1. Effects on the terminal stages of haemoglobin degradation

6.3.1.1. Degradation of haemoglobin by DV extract.

The initial stages o f haemoglobin degradation are carried out by endoproteases
located in the parasite DV.

For the purposes o f the experiments described herein,

DVs were isolated from synchronised cultures o f P. falciparum-\wiQcXQ,di erythrocytes
at the mid-trophozoite stage (24-30h old post-invasion).

The integrity o f isolated

DVs was determined by microscopic examination, and using SDS-PAGE to monitor
the proteolytic activities of DVs capable o f degrading haemoglobin (Goldberg et al,
1990).
Phase-bright phase-contrast microscopic examination o f DV preparations
revealed clusters o f grey-black vacuoles (observations not shown). Preparations were
predominately free o f whole-cell contaminants; however, on occasion contamination
with intact cells was observed. DV extracts partially degraded haemoglobin in vitro,
as judged by the banding patterns on poly-acrylamide gels (i.e. the disappearance of
starting material, Fig. 6.1 A, B, lanes 4). The optimum pH for hydrolysis was pH 4.55.0, a pH consistent with that required to achieve maximum levels o f haemoglobin
degradation in the parasite DV (Goldberg et al, 1991). For comparison, whole-cell
extracts prepared using detergent were analysed. Degradation was more marked than
was observed using DV extract, however, specific activities o f cysteine protease were
much higher in whole cell extracts than in isolated DVs (chapter 4).
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Figure 6.1. Degradation of human haemoglobin by vacuolar (A), and whole-cell
(B) parasite extracts. Remaining haemoglobin (Hb) was assessed by SDS-PAGE.
Arrows indicate tlie position o f Hb bands; the whole molecule (64-kDa), dimer (32kDa), and monomer (16-kDa) forms.

Lane 1: molecular weight markers, lane 2:

extracts alone (0.3|xg), lane 3: Hb alone (O.Sljig), lane 4: Hb incubated with extract
(1.2^g), lane 5: Hb incubated with extract + lOuM pepstatin, lane 6: Hb incubated with
extract + 20p,M E-64, and lane 7: Hb incubated with extract, pepstatin and E-64.
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In both cases, hydrolysis was inhibited to some extent by the aspartic protease
inhibitor pepstatin (Fig. 6.1 A, B, lane 5), and the cysteine protease inhibitor E-64
(Fig. 6.1 A, B, lane 6), in agreement with previously published reports (Goldberg et
al, 1990).

The combination o f these protease inhibitors inhibited hydrolysis to a

greater extent than when each was used alone, as judged by the reappearance o f
haemoglobin bands [arrows] (Fig. 6.1 A, B, lane 7). The prevention o f haemoglobin
degradation by these agents confirmed that haemoglobin breakdown had occurred due
to the activity o f aspartic and cysteine proteases, most likely vacuolar proteases, since
similar fragment band profiles were observed for haemoglobin hydrolysis by both DV
and by whole-cell parasite extracts.
These observations show that at least a substantial portion o f DVs from those
isolated contained endoproteases that remained active following isolation as judged
by their ability to degrade haemoglobin substrate.

6.3.I.2. Degradation of haemoglobin by vacuolar enzymes and cytosolic extract

Initial attempts to test the hypothesis that P. falciparum aminopeptidase is the
exopeptidase responsible for the hydrolysis o f haemoglobin-derived peptides to
amino acids involved assaying the terminal stages o f haemoglobin degradation in
vitro by an extension o f a method previously described (Kolakovich et al, 1997).
Peptide degradation products o f haemoglobin digestion, obtained from the incubation
o f human haemoglobin with digestive vacuole extract (section 2.6.2), were incubated
with trophozoite cytosolic extract (Text) (the exopeptidase source) in the absence and
presence of nitrobestatin. The cleavage products o f the hydrolytic reaction, peptides
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and amino acids, were separated by gel-exclusion chromatography using an FPLC
system.
Reference standards for a protein (haemoglobin), peptide (HIV protease substrate
III: Acetyl-ser-gln-asn-tyr-pro-val-val-amide [a synthetic peptide encompassing the
size range of those expected from initial haemoglobin proteolysis, ~ 8 amino acids
(Gluzman et al, 1994)], and an individual amino acid (tryptophan), were separated on
a Superdex-peptide 10/30 HR FPLC column (Fig 6.2). These standards were used to
establish retention times, and these times were then used in the collection of
presumptive peptide and amino acid fractions o f experimental samples.

These

fractions were analysed for peptide content by Liquid Chromatography/Mass
Spectrometry (LC/MS), and amino acid content by Reverse Phase High Performance
Liquid Chromatography (RP-HPLC).
A reduction in the overall amino acid pool was observed in gel-filtration fractions
encompassing the amino acid size range for hydrolytic reactions performed in the
presence o f nitrobestatin (Fig. 6.3).

However, background levels o f amino acids

were high, and contaminating amino acid peaks (especially isoleucine) were present.
The chromatograms obtained for samples analysed for peptide content by LC/MS
were highly complex (not shown), and the experiment was incapable o f determining
whether or not a build-up o f peptides had occurred that could explain the reduction in
overall levels o f free amino acids in samples prepared in the presence o f nitrobestatin.
In conclusion, these data were strongly suggestive o f exoproteolytic degradation o f
haemoglobin peptides by Text, and the inhibition o f this process by nitrobestatin.
However, it was necessary to resort to a simpler system in order to confirm this
finding.
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Figure 6.2. Separation of protein, peptide, and amino acid standards by FPLC. 500|il o f a mixture o f haemoglobin (1.3mg/ml),
HIV protease substrate III (Acetyl-ser-gln-asn-tyr-pro-val-val-amide, 0.5mg/ml), and the amino acid tryptophan (1 mg/ml), were
separated on a Superdex-peptide HRlO/30 column. Elution was performed at a flow rate o f 0.5 ml/min in 0.1% TFA, 30% acetonitrile
buffer. Products were detected at 280nm. Arrows designate the retention volumes o f the three constituents.
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Figure 6.3. Cleavage of vacuolar digest products (Hb+DV) by trophozoite extract (Text). Haemoglobin (Hb) pre-digested with DV
extract was incubated with trophozoite cytosolic extract (exopeptidase source) in the absence (Hb+DV+Text), and presence
(Hb+DV+Text+Nitrobestatin) o f nitrobestatin. Samples were analysed for amino acid content by RP-HPLC. Data represent quantities o f
amino acids (pmol) in gel-filtration fractions o f experimental samples separated by FPLC after background levels (originating from Hb+DV,
and trophozoite extract alone) have been subtracted. All o f the amino acids above are natural constituents o f haemoglobin, apart from
isoleucine (*), which is absent fi'om its sequence. Data are from a single, representive experiment.

6.3.1.3. Degradation o f synthetic globin peptides by cytosolic extract (method 1)

The experiment described above was simplified by replacing the natural products
of haemoglobin digestion with three synthetic peptide substrates, which were based
on published sequences o f known products produced by the proteolytic activities of
plasmepsin I, plasmepsin II, or falcipain (section 2.11.1).

The ability o f Text to

hydrolyse these synthetic peptides (Pep 8, Pep 10, and Pep 13) was qualitatively
assessed by thin layer chromatography (TLC). Peptide hydrolysis was visualised on
thin layer chromatograms by spraying with ninhydrin to detect liberated amino acids.
TLC revealed that amino acids appeared in samples o f incubations of Text with all
three peptides (Fig. 6.4A, B, C, lanes 2). Only limited amounts of free amino acids
were observed in control samples containing peptides or Text alone (Fig. 6.4A, B, C,
lanes 4 and 5).
peptides.

This indicated that the extract had catalysed hydrolysis o f the

Most interestingly, the degradation o f these peptides was inhibited by

nitrobestatin (Fig. 6.4A, B, C, lanes 3). Hydrolysis o f Pep 8 was inhibited completely
(Fig 6.4 [A, lane 3]), and hydrolysis o f Pep 10 (Fig 6.4B, lane 3), and Pep 13 (Fig
6.4C, lane 3) substantially reduced. These data suggested that aminopeptidase(s) in
the extract were responsible for the hydrolysis observed.

6.3.I.4.

Degradation of haemoglobin derived peptides by cytosolic extract

(method 2)

Text was assayed in a more quantitative manner for its ability to hydrolyse Pep 8,
Pep 10, and Pep 13 synthetic peptide substrates, using amino acid analysis to measure
the constituent amino acids in samples.
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After incubations o f Text and peptides

Figure 6.4. Thin layer ciiromatographs showing the hydrolysis of synthetic peptides by
T ext containing aminopeptidase. Hydrolysis of Pep 8 (A), Pep 10 (B), and Pep 13 (C)
peptides resulted in the production of amino acids, visualised using ninhydrin (lane 2 for each
chromatogram, position indicated by arrows). Hydrolysis of all three peptides was inhibited
by 50|aM nitrobestatin, as judged by the reduction in the appearance of ninhydrin-stained
spots (lane 3 for each chromatogram). Amino acid standards (a mixture of 17a-amino acids)
(lane 1) were chromatographed to show profiles for individual amino acids. Peptides (A4, B5
and C5), and trophozoite extract alone (A5, C4) were chromatographed for comparison with
sample hydrolysates to account for background amino acids.
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(section 2.11.3), the constituents o f the peptide sequences were present in high
quantities as free amino acids, reflecting their liberation catalysed by constituents of
the extract (Figs 6.5-6.7). The kinetics of hydrolysis o f peptides by Text, in particular
o f Pep 8, suggested that peptide cleavage was occurring sequentially from the aminoterminus. However, it appeared that an endoproteolytic cleavage and/or some
carboxypeptidolytic activity, in addition to aminopeptidolytic activity, was apparent
upon extract hydrolysis o f Pep 10, as evidenced by the early release o f amino acids
internal to the peptide sequence (Fig. 6.6A and B). Similarly, an endoproteoljtic
cleavage appeared to occur in Pep 13 (Fig. 6.7A and B). Contamination o f Text with
vacuolar endoproteases may account for these endoproteolytic cleavages: while this
study was in progress, a falcilysin cleavage site was identified within Pep 13
[TTKT/YFPH] (Eggleson et al, 1999).

6.3.1.5. Peptide degradation in the presence o f am inopeptidase and other
protease inhibitors

The hydrolysis o f Pep 8, Pep 10, and Pep 13 synthetic peptides by Text was
inhibited in a concentration-dependent manner by nitrobestatin. This was observed as
a dramatic reduction in the amounts o f free amino acids derived from each peptide
sequence after incubation (Table 6.1), and supported the notion that one or more
aminopeptidases were responsible for the exoproteolytic cleavages observed.

It is

difficult to provide an explanation for the discrepancy in the case o f the arginine
present for the hydrolysis o f Pep 10 in the presence o f 0.1|uM nitrobestatin (Table 6.1,
col. 2). 1 have been informed that amino acid analysis is extremely sensitive, and
contaminating peaks are often observed (Ian Davidson, personnel communication).
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Figure 6.5. Kinetics of cleavage of Pep 8 synthetic peptide by trophozoite cytosolic
extract on two separate occasions (Exp 1 and Exp 2). The reaction contained peptide
(130|j,g) and trophozoite cytosolic extract (~1 U in ~35|o.g), in lOmM Tris-HCl, pH 7.2, at
37°C for the time points indicated. Sample hydrolysates were analysed for free amino
acids by reverse phase-HPLC. The data show concentrations of those amino acids present
in Pep 8 only, after background levels o f amino acids from Text were subtracted.
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Figure 6.6.

Kinetics of cleavage of Pep 10 synthetic peptide in two separate

experiments (Exp 1 and Exp 2) by trophozoite cytosolic extract.

The reactions

contained peptide (130|^g) and trophozoite cytosolic extract, exp 1; (lU in ~35ng) and
exp 2: (0.9U in ~10jig), in lOmM Tris-HCl, pH 7.2, at 37°C for the time points indicated.
Sample hydrolysates were analysed for free amino acids by RP-HPLC. The data show
the concentrations o f only those amino acids present in Pep 10, after background levels of
amino acids from Text were subtracted.
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Figure 6.7.

Kinetics of cleavage of Pep 13 synthetic peptide in two separate

experiments (Exp 1 and Exp 2) by trophozoite cytosolic extract.

The reaction

contained peptide (250jxg) and trophozoite extract; Exp 1: (lU in ~35fig) and Exp 2;
(0.9U in ~10|ig), in lOmM Tris-HCl, pH 7.2, at 37°C for the time points indicated.
Sample hydrolysates were analysed for free amino acids by RP-HPLC. The data show
the concentrations o f only those amino acids present in Pep 13, after background levels
o f amino acids from Text were subtracted.
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Table 6.1. Inhibition of peptide hydrolysis bv nitrobestatin
Substrates: HzN EEKSAVTA COOH

H 2N LRVDPVNFKL COOH (10mer),H2^ LSFPTTKTYFPHF C 00H (13m er)

Free amino acid concentrations (pmol) after incubation o f peptide with:
Amino Acid

Text + peptide

Text + 0.1 nM
nitrobestatin

Text + 10|iM
nitrobestatin

Text + 50nM
nitrobestatin

All peptides no
Text

Asp (D)
Glu (E)
Asn (N)
Ser (S)

598
1313
67
938
1010
0
119
1522
2033
538
1065
930
762
872
910
618
50
641
86
1166
976
1085

569
1142
38
821
ND
615
0
ND“
ND
507
963
651
755
765
ND
484
ND
ND
0
ND
ND
1137

33
508
0
271
ND
0
0
ND
ND
51
210
7
15
132
ND
0
ND
ND
0
ND
ND
159

4
146
0
29
0
0
0
9
1456
16
0
0
0
0
0
0
0
0
0
332
1
45

1
0
3
1

Arg (R)
Thr(T)
Phe(F)
Ala (A)
Val (V)
Lys (K)

His (H)
Pro (P)
Tyr(Y)
Leu (L)
®ND=Not determinec

Values indicate the levels of amino acids in experimental samples after background levels from Text were subtracted.

0
0
0
0
0
18

0
2
0
0

Amino acid release was not inhibited by the aspartic protease inhibitor pepstatin
(50)aM), the cysteine protease inhibitor Z-Phe-Ala-CHN 2 (50juM) (Table 6.2) nor
drug solvent DMSO at the concentrations used (data not shown).
O f the aminopeptidase inhibitors, nitrobestatin was the most potent for the
inhibition o f peptide hydrolysis by Text, followed by bestatin and amastatin (Table
6.2).

This inhibitory profile showed good correlation to that observed for

aminopeptidase activity in cytosolic extract (chapter 4).

At 50)aM, the metallo-

protease inhibitor dipicolinic acid inhibited release o f amino acids from all three
peptides (Table 6.2).

6.3.I.6.

Degradation o f haem oglobin derived peptides by partially-purified

aminopeptidase

In order to confirm that the aminopeptidase detected using fluorogenic peptide
substrate in Text (chapter 4) was responsible for the exoproteolytic cleavages of
synthetic peptides, partially-purified aminopeptidase was tested for its ability to
hydrolyse Pep 10 and Pep 13 synthetic peptides (hydrolysis o f Pep 8 was not
examined due to the severely limited supply o f the partially-purified enzyme).
Kinetics of hydrolysis of these two peptide substrates by partially-purified
aminopeptidase showed the sequential liberation o f amino acids from the amino
termini (Fig. 6.8).

Only the first two amino acids o f each peptide were liberated

over time by native aminopeptidase, and no release of amino acids internal to the
peptide sequences or at the carboxy-terminal end was observed.

The amount o f

aminopeptidase activity (as measured using Leu-AMC) added to this experiment was
-50% lower than that used in the trophozoite extract experiments, although this does
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Table 6.2. Inhibition of peptide hydrolysis by protease inhibitors
T

Amino Acid

Asp (D)
Glu (E)
Asn (N)
Ser (S)
Arg (R)
Thr (T)
P h e(F )
Ala (A)
Val (V)
Lys (K)

His (H)
Pro (P)
T y r(Y )
Leu (L)

1

n

l o i i i c i i.

Mini

r i i i ivl ,

r iir v i i i i m

i

i j i u u i -----------------

Inhibition o f amino acid release (%) after incubation o f oeotide with
Text +50|uM
Text +50|j M
Text + 50|iM
Text +50|iM
pepstatin
nitrobestatin
bestatin
amastatin

Text +50nM
Z-Phe-Ala-CHNz

Text +50|^M
dipicolinic acid

99

45.2

NR“

0

6.4

NR

8 8 .9

7 3 .5

28

1 1 .6

0

100

100

98.5

NR

0

43.3

NR

9 6 .9

78

14

17

0

100

0

100

48.8

0

0

2

NR

NR

NR

100

NR

100

100

8 1 .7

100

95

N R

7 3 .9

99.4
28.4

31.1
37.9

74
52.2

2.5
3.1

0
0

79.1
100

97

10.7

62.9

0

20

100

100

5 9 .3

2 5 .9

1 2 .3

1

100

100

7 3 .9

8 7 .6

2 4 .7

9 3 .2

100

100

44.1

NR

0

3.9

NR

100

86

5 2 .5

1 9 .1

9 .8

9 7 .6

100

0

59.4

0

87.3

75.1

100

53.2

88.2

42

27.5

100

100
100

NR
100

95.5
NR

NR
NR

NR
NR

80
NR

100

100

NR

NR

65.1

NR
100
70

88.9

71.5
99.9

95.9

............

13.2
47.3

100
50

100
0

0
35.7

21.5

42.4

9.9

12

®NR= Refers to the inability to calculate % inhibition o f amino acid release in the presence o f inhibitors due to lack o f release o f amino acid
from control.
Values indicate the levels o f amino acids in experimental samples after background levels from Text were subtracted.

not account fully for the much lower level o f degradation o f Pep 10 and Pep 13. It
appears that some loss o f activity on longer substrates had occured during
purification.

N-term inal amino acid release was com pletely inhibited by 50|^M

nitrobestatin but not by the falcilysin inhibitor, dipicolinic acid, confirm ing that this
release was not due to falcilysin, but ami nopeptidase activity (Fig. 6.9).
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■ + nitrobestatin
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Hydrolysis of synthetic lOmer and 13mer peptides in the absence and

presence of nitrobestatin or dipicolinic acid. Each reaction contained peptides (65|ig Pep
10, or 130|a,g Pep 13) and enzyme (~165ng), in lOmM Tris-HCI, pH 7.2, at 37°C, in the
absence or presence of 50|o.M nitrobestatin or 50|aM dipicolinic acid. Samples were analysed
for free amino acids by reverse phase-HPLC. The data are representative and from a single
experiment.

6.4. D i s c u s s i o n

The prim ary aim o f the research described in this chapter was to show that
am inopeptidase is capable o f degradation o f haem oglobin-derived peptides in vitro.
Initially this was attem pted in vitro using the natural products o f vacuolar digestion o f
haem oglobin in the parasite digestive vacuole, by an extension o f a m ethod described
previously (K olakovich et al, 1997). This experim ent was designed to analyse the
breakdow n o f the natural peptide products o f haem oglobin by Text and the effects o f
an am inopeptidase-specific inhibitor.

The results showed that nitrobestatin-treated

sam ples had substantially low er levels o f free amino acids than controls. However,
meaningful analysis o f the resulting mixture o f substrates and products proved
difficult for the following reasons: (i) background am ino acid levels were high, in
particular for isoleucine. Since isoleucine is an am ino acid com pletely absent from
haem oglobin, it cannot be a haem oglobin-derived cleavage product, and as such, is a
contam inant, (ii) it was suspected that contam inating peptides were present in gelexclusion fractions that w ere presumed to contain amino acids only, and (iii) although
most o f the liberated am ino acids o f samples reflected those present in haemoglobin,
some o f the m ost abundant amino acids o f haem oglobin, e.g. leucine, were present
only in low amounts. Therefore, given the inability to perform a reliable analysis o f
the term inal stages o f globin digestion using the com plex products o f the digestive
vacuole as substrates, it was decided to employ synthetic peptide substrates
corresponding to known sequences o f haem oglobin-derived peptides.
Peptide substrates were based on published sequences o f products produced by
the proteolytic activities o f plasm epsin I, plasm epsin II, falcipain, and/or falcilysin.
Pep 8 was designed using the sequence o f a proteolytic fragm ent o f the P chain o f
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human haemoglobin (Gluzman et al, 1994), while Pep 10 and Pep 13 were designed
based on products of falcilysin and plasmepsin I cleavages respectively o f the a chain
(Gluzman et al, 1994, Eggleson et al, 1999). Employing these peptides as substrates
for aminopeptidase simplified the experiment, providing less complex starting
substrates upon which aminopeptidase could act, and removing the problem of
background due to DV extract.
Both qualitative (TLC) and quantitative (amino acid analysis) analysis showed
that either Text (the aminopeptidase source) or partially-purified aminopeptidase
hydrolysed these synthetic peptides, liberating the constituents o f each peptide
sequence as free amino acids. The kinetics o f peptide hydrolysis showed in general
that hydrolysis occurred sequentially from the amino-terminus o f peptide substrates.
To investigate whether the apparent endoproteolytic cleavage activity observed
against Pep 13 was due to the presence o f vacuolar falcilysin in Text as suspected,
hydrolysis of Pep 13 by Text was performed in the presence o f dipicolinic acid, a
metalloprotease inhibitor reported to inhibit falcilysin activity (Eggleson et al, 1999).
However, even at concentrations o f dipicolinic acid lower than those required to
inhibit purified falcilysin (SOOf^M (Eggleson et al, 1999), hydrolysis o f Pep 13, and
indeed the other two peptides, was completely inhibited (Table 6.2). Therefore, this
approach could not determine whether or not the apparent endoproteolytic cleavage
was due to falcilysin activity in Text.
Nevertheless, when partially-purified aminopeptidase was used for hydrolysis o f
Pep 10 or Pep 13, no endoproteolytic activities were observed. This implied that the
N-terminal release o f amino acids by trophozoite extract was resulting from
aminopeptidase, and not falcilysin activity.

In agreement with this interpretation,

hydrolysis of all three peptides by Text (Table 6.1), and partially-purified enzyme
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(Fig. 6.8), was inhibited by nitrobestatin in a concentration-dependent manner.
Hydrolytic reactions performed in the presence o f endo- and metallo- protease
inhibitors showed that peptide hydrolysis by Text and native aminopeptidase could
not be inhibited in the presence o f other classes o f protease inhibitors: N-terminal
amino acid release from the three peptides still occurred in the presence o f 50^M
pepstatin or Z-Phe-Ala-CHN 2 (Table 6.2), suggesting that aspartic or cysteine
protease activities were not responsible for the exoproteolytic cleavages observed.
Dipicolinic acid inhibited peptide hydrolysis by Text but not by native
aminopeptidase. This was confusing, considering the fact that dipicolinic acid does
not inhibit aminopeptidase activity in Text (see chapter 4). A possible explanation
could be that in Text, a dipicolinic acid-susceptible Zn^”^-dependent metallo-protease
is required for the proteolytic cleavage o f inactive aminopeptidase to its mature form,
a cleavage which perhaps occurs naturally throughout the purification procedure,
resulting in the isolation o f an active enzyme. Also, it is likely that many peptide
intermediates of the haemoglobin degradation pathway are susceptible to cleavage by
multiple enzymes, these enzymes perhaps having distinct, but overlapping roles.
Therefore, alternatively, metallo-proteases involved in haemoglobin degradation,
including those already identified (falcilysin) and those yet to be discovered, may be
required to function upstream o f an aminopeptidase during the haemoglobin
degradation pathway before efficient cleavage o f haemoglobin-derived peptides to
amino acids can occur. This may explain the inability o f Text to hydrolyse peptides
in the presence o f dipicolinic acid.
This observation cannot distract from the overall conclusions formulated from the
data presented here.

The results o f our three assessments o f haemoglobin-derived

peptide hydrolysis clearly show P. falciparum aminopeptidase cleaving amino acids
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from the N-term ini o f haem oglobin-derived peptides to amino acids in vitro. The
three lines o f evidence supporting this are (a) the liberation o f am ino acids from
haem oglobin-derived peptides originating in the DV, catalysed by the activities o f
one or several enzyme constituents o f Text, was inhibited by nitrobestatin, (b) Text
and partially-purified aminopeptidase cleaved the mimic haem oglobin-derived
peptides to am ino acids sequentially from the N-termini, and (c) the hydrolysis o f
these peptides was inhibited in a concentration-dependent m anner by nitrobestatin,
and not by inhibitors specific for the endoproteases involved in initial haem oglobin
degradation in the parasite digestive vacuole.
In summary, this chapter has provided experimental evidence in vitro supporting
the idea that P. falciparum am inopeptidase is the exopeptidase responsible for the
release o f amino acids from haem oglobin in the parasite cytosol.
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Chapter 7

General Discussion

This study has investigated the biological role o f P. falciparum aminopeptidase,
in addition to investigating its potential for consideration as a chemotherapeutic
target. The work has encompassed studies with parasite extracts, partially purified
aminopeptidase, and aminopeptidase-specific inhibitors, and has added to the
understanding o f the biological role o f this enzyme during the parasite erythrocytic
life cycle.

7 .1 .

T h e n a t u r e o f P. f a l c ip a r u m a m in o p e p t id a s e ( s )

Most o f the characteristic properties o f P. falciparum leucyl-aminopeptidase
investigated herein were established before the onset o f this study. It was assumed
that the aminopeptidase activity reported here was the same as had been described by
Curley et al (1994). The enzyme described herein exhibited a preference for
fluorogenic peptide substrates containing leucine or alanine residues at the Nterminus, and was most active at a neutral pH. In these respects it did not appear to
differ substantially from the numerous aminopeptidase activities that had been
previously reported in the literature (Curley et al, 1994, Charet et al, 1980, Florent et
al, 1999, Gyang et al, 1982, Nankya-Kitaka et al, 1998, Slomianny et al, 1983,
Vander Jagt et al, 1984, 1987) (see general introduction).
In this study, further characterisation o f P. falciparum leucyl-aminopeptidase
localised the enzyme to the parasite cytosol, and to a lesser extent to membranous
fractions o f parasite extracts, rather than to DVs.

This cellular location was in

agreement with studies perfomied by other workers during this project (Kolakovich
et al, 1997). What could not be determined here using biochemical means, however.
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was whether the enzymes described in previous, and the present studies represented
one or a family o f closely related aminopeptidases.

7.2.

T h e b i o l o g i c a l f u n c t i o n o f P.

f a l c ip a r u m

a m i n o p e p t id a s e

Until this study, there has been little experimental evidence to demonstrate the
biological function o f aminopeptidase in erythrocytic parasites.

Previous workers

have suggested that the enzyme may function during invasion (Olaya and
Wasserman, 1991), or that it is required for trophozoite maturation (Vander Jagt et al,
1987). The most popular idea for a function for the enzyme was that it is involved in
the terminal stages of haemoglobin degradation, being required to free amino acids
from haemoglobin-derived peptides in the cytosol (Curley et al, 1994, Kolakovich et
al, 1997, Vander Jagt et al, 1984, and this study).
No anti-ami nopeptidase antibodies or aminopeptidase gene sequence(s) were
available at the onset o f this study. Therefore, initial investigations o f P. falciparum
aminopeptidase were performed analyzing enzymatic activity in parasite extracts, and
investigating the consequences of inactivating this activity using aminopeptidasespecific inhibitors. Bestatin and nitrobestatin were used as tools to investigate the
biological function o f P. falciparum aminopeptidase, in particular its possible role in
haemoglobin degradation. The premise for their use was well justified since previous
studies using these inhibitors had shown them to be relatively potent inhibitors o f P.
falciparum growth in culture (Nankya-Kitaka et al, 1998) and aminopeptidase activity
in cytosolic extracts, suggesting that the two are more than likely directly linked
(Nankya-Kitaka et al, 1998, this study). The idea o f using bestatin to inhibit
exopeptidases involved in protein degradation was not a novel one. Previous studies
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have shown that in mammalian cells, bestatin permits the degradation o f cellular
proteins to peptides, but inhibits the further degradation o f these peptides to amino
acids, due to the inhibition o f bestatin-sensitive aminopeptidases (Botbol and Scomik,
1989).
Studies were performed here on parasite extracts in vitro, or on parasites in
culture, and biochemical assays and microscopic examination were then used to
analyze the effects o f aminopeptidase inhibition on parasite progression through the
erythrocytic cycle.

Evidence to suggest a role for the enzyme in haemoglobin

degradation includes the following:

(1) Co-incidental with the stage at which peak haemoglobin digestion occurs in
erythrocytic parasites (Yayon et al, 1983, McColm et al, 1980), aminopeptidase
activity

peaked

during

the

trophozoite

stage,

and

correspondingly,

late

ring/trophozoite development and to a lesser extent schizont maturation were most
inhibited by bestatin. This was contrary to earlier reports that suggested a primary
effect on invasion (Olaya and Wasserman, 1991). These results highlighted the fact
that aminopeptidase activity was required for parasite growth at a time when
haemoglobin is been used as a source o f nutrients, consistent with its involvement in
the process.
(2) The synergy observed when aminopeptidase and aspartic or cysteine
protease inhibitors were used concomitantly against parasites in culture was
consistent with a role o f Plasmodium aminopeptidase in haemoglobin degradation in
concert with endoproteases. This idea is based on the assumption that the synergy
between inhibitors specific for different protease classes may reflect the inhibition of
different components o f the same catabolic pathway.
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(3) More substantial evidence for a role o f the enzyme in the pathway was
obtained

when

the

abilities

of

trophozoite

cytosolic

extract

containing

aminopeptidase, and partially-purified aminopeptidase to hydrolyse synthetic peptides
with sequences corresponding to known degradation products o f human haemoglobin
were assessed.

Both preparations digested haemoglobin-derived peptides with the

release o f amino acids for the most part sequentially from the N-termini. Moreover,
hydrolysis by trophozoite extract was inhibited by nitrobestatin in a concentrationdependent manner.
(4) Ultrastructural alterations indicative o f a block in DV haemoglobin
hydrolysis, such as is known to be caused by the cysteine protease inhibitors, could
not be detected in parasites treated with relevant concentrations o f bestatin or
nitrobestatin. However, this did not necessarily argue against aminopeptidase
involvement in the pathway o f haemoglobin degradation.

In fact, since the

aminopeptidase is thought to act at the terminal stages o f haemoglobin breakdown,
the observation could suggest that there is no feedback mechanism existing in the
haemoglobin catabolic pathway that would link the build up o f undigested peptides to
reduction of endoprotease activity in the DV.

No information is currently available on the vast majority o f cleavages
necessary to yield free amino acids from haemoglobin. It is likely that more than one
enzyme (more aminopeptidases or other metalloproteases with different specificities
that are as yet unidentified) are required for this enormous task. The studies reported
here have been successful in providing at least some o f the experimental evidence
necessary to show that one or more aminopeptidases can cleave peptides that are
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probably produced within the DV, supporting the notion that the terminal stages o f
globin degradation are catalysed by a cytosolic aminopeptidase (Fig. 7.1).

DV

Parasite cytosol
> small peptides
rm

pH=7.0

E3
d3

Aminopeptidase

Bestatin
oo

Figure 7.1. The proposed role of Plasmodium aminopeptidases in the terminal
stages of haemoglobin degradation.

While experiments described in this study are consistent with a role for
aminopeptidase in the latter stages o f haemoglobin degradation, we cannot yet ascribe
the activity to a single aminopeptidase, as many activities o f this nature have been
characterised in various malarial parasite species. As discussed in chapter 5, a gene
for one o f these enzymes has been reported by Florent et al. (1998) and shown to
encode an aminopeptidase belonging to the M l family o f zinc-metallopeptidases that
is expressed as a 96-and 68-kDa protein(s) in schizonts. More recently, a second,
putative leucyl-aminopeptidase gene has been identified by our co-workers, and
encodes a 605-amino acid protein with a predicted molecular weight o f 67.8 kDa.
Their molecular sizes are not sufficiently different to separate by gel exclusion
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chromatography, and the gene products are only currently being characterised,
information relating to their properties is as yet unavailable. Preliminary analysis of
the individual gene sequences, however, shows differences between them, and the
fact that they are homologous to distinct metallo-protease families would appear to
suggest that these genes do in fact encode separate enzymes.

Therefore, the

likelihood that more than one aminopeptidase exists in P. falciparum is very strong,
and contradicts previous ideas that only a single aminopeptidase existed (Curley et al,
1994).
To date, there is lack of any connection between the studied aminopeptidase
activities mentioned above and the available genomic information.

The studies

reported here undertaken late in this project have attempted to relate the leucylaminopeptidase activity described in this thesis to one or either o f these gene
products.

Experiments performed with antiserum produced against the putative

leucyl-aminopeptidase

gene

sequence

(anti-aminopeptidase-X)

identified

immunoreactive bands in cytosolic extracts prepared from all stages o f erythrocytic
parasites, however, it was not possible to identify which bands were most likely to be
leucyl-aminopeptidase. An aminopeptidase expressed throughout the erythrocytic
cycle was recognised by anti-aminopeptidase-Ml immunoglobulins, and the antiaminopeptidase-Ml immunoglobulins also cross-reacted with the aminopeptidase
partially purified in this study. This implies one o f two things: either the enzyme
partially purified in this study belongs to the M l family, and is the aminopeptidase
described by Florent et al, (1998), or, is the leucyl-aminopeptidase described by
Curley et al, (1994), containing some epitopes required for antibody recognition by
anti-aminopeptidase-Ml immunoglobulins.

The inability to distinguish between

these two possibilities, however, renders it difficult to conclude which gene product
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has been under study in this thesis. The ability o f the cyclic imide aminopeptidase-N
inhibitors to inhibit parasite growth in culture also suggested the presence o f an
aminopeptidase M l family member in P. falciparum. However, the presence o f both
aminopeptidase-Ml and leucyl-aminopeptidase in parasite extracts could not be
demonstrated biochemically using specific inhibitors, as both aminopeptidases cleave
similar substrates.
The fact that more than one aminopeptidase may exist in P. falciparum is not
surprising if we consider the vast range o f compositions o f haemoglobin-derived
peptides that must be digested to liberate free amino acids. A family of
aminopeptidases that differ in specificity may be required for this, and this possibility
is highly likely considering the fact that in liver and other mammalian cells, several
cytosolic aminopeptidases that are sensitive to inhibition by bestatin, are required for
the complete hydrolysis o f peptides derived from degraded cellular protein to amino
acids (Botbol and Scomik, 1979, 1989, 1991).

To confirm that more than one

malarial parasite aminopeptidase exists, however, will require the isolation and
characterisation o f all sequences o f aminopeptidase genes expressed in erythrocytic
stages and their products.

7.3.

A m in o p e p t id a s e a s a c h e m o t h e r a p e u t ic t a r g e t : f in a l p e r s p e c t iv e s
AND FUTURE DIRECTION

In the present study, as an initial step to investigate the potential o f the malarial
parasite aminopeptidase as a chemotherapeutic target, the effect o f aminopeptidase
inhibitors of varying specificities on parasite growth in culture was assessed. Bestatin
and nitrobestatin proved the most potent o f the aminopeptidase inhibitors tested.

143

These inhibitors, together with amastatin, were also the most effective inhibitors of
leucyl-aminopeptidase activity of trophozoite cytosoHc extracts.

The inhibition of

enzyme activity correlated well with the inhibition o f parasite growth in culture,
implying that the target of these agents was P. falciparum aminopeptidase.

The

implication, therefore, was that parasite death resulted from the inhibition of
aminopeptidase activity (Nankya-Kitaka et al, 1998, and section 4.3.3). In addition to
this, the apparent essentiality o f aminopeptidase for the maturation o f erythrocytic
parasites established that aminopeptidase is required for parasite viability.
These studies preliminarily support the idea that Plasmodium aminopeptidases
are worthy for consideration as novel drug targets, however, by themselves, are
insufficient by to completely validate this idea. As discussed in section 1.1.7, there
are many necessary requirements for validation o f a potential drug target. The studies
reported herein, and those performed by other workers, are at an extremely early
stage, and have only addressed some of these requirements.

What has been

demonstrated is that P. falciparum aminopeptidases are more than likely involved in
an essential process unique to parasite survival in the host, are present in different
species of parasites, and should be good drug targets. Moreover, it is encouraging
that the effects o f bestatin and nitrobestatin on parasite metabolism and development
are observed at concentrations similar, or even better to the broad range cysteine and
aspartic protease inhibitors pepstatin and E-64 (Bailly et al, 1992, Francis et al, 1994,
Rosenthal et al, 1996, 1998). Inhibitors specific for malarial plasmepsins and
falcipains have been developed that exhibit better potencies against parasites in
culture than the broad range inhibitors mentioned above (Francis et al, 1994,
Rosenthal et al, 1996, 1998).

Similar potential for the development of better

aminopeptidase inhibitors also exists. However, first, greater characterisation o f the
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effects o f aminopeptidase inhibitors in different Plasmodium species, and in different
strains o f species will have to be examined, in particular to demonstrate the
indispensable nature o f these enzymes in all species that cause human malaria.
Ideally, the most conclusive evidence that could be provided as to whether
aminopeptidases play indispensable roles in the parasite, would be to disrupt the
gene(s) encoding the enzyme(s), either using gene knockout experiments, or using
single

point

mutations

to

disrupt

aminopeptidase

function,

analysing

the

consequences to the parasite resulting from aminopeptidase disruption at the genomic
level. The study o f the natural enzyme is currently very difficult, partial purification
of the enzyme providing only a limited amount o f the enzyme for study. Meaningful
discussions of possibilities such as those mentioned above cannot be made at this
stage, the main problem being the lack o f genomic information, the inadequate
characterisation o f the aminopeptidase gene sequences that have been identified to
date, and the fact that Plasmodium aminopeptidases are not yet available as a
recombinant proteins, making it difficult to characterise the enzymes in any great
detail. However, the biochemical studies that have been presented here are consistent
with aminopeptidase being an essential enzyme for parasite metabolism.
Considering aminopeptidase as a potential target brings with it the necessity to
consider what kind o f aminopeptidase inhibitors might be suitable for drug
development. Bestatin itself would probably not be the ideal drug to be included in
antimalarial drug regimens against malaria. There are a number o f reasons for this.
Firstly, the potency o f bestatin and nitrobestatin for parasite growth inhibition lie far
behind that of established antimalarials such as chloroquine (Nankya-Kitaka et al,
1998).

Bestatin derivatives with

IC 50S

in the nanomolar range, comparable to

established antimalarials would have to be synthesised.
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Secondly, although bestatin has low toxicity for humans and experimental
animals when administered orally, with an LD50 o f >4g/kg in mice (Sakakariba el al,
1983), and an optimal daily dose range o f lO-lOOmg for treatment o f cancer in
humans (Abe, et al, 1989), it is more toxic when administered by other routes
(Sakakariba et al, 1983), possibly due to the high rate o f uptake o f bestatin by the
liver and the kidneys after intravenous injection (Scomik and Botbol, 1997). The low
toxicity observed when given orally could be related to the fact that bestatin is not
metabolised in the body, but is excreted rapidly from the kidneys, appearing in the
urine after 1 to 2 days (Abe et al, 1989).

This, however, renders it necessary to

administer high doses at frequent intervals for therapy, a feature obviously not desired
for use as an antimalarial drug.
Thirdly, although information regarding the cellular uptake o f bestatin is
extremely limited, the uptake o f bestatin into erythrocytes is much slower than uptake
in the liver, kidneys or intestine, and is thought to depend on passive diffusion across
the plasma membrane (Scomik and Botbol, 1997).

This obviously argues against

bestatin as an effective blood schizonticide. Oral effectiveness would add greatly to
the utility o f a new antimalarial. However, the immunoenhancing effects o f orally
administered bestatin are attributed to its interaction with enzymes exposed on
surfaces o f some of the components o f the immune system (Shimazawa et al, 1998).
In the human, the dose required to reach effective concentrations o f the drug within
cells, such as parasitized erythrocytes would therefore be much higher and probably
toxic.

Also, excess bestatin could bind to enzymes exposed on cell surfaces and

induce excessive immunomodulatory effects. The unsuitability o f bestatin for use as
an antimalarial, however, does not rule out the possibility for the development of
more potent, less toxic derivatives.
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Francis et al (1994) have suggested that the plasmepsin I inhibitor SC-50083
enters the parasite without difficulty, since the IC50 for parasite killing in culture is
within one order of magnitude o f the IC50 for enzyme inhibition. Similarly, in the
studies reported here, the IC50 for parasite killing in culture by bestatin is within one
order of magnitude o f the IC50 for aminopeptidase inhibition in trophozoite extracts,
and for nitrobestatin, the difference is two orders o f magnitude (see chapters 3 and 4).
This suggests, in spite o f what was stated above, a relatively efficient transport o f
bestatin to its target site in parasitized erythrocytes; however it indicates that cellular
penetration may be more difficult for nitrobestatin. Therefore, the possibility exists
for the development o f bestatin-related compounds that, if made more permeable to
transport across parasite and erythrocyte membranes, could be extremely potent
derivatives with greater anti-malarial activity. Although nitrobestatin may be limited
by transport into erythrocytes (according to the reasoning above) it is still is more
potent than bestatin for the inhibition of parasite growth in culture.
There is much that needs to be learned about Plasmodium aminopeptidases, in
particular with respect to how the malarial enzymes differ from their mammalian
counterparts. This is essential for the design of inhibitors that will knock out malarial
but not mammalian aminopeptidase function. A requirement o f a good drug target is
that it is unique to the disease-causing organism in question, or differs substantially
from the host enzyme. What is interesting about Plasmodium aminopeptidase is that
it does appear to have some features that are unique to the parasite enzyme, that differ
substantially from the mammalian enzyme.

The kinetics o f interaction o f bestatin

with P. chabaudi aminopeptidase are different from those with the mammalian
enzyme (GP Curley and JP Dalton, unpublished). The difference in bestatin-binding
by Plasmodium and mammalian aminopeptidases may be due to differences in
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residues at the enzyme active site. Also, although most aminopeptidases are Zn^"^dependent metalloproteinases, the leucyl-aminopeptidase described by Curley et al,
(1994) does not appear to be dependent on zinc for catalytic activity, and some other
metal co-factor is apparently required. Selectivity should therefore be possible in the
design o f inhibitors specific for Plasmodium enzymes. There is a long way to go with
respect to the study o f aminopeptidase genomics, however, as it progresses, more can
be learned about these enzymes, and it is possible that binding sites for novel more
potent inhibitors o f malarial aminopeptidases that are less toxic to mammalian
aminopeptidases could be identified. A real search for lead compounds, however,
will not be possible until well-resolved three-dimensional structures for malarial
aminopeptidases become available.
The possibility for the existence o f more than one aminopeptidase brings with it
the concern for the targeting o f these enzymes. If a family o f aminopeptidases exist,
and each family member has overlapping roles, it is possible that the function of one
enzyme could be compensated for by the presence o f another. Therefore, targeting o f
these enzymes would require use of an inhibitor that would inhibit all aminopeptidase
activity.

The field of malaria research is progressing rapidly, in particular in the area o f
identifying new targets, and discovering lead compounds that could be used for
antimalarial therapy. There is no doubt that the enzymes involved in the pathway of
haemoglobin degradation have potential as chemotherapeutic targets, as their
inhibition results in the disruption o f a metabolic process essential to parasite
survival.

Protease inhibitors specific for plasmepsins I and II and falcipain are

currently being explored for the development o f novel lead compounds for use in
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malaria (Berry, 1999, Carroll et al, 1998, Olson et al, 1999, Ring et al, 1993). The
studies o f this thesis have added to the understanding o f the biological function o f P.
falciparum am inopeptidase, and have partially clarified that it has a role to play in the
term inal stages o f haem oglobin degradation. This makes the enzym e an additional
possible chem otherapeutic target o f the pathway.

Interestingly, as seen herein,

com binations o f am inopeptidase inhibitors with aspartic or cysteine protease
inhibitors are synergistic when used against parasites in culture, supporting the notion
o f com bination therapy with various inhibitors o f haem oglobin degradation.
The work described in this thesis clearly shows the potential o f am inopeptidases
as

novel

antimalarial

drug

targets.

The

isolation

and

characterisation

of

am inopeptidase gene sequences will greatly facilitate further characterisations o f
these enzymes, and allow the production o f recom binant proteins. From these, threedimensional structures could be resolved, which would facilitate the screening for
novel lead compounds that target malarial parasite am inopeptidase— such inhibitors
may in the future have considerable therapeutic potential for use as novel
antimalarials.
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