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Abstract

Proteolytic enzymes play important roles in parasitic protozoa, including
the organisms responsible for malaria, leishmaniasis and trypanosomiasis.
Cysteine peptidases have attracted particular attention over recent years as
some have been reported to play key roles in host-parasite interactions and
virulence, and may constitute promising targets for new selective inhibitors and
anti-parasite agents.

The obligate intracellular protozoan parasite Eimeria (mainly E. tenella)
belonging to the subclass of Coccidia (with other parasites such as Toxoplasma
and Cryptosporidium), is responsible for coccidiosis, which inflicts a serious
economical burden to the poultry industry. Invasion of host cells by Eimeria

involves the regulated release from specialised secretory organelles forming the
apical complex, whose proteins’ maturation, trafficking and secretion rely on
proteolytic processing. A sequence encoding a cathepsin B-like cysteine
peptidase of the clan CA, family C1 was identified in the genome database of E.
tenella. The sequence corresponded to a single copy gene, and did not carry any
introns.

The E. tenella enzyme, sharing 42% identity with the Toxoplasma gondii
toxopain-1, which is reportedly involved in the invasion of host cells, was
expressed as a soluble inactive zymogen in E. coli. Recombinant cathepsin B of
E. tenella was functionally expressed as a mature enzyme in the Pichia pastoris
inducible system as a glycosylated protein, but the glycosylations did not
apparently affect the enzyme’s activity. The biochemical characteristics of the
recombinant enzyme were consistent with what has been reported in the
literature for cathepsin Bs. The cathepsin B of E. fenella was detected in oocyst
and sporozoite extracts, and, more specifically, in microneme preparations. In

the sexual stages, the enzyme localised to mature macrogametes in discrete
granules, the size and location of which suggest that they are wall-forming
bodies, organelles involved in the oocyst wall formation in Eimeria. These data
suggest that the cathepsin B may play roles in both cell invasion by sporozoites
and the formation of the protective wall of the oocyst.



The genus Leishmania belongs to the family Trypanosomatidae, which
includes the Trypanosoma species, and is the cause of leishmaniasis, which

affects 2 million people and causes about 60000 deaths a year. Many peptidases
encoded by the Leishmania genome are cysteine peptidases, some of which

have been identified as important virulence factors, and therefore potential drug
targets. Pyroglutamyl peptidases | (PPI) are cysteine peptidases of the clan CF,
family C15, which hydrolyse N-terminal L-pyroglutamate (pGlu) residues. The

pGlu modification is a post-transcriptional modification catalysed by the

glutaminyl cyclase in human that confers relative aminopeptidase resistance and,
in some cases, is essential to the modified peptides’ activity. PPls have been

identified in a variety of organisms but no definitive biological function has been
attributed to them.

A single copy gene encoding a PP| was identified in the genome database
of L. major. Active recombinant enzyme was successfully produced in E. colj,
and its biochemical properties coincided with those of mammalian PPls. The
active site catalytic triad E101, C210, and H234 (L. major PPl numbering) was
confirmed by mutagenesis. The PPl activity was detected in L. major
promastigotes, and the enzyme localised to the parasite cytoplasm. PP/ knock-
out mutants were generated, and knock-out of the PPI activity did not seem to
induce a phenotype in L. major. The parasites retained the properties in vivo and
in vitro of L. major wild type cells. The over-expression of the active PPI in L.
major promastigotes seemed to impair metacyclogenesis and in vivo infectivity,
while the over-expression of the C210A mutant did not have any detrimental
effect. Susceptibility to a natural pGlu modified anti-microbial peptide, gomesin,
was tested on the different cell lines, which were all equally susceptible. The data
suggest that pGlu-modified peptides in L. major might be required for
metacyclogenesis and modulation of the immune response in the host.
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Chapter 1: General infroduction

Chapter 1
General introduction

Proteolytic enzymes seem to play important roles in parasitic protozoa,
including the organisms responsible for malaria, leishmaniasis and
trypanosomiasis. Cysteine peptidases have attracted particular attention over
recent years and have been the subject of extensive studies because of their
importance in parasite survival, interaction with the host cells and pathogenicity
(McKerrow, 1993; Rosenthal, 1999; Klemba and Goldberg, 2002). Despite the
progress in combating infectious diseases and the constant search for new drugs
or treatments, some parasites still inflict a dramatic social and economical burden

to tropical or sub-tropical regions of the world (human and animal infections), as
well as to developed societies (in particular with the development of intensive

husbandry of domestic animals enhancing transmission of parasites).

The protozoan parasite Eimeria (mainly E. tenella), belonging to the
subclass of Coccidia (with other parasites such as Toxoplasma and
Cryptosporidium), is responsible for coccidiosis, which is a serious problem in the
poultry industry. Worldwide expenditures just for anti-coccidiodial drugs added to
feed is estimated to be $250 to $300 millions annually and there is a rising
problem of parasites becoming resistant to these coccidiostats
(www.antecint.co.uk/main/oocide.htm). Also, the intensive use of drugs in farm
animals raises public health concerns, as about 4% of eggs and 10% of chicken
liver tested in the UK in 2003 contained residues of coccidiostats
(http://research.utu.fi/residues/). In December 1998, the European Union banned
the use of four, widely used growth-promoting antibiotics used in aviary
production, due to public concern that antibiotic residues in meat could lead to
antibiotic resistance in humans. The ban may be broadened to more in-feed
drugs within the next 5 years. Coccidiosis is not limited to the poultry industry and
some Eimeria species can also affect cattle, sheeps and pigs, which constitutes a
potential threat for other intensive livestock industries. There is, therefore, an
increasing economic need to develop efficient new methods of prevention and
treatment of coccidiosis. The interest in cysteine peptidases has been supported
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by the fact that some of them seem to be promising targets for new selective
inhibitors and anti-parasite agents (Selzer et al., 1997; Rosenthal, 1999).

The species of Leishmania parasites, belonging to the family for
Trypanosomatidae (together with the species of Trypanosoma), are responsible
for leishmaniasis diseases, varying in severity of symptoms depending on the
species contracted. It affects a variety of mammalian hosts, and it is believed that
12 million people are affected in the world, and potentially 350 million people are
at risk of being infected. In developed countries, leishmaniasis has been on the
increase as an opportunistic disease in immuno-deficient patients, infected with
the human immunodeficiency virus (HIV). Treatment of the disease mainly relies
upon the use of pentavalent antimonials, drugs that have been used since the
1940’s. Because of the length of time the drugs have been used and sometimes
inappropriate dosage, parasites have been developing resistance to these drugs,
making them less and less effective (Ouellette and Papadopoulou, 1993). In the

state of Bihar in northwestern India, unresponsiveness to pentavalent antimonials
has increased from 34 to 64% between 1994 and 1997 (Thakur et al., 1998).
Though other means of treatment exist, most of them are very expensive and
have severe side effects. Despite constant efforts to develop new drugs, very few
are getting to an advanced stage in chemotherapy trials, and complexity of the
immune response generated by Leishmania infections has meant that no vaccine

has been developed so far (Croft and Coombs, 2003). Available chemotherapy
being inadequate and expensive, there is an urgent need to develop new and

better drugs. Interest has been brought to cysteine peptidases of Leishmania as

potential drug targets, as some of them have been shown to be important
virulence factors (Mottram et al., 2004).

1.1. Peptidases: generalities

Peptidases (also termed proteases or proteinases) catalyse the cleavage of
peptide bonds in proteins or oligomeric peptides, either within the polypeptide
chain (endopeptidase activity) or from amino or carboxy! ends (exopeptidase
activity). Proteolytic enzymes are numerous and diverse; they represent about
2% of all gene products (Rawlings and Barrett, 1999) and range from monomers
of 10 kDa to multimeric complexes of several hundred kDa. The location of the
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scissile bond in the peptidic chain and the preferred amino acid sequence around
it differ between individual peptidases, but this could not be used to establish a
comprehensive classification system (Rawlings and Barrett, 1999). In 1960,
Hartley suggested dividing peptidases into groups depending on the catalytic
mechanism used (McDonald, 1995). Five main catalytic types could be
recognised based on the active site residue that provides the nucleophilic attack
during the catalytic reaction. They are now known as serine, aspartic, metallo-,
cysteine, and threonine peptidases. Serine, threonine and cysteine peptidases
effect catalysis after formation of a tetrahedral transition intermediate, whereas
aspartate peptidases and metallopeptidases require the Intervention of a
molecule of water for cleavage. In the early 1990s, with the increase of data on

primary sequences of proteins and three-dimensional structures of peptidases,
Rawlings and Barrett began to bring together sets of peptidases that were similar

both in molecular structures and in evolutionary origin to create the MEROPS
database (Rawlings et al.,, 2002; www.merops.co.uk). This emphasises the
growing interest in peptidases and the wealth of resources now available.

Serine peptidases have a catalytic triad involving serine, aspartate and
histidine (Rawlings and Barrett, 1994). They are divided into two groups in
eukaryotes: regulatory peptidases with strict specificity and digestive enzymes
with broader specificity, such as trypsin and chymotrypsin for example. In
aspartic peptidases, 2 aspartates are involved in the catalytic process (Rawlings
and Barrett, 1999b). Among eukaryotic aspartic peptidases, digestive enzymes
and regulatory peptidases can be found as well as intracellular acid peptidases.
Metallo-peptidases constitute a vast group of enzymes involving a metallic ion
(zinc in most cases) in the catalytic process (Rawlings and Barrett, 1995a).
Examples of metallo-peptidases are matrix degradation enzymes such as
elastases, and regulatory peptidases. Some enzymes utilize a catalytic threonine
for cleavage (Seemueller ef al., 1995) and other cryptic proteases may also exist
(Sajid and McKerrow, 2002). Based on the fact that the majority of peptidases
described so far in parasitic protozoa are of the cysteine class, the main focus of
this review will be put on this type of proteolytic enzyme and they will be treated
independently.

Although a single peptide bond is cleaved during one catalytic reaction,
the flanking amino acids in the substrate protein play a role in determining
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peptidase specificity, as do the sequences flanking the catalytic amino acid
residues on the peptidase. The convention used to identify substrate residues
and binding pocket amino acids on the peptidases was elaborated by Schlechter
and Berger in 1967. The substrate residues are designated as P, and the
corresponding sites on the enzyme, as S. Prime residues are located on the C-

terminal side of the cleavage site, whereas non-prime residues are on the N-
terminal side. Thus, a five residue substrate site cleaved between the third and
the fourth amino acid would be P3-P2-P1-P'1-P'2. Sequences that directly flank
the active site residues are often very conserved and play a role in the enzymatic
specificity and substrate binding, along with helping to determine the chemical
environment. Specificity strictness varies from one enzyme another; usually

several peptide bonds are hydrolysed by the same peptidase, but sometimes
only one specific bond is cleaved, provided they fulfil certain sequence or

conformational requirements. The substrate specificity of an enzymé often gives
good indication on the enzyme’s biological role and importance, although it can
vary between in vitro and in vivo conditions.

1.1.1. Cysteine peptidases

1.1.1.1. Classification

The first cysteine peptidase was purified in 1879 from the papaya fruit
Carica papaya and named papain. The first crystallographic structure of a
cysteine peptidase was also obtained using papain (Drenth ef al., 1968). Various
cysteine peptidases have been identified since from a wide variety of eukaryotic
organisms and the major mammalian peptidase have been designated
cathepsins B, H, K, L, and S. All of the mammalian lysosomal cysteine
peptidases are known as cathepsins, the major ones being cathepsins B and L,
but not all cathepsins are cysteine peptidases. For instance, cathepsins D and E
are aspartic peptidases, and cathepsins A and G are serine peptidases (Barrett
and McDonald, 1985). Cysteine peptidases are grouped into clans (Barrett,
1994), further divided into families depending on sequence similarities and
substrate specificities (Fig. 1.1). The main focus of my studies will be on clan CA,
family C1 cysteine peptidases.
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ClanCE (H,E/D,C)  (pan PC (C)

Clan CD (H, C)
Legumain-like \ / Clan CF (E, C, H)
Clan PB(C) (C) \ /
\ Clan CH (C, T, H)

Clan PA(C) (H,D,C) & Cysteine peptidase

[EC. 3.4.22.XX]

/ l \ Clan CL

Clan CA (C, H, N/D)
Papain-like

l

Papain-family

A/ (fafmf’ Cl) \ Cathepsin B-like

Clan CX (unassigned)

Cathepsin L-like

subfamily subfamily

Bleomycin-hydrolase
subfamily

FIG. 1.1. Cysteine peptidase superfamily. Classification in subfamilies was based on
amino acid sequence around the active site (see Sajid and McKerrow, 2002). Clans are indicated

in bold and the amino acids (in parentheses) show the order of the catalytic residues in the linear
polypeptide sequence (Mottram et al., 2003).

Although cysteine peptidase’s main role is in protein degradation, the
multiplicity and apparent redundancy of the clan CA enzymes makes the
discovery of their individual functions rather difficult. This is less the case for clan
CD enzymes, whose specificity of functions seem much greater (Mottram et al.,
2003). Nevertheless, the recent progresses in genetic knockouts have enabled a
better insight into the function of cysteine peptidases and proved that they are
less redundant than was thought. Cathepsin K in mammals, for example, has
been demonstrated to be essential for bone remodeling (Chapman et al., 1997)
and linked to the genetic disorder pycnodysostosis (Gelb et al., 1996). Some
other cysteine peptidases are implicated in tumour invasion (Duffy, 1992) and
arthritis (Trabandt et al., 1990). Therefore, they have attracted increasing interest

in the recent years as targets for human therapy, in particular in terms of
research for new anti-cancer drugs.
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1.1.1.2. Catalytic mechanism (Clan CA, family C1)

Cysteine peptidases have also been referred as thiol or sulfhydryl
peptidases. The catalytic mechanism of cysteine peptidases is close to those of
serine peptidases with a nucleophile property conferred by the thiol group. This
nucleophilic behaviour is further enhanced by the presence of an active site
histidine, which acts as a proton acceptor. The -SH’ group of the cysteine side
chain forms a thiolate-imidazolium =5 *Hll\l= group with the imidazole group of
the histidine (Polgar, 2004). The delocalised electron cloud over the thiolate-
imidazolium group constitutes a charge relay diad, which allows an enzymatic
activity within a pH range from around 4.0 (pKai of cysteine) to 8.5 (pK; of
histidine), and Is often stabilised by a highly conserved asparagine and the
chemical environment of the catalytic reaction (pH, ionic force). After formation of
the transient catalytic thiol-ester tetrahedral intermediate between the enzyme
and the substrate, the peptidase returns to an active enzyme state. As many as

one million peptide bonds per second can be degraded with such a mechanism.

1.1.1.3. Structure and specificity

The majority of family C1 cysteine peptidases are synthesised as
immature precursors or zymogens, with a pro-domain and, sometimes, a
carboxy-terminal extension. These are cleaved in an endogenous or exogenous
manner to lead to the mature catalytic enzyme. The activation is a regulated
process involving the proteolytic cleavage of the N-terminal pro-peptide in a pre-
lysosomal compartment and release of this pro-region, which acts as self-
inhibitor. The pro-regions are tightly bound to the catalytic cleft and block access
to the active site (Cygler et al.,, 1996) to maintain the peptidase in an inactive
form during trafficking to the lysosome. The pro-region can also contain folding
information for the enzyme (Pandey et al., 2004). Final activation can by
facilitated by decreasing the pH (Turk et al., 2000) and this is favoured in the
acidic pH environment of the lysosome. Most of the mature forms are monomeric
(with the exception of the tetrameric cathepsin C) with a molecular mass ranging
from 20 to 30 kDa (without the pro-region of approximately 60 to 100 amino
acids). Most of the enzymes are endopeptidases, although cathepsins B and H
also exhibit exopeptidase activity (Barrett and Rawlings, 2001). Although most
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cysteine peptidases are located in lysosomes or lysosome-like organelles, some
can also be located on the cell surface or secreted (Robertson et al.,, 1996).
Trafficking of the mammalian peptidases requires glycosylation and mannose-6-

phosphate residue recognition by the mannose-6-phosphate receptor (Kornfeld
and Mellman, 1989). An alternative mechanism involves transmembrane

receptors (Mclntyre and Erickson, 1993).

Some detailed analysis of the substrate binding sites have been
performed, in particular on papain (Turk et al.,, 1998), and shown that some
residues have a role of specificity determinants. Preferences for certain residues
at particular positions and recognition of specific motifs can vary from one
peptidase to the other, although similarities are found among the same subfamily.

Natural or synthesised low-molecular-weight inhibitors are often useful for
determining binding pockets structures of cysteine peptidases and elucidating the

relative importance of different binding determinants by co-crystallisation with the
enzyme (Otto and Schirmeister, 1997). This avoids, in particular, the oxidation of
the catalytic cysteine to sulfinic or sulfonic acid. Among the natural small
inhibitors of papain-like cysteine peptidases, cystatins, stefins, kininogens and
serpin can be cited. They have a low selectivity and are involved in humans in
the control of cysteine peptidase activity and in the protection against self
peptidases inappropriately escaping from lysosomes, as well as for exogenous
organisms. A generic synthetic cysteine inhibitor widely used is E64 (L-trans-
epoxysuccinyl-leucyl-amido (4-guanidino) butane) and inhibits, in particular, clan
CA, family C1 peptidases.

On this basis, specificity determinants for most clans of peptidases could
be determined. The legumain-like family of cysteine peptidases (clan CD), for
instance, possess a very strict specificity at the S1 site (Barrett and Rawlings,
2001, Dickinson, 2002; Mottram et al., 2003), are insensitive to E64 inhibition and
present specificities at the P2 and P3 positions (Mathieu et al., 2002). Papain-like
peptidases are sensitive to E64 and possess specificity at the S2 position.
Cathepsin B activity can be discriminated over cathepsin L activity using
substrate peptides with, respectively, glutamate or alanine (Alves et al., 2001).
The different amino acid composition of the active site, thus the different

chemical environment, gives a different S2 specificity to cathepsins B and L.
Structural differences could also be elucidated for these two subclasses of
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peptidases. For instance, cathepsin L possesses a conserved motif in the pro-
region named ERFNIN (sequence Glu-X-Arg-X-(lle/Val)-Phe-X-Asn-X-lle-X-Asn,
X being any amino acid), which cathepsin B does not have (Karrer et al., 1993).
Furthermore, cathepsin B is characterised by the presence of an insertion loop of
20 amino acids, named the occluding loop because of its positioning in the active
site, which seems to favour dipeptidyl carboxypeptidase activity (exopeptidase
activity) (Naegler et al., 1997).

1.1.2. Cysteine peptidases in parasitic protozoa

1.1.2.1. Generalities

A large number of the peptidases described to date for parasitic protozoa
are cysteine peptidases of clan CA, family C1. Frequently they are abundant and
stage-regulated, and most are closely related to mammalian lysosomal cathepsin
L. Many of the cathepsin L-like cysteine peptidases could be detected in
lysosome-like organelles by immunoelectron microscopy. For example,
Leishmania mexicana cathepsin L-like enzymes were localised in large
organelles known as megasomes (large lysosomes) in the amastigote form of the
parasite (Pupkis et al., 1986). In some cases they occur on the surface or are
secreted. Trafficking of cysteine peptidases in some parasitic protozoa differs

from that of mammals and some parasites, including the trypanosomatids, lack
the mannose-6-phosphate pathway (Huete-Perez et al.,, 1999) and may use a

way involving a peptide loop in the pro-domain. Furthermore, to achieve proper
targeting to an intracellular compartment or secretion, the N-terminal extremity of

the enzyme is essential (Brooks et al., 2000), and a hydrophobic signal peptide of
about 15 to 22 amino acids upstream of the pro-region can be found. In some

cases, a C-terminal extension may also be present, like for example for the CPB
of L. mexicana (Mottram et al., 1997), but this sequence is not required for
correct trafficking or activation of the enzyme (Mottram et al., 1997).

The major cysteine peptidase of Trypanosoma cruzi, cruzipain, could be
detected on the surface of epimastigotes in addition to its main lysosomal
location (Parussini et al.,, 1998). Protozoan parasites such as Entamoeba

histolytica are known to secrete cysteine peptidases. The parasites occur on
mucosal surfaces in their hosts and this secretion of cysteine peptidase may
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confer to them an advantage for tissue invasion (Que et al., 2003; Pertuz Belloso
et al., 2004). Due to these extra-lysosomal locations, some parasite cysteine
peptidases are adapted to a wide range of pH.

Some structural differences can be found between mammalian and
parasite peptidases. The ERFNIN amino acid motif in the pro-region of
cathepsin-L is highly conserved in mammals, which is not the case in parasitic
protozoa (Sajid and McKerrow, 2002). Furthermore, in some exceptional cases,
cathepsin B-like enzymes lack the occluding loop or it is modified (Ward et al.,

1997).
Phylogenetic analysis showed that cysteine peptidases from diverse

parasitic organisms are not closely related (Hughes, 1994), with the exception of
the cysteine peptidases from Leishmania and Trypanosoma. lntefestingly, the
diversification of cysteine peptidases of Haemonchus contorfus coincides with
the emergence of mammals in evolution (Hughes, 1994). This might suggest that
parasite cysteine peptidase diversification occurred as an adaptive response to

mammalian hosts. Furthermore, isoenzymes encoded by multiple copies of a
gene, for example the CPB genes coding for isoenzymes of cathepsin L-like

enzymes Iin Leishmania mexicana, may have distinct roles in the interaction

between the parasite and its host and reflect a highly adaptive process (Mottram
et al., 1997).

1.1.2.2. Identified protozoan cysteine peptidases and their roles

Members of all major peptidase classes (mainly cysteine peptidases but
also several serine peptidases and fewer metallo-peptidases and aspartic
peptidases (McKerrow et al., 1993)) have been reported and characterised in
parasitic protozoa, and extensive studies have been performed on cysteine
peptidases. Detailed biochemical data are still restricted to a few parasites and a
few enzymes, and our understanding of the physiological roles of most of the
enzymes studied is still limited. However, there has been in recent years an
increasing amount of data suggesting that cysteine peptidases play various
indispensable roles in the biology of parasites. Beside their catabolic and protein
processing functions, they have been reported to play key roles in host-parasite
interactions and virulence in various parasitic organisms. Only a few examples
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will be mentioned here, describing some of the cysteine peptidases best

characterised so far.

1.1.2.2.1. Cysteine peptidases of Apicomplexa

1.1.2.2.1.1. Plasmodium

Species of the genus Plasmodium can parasitise a wide range of hosts. P.
falciparum is the agent responsible for the most virulent form of human malaria.
Recent estimates suggest that the number of infected humans exceeds
500,000,000, and that 1-2 million persons die each year. The life cycle is split
between a vertebrate host and an insect vector, which is the Anopheline
mosquito. In the human host the parasite is found primarily inside red blood cells.
The parasite reproduces asexually until the red blood cells breaks open and a
large number of merozoites is released, which will infect more red blood cells.
The characteristic "chill and fever" (paroxysm) associated with malaria occurs
periodically. The different malarias produce fevers of different frequency,
depending on how long it takes to complete shizogony in erythrocytes (48 h for P.
falciparum). Severe and complicated malaria is usually caused by delay in
successfully treating an uncomplicated infection with P. falciparum.

Three P. falciparum cathepsin-L like peptidases have been identified
(falcipains-1, -2 and -3) and the main cysteine peptidase activity in the food
vacuoles appears to be falcipain-2 (Singh and Rosenthal, 2001). The food
vacuole also contains the aspartyl peptidases known as plasmepsins | and |l
(Coombs et al., 2001), which have been more widely characterised than cysteine
peptidases. Nevertheless, there is clear evidence that cysteine peptidases are
involved in rupturing of red blood cells after schizogony and are therefore
involved in parasite release (Sijwali and Rosenthal, 2004). Furthermore, all three
peptidases are expressed by trophozoites and hydrolyse haemoglobin,
suggesting roles in this process (Rosenthal et al., 2002; Sijwali and Rosenthal,
2004). Falcipain-2 and falcipain-3 are food vacuole hemoglobinases, and
falcipain-2, the principal hemoglobinase of P. falciparum, also hydrolyses ankyrin,
suggesting additional activity against erythrocyte cytoskeletal targets (Hanspal et
al., 2002). The definite function of falcipain-1 is still uncertain, as various roles
have been attributed to the enzyme. Disruption of the gene encoding falcipain-1

10
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showed the enzyme was not essential in the erythrocyte stage of the parasite or
for erythrocyte invasion (Sijwali et al., 2004), though apparently specific inhibition
of falcipain-1 had previously been shown to inhibit erythrocytes invasion
(Greenbaum et al., 2002). Another study suggested falcipain-1 may have an
important role during parasite development in the insect vector (Eksi et al., 2004).
There is an apparent synergy between plasmepsin and falcipain in the
degradation of haemoglobin (Gluzman et al., 1994; Sijwali and Rosenthal, 2004)
and these enzymes may be considered as potential joint targets for anti-malarial
drugs. Multiple orthologs of the falcipains exist and have been identified in other
plasmodial species and the predicted mature forms of the peptidases of the
different species are highly conserved (Rosenthal, 1996). For example, in P.
vivax, vivapain-2 and -3 resemble falcipain-2 and -3 and are potentially
appropriate therapeutic targets too (Na et al., 2004).

1.1.2.2.1.2. Toxoplasma

Toxoplasma gondii is responsible for toxoplasmosis and belongs to the
subclass Coccidia along with other parasites including Cryptosporidium and
Eimeria. Toxoplasma infection is common, virtually all warm-blooded animals,
including humans can become infected and it is often transmitted to humans via
domestic and feral cats. Infection is usually asymptomatic, but acute infection can
cause lymphadenopathy and in case of immunodepression (for example, AIDS
patients) leads to severe complications including encephalitis, pneumonitis and
retinitis. Infection with 7. gondii of pregnant women not-previously exposed to the
parasite and therefore not immune to it may increase the probability of having a
child born prematurely or even stillborn, especially if the infection occurs during
the first three months of pregnancy.

In T. gondii, a cysteine peptidase gene has been identified and encodes
an enzyme closely related to cathepsin B, named Toxopain-1 (Que et al., 2002).
Toxopain-1 is encoded by a single copy gene (TGCP1) and was reported to
localise to rhoptries, secretory organelles required for apicomplexan parasite
invasion. Evidence has been provided that it may be involved in cell invasion and
rhoptry protein processing (Que et al., 2002), as well as being critical for cell
invasion in vivo (Que ef al., 2004). Upon release onto the host cell surface, a

11
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number of microneme proteins have been shown to be cleaved, suggesting a
role for peptidases at that point (Kim, 2004), though most of the process may

involve subtilisin-like serine peptidases.

1.1.2.2.1.3. Cryptosporidium

Cryptosporidium is an intracellular parasite that infects the small intestine

of an unusually wide range of mammals, including humans. The two species
responsible for human cryptosporidiosis are C. parvum and C. hominis, the latter
being restricted to human, and the former being able to infect various mammalian
hosts (Xu et al., 2004). Cryptosporidiosis Is a self-limiting diarrhoeal iliness in
immunocompetent humans, lasting 3 to 20 days. In immunodeficient patients (for
example, infected with HIV) the symptoms can be a lot more severe, sometimes
leading to death. Some species of Cryptosporidium have a major economic
significance, as cattle can be infected. The parasites are transmitted mainly via

contaminated water or food. Cryptosporidium infects the mucosal epithelium of
the digestive and respiratory tracts. Infection is initiated when sporozoites excyst
from an ingested sporulated oocyst in the small intestine of the host. Sporozoites
invade host’s intestinal cell lines, activate caspases and induce apoptosis (Ojcius
et al., 1999).

Cysteine peptidase activity has been detected in partially excysted
oocysts but its role still has to be evaluated (Forney et al., 1996). Nevertheless,
there is an indication that cysteine peptidase might be involved in mucus

penetration by the parasites and in sporozoite and merozoite invasion of host
cells (Brown S. M. A., PhD thesis).

1.1.2.2.1.4. Eimeria

The diseases caused, transmission, pathogenicity, as well as the
characteristic biochemical and molecular features of the parasite, will be
discussed in 1.2.

Cysteine peptidase activity has been detected in Eimeria and using
specific inhibitors it has been suggested that cysteine peptidases might be

involved in invasion by sporozoites and merozoites of the host cells (Adams &
Bushell, 1988; Coombs et al., 1997), as well as in the penetration of mucus
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layers (Brown S. M. A., unpublished data). However very little is known about
cysteine peptidases of coccidian parasites and Toxopain-1 of Toxoplasma gondil
is the only one characterised so far (Que et al., 2002).

Little is known about other eimerian peptidases and few have been
reported so far. Study of E. tenella oocysts revealed that proteins in crude oocyst

homogenates were degraded in the absence of peptidase inhibitors, and that the
degradation could be prevented fully by using both typical serine peptidase and
cysteine peptidase inhibitors. This is strongly suggestive of the presence of these
two types of peptidases (Michalski et al., 1994). Furthermore, in vitro incubation
of sporozoites with serine peptidase and cysteine peptidase inhibitors
significantly decreased host cell invasion, suggesting that these peptidases may
be involved in invasion by Eimeria sporozoites (Adams & Bushell, 1988).
Furthermore, a 46 kDa cysteine peptidase could be detected on the surface of

the sporozoites of E. tenella (Brown S. M. A., unpublished data). Recent studies
highlighted the expression of an aspartyl peptidase, named eimepsin, in the
sporulated oocyst of E. tenella (Jean et al., 2001). Eimepsin has been found in
the refractile body organelles (possibly a storage location) of resting sporozdites
(Laurent et al.,, 1993) and within the apical tips of merozoites and invading
sporozoites (Jean et al., 2000). This gives support to the possibility that eimepsin
has a function in host cell invasion, as the apical tip of apicomplexan parasites is
known to be involved in both attachment to and penetration of host cells. But the
specific function of eimepsin in the parasite is still unknown. Metallo-peptidase
activity could also be detected in sporulated oocysts using specific inhibitors
(Kaga et al., 1998), but still very little is known about these enzymes.
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1.1.2.2.2. Cysteine peptidases of trypanosomatids

1.1.2.2.2.1. Leishmania

Leishmania species are responsible for various diseases in humans. The

diseases caused, transmission, pathogenicity, as well as the characteristic

biochemical and molecular features of the parasite, will be discussed in 1.3.

A total of 65 putative cysteine peptidases, grouped into clans and 13

families, have been revealed in the L. major database (Mottram et al., 2004).

Most of them belong to the same clan as papain (clan CA). A review of cysteine

peptidases in Leishmania is presented in Table 1.1. (from Mottram ef al., 2004).

Table 1.1. Cysteine peptidases and cysteine peptidase inhibitors of Leishmania

major. Nomenclature for Clans and Families are described in the MEROPS database
(http://www.merops.sanger.ac.uk), (from Mottram et al., 2004).

Clan
CA

CD

CF

PC(C)

Family Number Gene

C1
C1
C1
C2
C12

C19
C48
C51

C54

C65
C13

Ci14

CS50

C15

CS56

142

1
8

1
27

CPA

CPB
CPC

ATG4.1
ATG4.2

GPI8

MCAS

PGP
PFPI

ICP

Peptidase/inhibitor

CPA
CPB

CPC

Contain calpain-like
domain

Ubiquitin C-terminal
hydrolase

Ubiquitin hydrolase
SUMO-like
D-alanyl-glycyl
endopeptidase-like
ATG4

Obutain
GPl:protein
transmamidase
Metacaspase

Separase

Pyroglutamyl-
peptidase |

PPl

Inhibitor of cysteine
peptidases

Features

Cathepsin L-like, lysosomal
Cathepsin L-like, lysosomal
Cathepsin B-like, lysosomal
Some calcium-dependant

Ubiquitin pathway

Ubiquitin pathway
Ubiquitin pathway
CHAP domain.
Function unknown
Autophagy

Ubiquitin pathway
GP! protein anchor biosynthesis

Caspase-like protein,

function unknown

Thought to control sister
chromatid separation during
mitosis

Hydrolyses N-terminal glutamyi
residues of proteins

Similar to intracellular protease
of Pyrococcus, function unknown
Inhibits Clan CA, family C1
cysteine peptidases

Reference

Mottram et al., 1998
Mottram et al., 1998
Mottram et al., 1998

Willlams, Mottram and
Coombs, unpublished

Hilley et al., 2000;
Mottram ef al., 2003
Amoult et al., 2002

Arnoult et al., 2002

Schaeffer, Mottram and
Coombs, unpublished
Eschenlauer, Coombs and
Mottram, unpublished
Sanderson et al., 2003
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Different peptidase activities have been detected in Leishmania and the
proteins have mainly been located in the amastigote form of the parasites in the
megasomes (Pupkis et al, 1986), which are large lysosomes. In the

promastigote form of the parasite, major activities are thought to be located in the
multi-vesicular tubule-lysosome (Mullin ef al., 2001).

The family C1 of clan CA comprises 3 identified and characterised
enzymes. There are 2 cathepsin L-like enzymes; the peptidase CPA (single copy
gene (Souza et al., 1992)), and the peptidase CPB (multiple copy gene located
on a single tandem array of 19 non-identical copies in L. mexicana (Mottram et
al., 1997), and 8 in L. major (Mottram et al., 2004)). These enzymes possess an
unusual carboxy-terminal extension of unknown function. The cathepsin B-like
enzyme CPC is encoded by a single copy gene (Bart et al., 1997). Analysis of the
peptidase activity showed a stage-specific expression of these different enzymes
(Robertson and Coombs, 1994). Targeted gene disruption of all CPB genes
resulted in a decrease in virulence compared to wild-type parasites, a reduction
of infectivity to macrophages (Mottram et al., 1996) and a shift in the immune
response to infection in mice from a predominantly Th-2 to a Th-1 response
(Alexander et al., 1998; Buxbaum et al., 2003). Re-expression of multiple CPBs
of the array in the null mutant restored most of the infectivity in mice, showing
that the peptidase is a virulence factor (Mottram et al., 1996; Denise et al., 2003).
This suggests that these cysteine peptidases promote the parasite’s resistance to
macrophages’ microbial activity and the host’s immune response.

Both L. major and L. pifanoi possess clan CA family C1 cathepsin L-like
cysteine peptidase genes quite similar to the ones from L. mexicana (Sakanari ef
al., 1997, Rafati et al., 2001), L. major possessing as well a cathepsin B-like gene
(Sakanari et al., 1997). Another example of immuno-evasion promoted by
cysteine peptidase activity was described in Souza Leao et al.,, 1995. The
degradation of host MHC class Il molecules internalised by amastigotes forms of
L. amazonensis was inhibited by cysteine peptidase inhibitors.

There are other clan CA cysteine peptidases in Leishmania; notably 27
family C2 peptidases with calpain-like domains have been identified in the L.
major genome database. Calpains are involved in signal transduction pathways,
and remodelling of cystoskeleton or membrane attachments. Other genes for
clan CA peptidases have also been identified, and, among them, there are 19
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genes for cysteine peptidases of the families C12, C19, C48, and C65 involved in
the ubiquitin pathway.

Among the other clans of cysteine peptidases, clan CD peptidases,
including glycosylphosphatidylinositol (GPI):protein transamidase (Hilley et al.,
2000) and the family of caspase-like peptidases, the metacaspases (Arnoult ef
al.,, 2002), have attracted particular attention. The GPlI:protein transamidase is
involved in the biosynthesis of GPl-anchored proteins, and among the GPI-
anchored proteins in Leishmania, the GP63 metallo-peptidase, thought to be
involved in resistance to the host's immune response (Ellis et al., 2002; Yao et
al., 2003), can be found. Caspase-like peptidases are involved in apoptosis in
many organisms. Programmed cell death in Leishmania is believed to be
caspase-independent (Zangger et al., 2002), and the reason for the presence of
metacaspase remains unclear, and its function remains unknown. A gene
encoding a pyroglutamyl peptidase | has also been identified (clan CF, family

C15) and work on this enzyme will be presented in Chapters 4 and 5 of this
thesis.

1.1.2.2.2.2. Trypanosoma

Trypanosoma cruzi causes Chagas disease, also known as South

American trypanosomiasis. The early stage of the disease is characterised by a
mild febrile state, followed by severe heart and gastrointestinal problems some
years later. The parasite invades muscle cells and as cardiac muscle is often
infected, the illness may lead to death through heart failure.

A major 7. cruzi clan CA, family C1 cysteine peptidase is known as cruzain
(or cruzipain, or gp57/51). It is encoded by multicopy genes present in tandem
arrays on more than one chromosome (Eakin ef al., 1992), and is expressed in
all life-cycle stages, though the highest expression rate is in the replicative insect
epimastigote stage. Cruzain has a similar carboxy-terminal extension to that of L.
mexicana CPB cysteine peptidase (Eakin et al., 1992) and its amino acid
sequence shows high similarity with the cathepsin L-like enzymes of other
Trypanosoma and relatively high similarity with Leishmania sequences (Sakanari

et al, 1997). Cruzain, unlike most cathepsin L-like enzymes, also shows a

carboxypeptidase activity, which is a characteristic of cathepsin B enzymes
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(Judice et al., 2004). The enzyme’s specific function remains uncertain though it
has been linked to differentiation from epimastigotes to the metacyclic stage
(Harth et al., 1993; Tomas et al., 1997), and it has been described to have a
kininogenase activity (Del Nery et al.,, 1997). Kininogens are multifunctional
glycoproteins present in mammalian plasma and are potent inhibitors of papain-
like cysteine peptidases. Cleavage of kininogens with cruzain leads to the
production of a potent pro-inflammatory peptide and thus cruzain may be an
important virulence factor (Del Nery et al., 1997). Furthermore, substrate
cleavage analysis of the different isoenzymes of cruzain showed that they might
have different substrate specificities (Del Nery et al., 1997), as is the case for the
cathepsin L-like isoenzymes of L. mexicana (Mottram ef al., 1997). A more recent

study also linked cruzain to host cell invasion through a kinin-independent
pathway (Aparicio et al.,, 2004). There is some evidence as well that T. cruzi

releases cysteine peptidase activity and this is implicated in the chronic heart
disease (Morrot et al., 1997).

African trypanosomes (including the human infective T. brucei
rhodesiense and T. brucei gambiense, and the non-human infective T. brucei
brucei causing Nagana in cattle) are responsible for the usually fatal African
trypanosomiasis. The number of human cases occurring each year is estimated
at more than 40 000 (http://www.who.int/en/). Less is known about the
peptidases of these African parasites compared to the American forms. The
major cysteine peptidase of Trypanosoma brucei is named trypanopain
(Troeberg et al., 1996) (clan CA, family C1). Its precise function is still unknown,
though it may be involved in parasite differentiation during the life cycle (Pamer et
al., 1989). Cysteine peptidases also seem to be released into the bloodstream,
which may cause platelet aggregation and complication of the infection (Troeberg
et al., 1996), though these enzymes may only be active for a short period of time
before they are inhibited by natural hosts peptidase inhibitors in the serum
(Troeberg ef al., 1996). By using RNA interference to selectively knock down the
cathepsin B activity of T. brucei, it was shown the cathepsin B activity, and not
the trypanopain activity as previously thought, was essential to the parasite in

culture and played a major role in host serum protein degradation by the
bloodstream parasite (Mackey et al., 2004).
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There are at least two families of cysteine peptidases in T. congolese, the
CP1 (Fish et al., 1995) and CP2 families, which are 90% identical in their amino
acid sequences and differ in their N-terminal sequences (Boulange et al., 2001).
Congopain belongs to the CP2-type of enzymes. Though the two types of
enzymes are very similar in sequence, they differ in substrate specificity and pH
optimum for activity (Boulange et al., 2001), suggesting distinct roles in vivo, as

well as different effects on the tolerance they can elicit in cattle. The exact role for

these enzymes in the parasite remains unknown, but it is thought they may have
potential as anti-disease vaccines (Authie et al., 2001).

During T. congolese infection, it was observed that a cysteine peptidase of
the parasite (congopain) elicited an IgG1 antibody production in cattle which
showed a degree of resistance to disease during experimental infections (Authie
et al., 1993). Congopain is a 33-kDa lysosomal cysteine peptidase, inhibited by
E64 (Authie et al., 1992), which shares similarities with the cruzain from T. cruzi
and the mammalian cathepsin L and may be an attractive target for anti-
trypanosome drugs (Lalmanach et al., 2002). It is a major antigen in infected
cattle and antibodies against this antigen inhibit the enzyme’s activity (Authie et
al.,, 2001). Unlike the related mammalian cathepsins B and L, congopain
accommodates a prolyl residue at the P2’ site (Chagas ef al., 1997).

1.1.3. Why are parasite cysteine peptidases good drug targets?

Cysteine peptidase activity has been demonstrated in most parasitic
protozoa and some of the cysteine peptidases well characterised show common
features, for example the similar substrate specificity and similar genetic
organisation of the cathepsin L-like cysteine peptidase of Leishmania and T.
cruzi. Therefore, there is good indication that in aiming to obtain novel anti-
parasite drugs, it would be useful to target a series of cysteine peptidases of
different organisms. Furthermore, some cysteine peptidases involved in human
diseases are well characterised and already targeted by a library of compounds.
Thirteen papain-like cysteine peptidases are encoded in the human genome and
qualify as pharmaceutical targets for the treatment of osteoporosis, arthritis
(Taubert et al., 2002), asthma, auto-immune diseases, and potentially for certain

forms of cancer (Bromme and Kaleta, 2002). Recent advances in the design of
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mammalian cysteine peptidase inhibitors were reviewed by Bromme and Kaleta,
2002. To give an example, CLIK-148, a cathepsin-L specific inhibitor designed
from analysis of the substrate-binding pocket, computer graphics and X-ray

crystallographic data, has been demonstrated to be an effective protective drug
in vivo against tumour-induced osteoporosis and bone metastasis of cancer cells

due to bone collagen degradation and is without side effects (Katunuma et al.,
2002). Therefore, a great methodological knowledge has already been developed

to validate cysteine peptidases as drug targets, and a large number of inhibitors
are already available to direct against often homologous parasite cysteine
peptidases.

Although a variety of homologous cysteine peptidases are present in the
parasites’ hosts, a number of structural and biochemical differences between the
two counterparts have been elucidated. This constitutes a clear advantage in

drug design, as anti-parasite compounds should not inadvertently target a host
cysteine peptidase. Firstly, many parasitic cathepsin-B like peptidases cleave
preferably substrates with arginine at the P2 position whereas cathepsin-L like
peptidases cleave substrates with a hydrophobic amino acid at P2 (Rawlings &
Barrett, 1994). It has been demonstrated that cathepsin L of Trypanosoma cruzi
and Leishmania mexicana prefer hydrophobic residues at the P2 position of
substrate, whereas cathepsin B of the same organisms can also accept basic
residues (Del Nery et al., 1997; St Hilaire et al., 2000). For human cathepsin-B
and cathepsin-L, the preferred residues are glutamate and alanine, respectively.
Furthermore, some cysteine peptidases of parasites are difficult to classify, as
some predicted cathepsin B-like enzymes based on sequence and structure
homology show cathepsin L-like substrate specificity due to single amino-acid
substitutions in the catalytic site (i.e. L. major cathespin B-like enzyme; Chan et
al., 1999). Mammalian cathepsin-L have a highly conserved ERFNIN amino acid
motif in the pro-region which is not in the parasite homologues and cathepsins B
have an inserted “occluding” loop in the catalytic domain. All vertebrate
cathepsins B have maintained the loop whereas some parasite enzymes have
lost it in the evolution process, like Giardia, or modified the loop sequence or the
glycosylation content of the loop (Sajid & McKerrow, 2002). Therefore, parasite

cysteine peptidases do not conform to the general properties described for
vertebrate cysteine peptidases. As parasites’ cysteine peptidases have both
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lysosomal and extra-lysosomal functions, they are adapted to more diverse
chemical environments than their host homologues and are more stable over a
wider pH-range than mammalian cysteine peptidases. The reduced stability of

mammalian cysteine peptidases at pHs higher than 4.0 (lysosomal pH) may
constitute a protection mechanism avoiding inappropriate proteolysis. Parasite

cysteine peptidases are not so tightly restricted and different isoforms of the
same enzyme can be located in different cell compartments (Parussini et al.,
1998). Furthermore, at least some parasite cysteine peptidases are trafficked in
the cells through the primitive mannose-6-phosphate-independent pathway and
N-glycosylation is not necessarily required. For example, the major route of
trafficking of L. mexicana cysteine peptidases to lysosomes may occur via the
flagellar pocket, as treatment with cysteine peptidase inhibitors leads to a build
up of inactive cathepsin B-like cysteine peptidase in the flagellar pocket (Selzer
et al.,, 1999) and experiments with mutated inactive cathepsin L-like cysteine
peptidase led to build up of unprocessed precursor of the enzyme in the flagellar
pocket as well (Brooks et al.,, 2000). The trafficking of cysteine peptidases in
lower eukaryotic organisms may therefore differ significantly from that in
mammals, which is mainly based on binding to specific receptors of mannose-6-
phosphate residues on the surface of the enzyme (Kornfeld and Mellman, 1989).

All of these features constitute potential advantages in targeting the
cysteine peptidase family to develop new anti-parasite chemotherapy.

1.1.4. Cysteine peptidase inhibitors as potential anti-protozoa drugs

Over recent years, there has been a general increase of resistance of
parasites against available drugs, and therefore there is an increasing need to
develop new therapeutics and identify new drug targets. For example,
Leishmania strains resistant to antimonials, currently the frontline drugs of
chemotherapy against leishmaniasis, are becoming frequent (Werbovetz, 2002).
Furthermore, antimonials show high toxicity. The same problem is encountered

with anti-malarial agents (White, 1998) and anti-trypanosomiasis agents. The
differences between parasite cysteine peptidases and their homologues in

mammals have permitted the development of inhibitors and the use of parasite

cysteine peptidases as chemotherapeutical targets. It has now been clearly
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demonstrated that cysteine peptidase inhibitors can be used as anti-parasite
agents (Robertson, 1999; Selzer et al., 1997 and 1999; Fujii et al., 2005) and as
tools for the study of enzyme function (Greenbaum et al., 2004). As cysteine
peptidases are often numerous in parasites, key issue that remain are
identification of cysteine peptidases that are not redundant in function and play
vital roles and to find good and specific inhibitors, often by chemical synthesis,
screening of banks of molecules and rational drug design based on structural
information. Through construction of homology-based enzyme models, structures
of inhibitors can be predicted, then they can be synthesised and tested (Selzer et
al., 1997; Scheidt et al., 1998). Target validation can be achieved in different
ways; firstly by demonstrating that the target is essential through genetic

manipulation, secondly by showing that the parasite lines resistant to a specific
inhibitor possess a mutated version of the target enzyme, and thirdly by proving

there is a good correlation between inhibition of the target activity and the
inhibition of the parasite’s growth (Coombs and Mottram, 1997).

Following this type of scheme, both reversible and irreversible inhibitors of
cysteine peptidases have been identified for different parasites. In Leishmania,
cathepsin B- and L-like enzymes are attractive new chemotherapy targets as
they are required for parasite growth and are demonstrated virulence factors

(Mottram et al., 1996; Mottram et al., 1998). Using models of both enzymes,
inhibitors could be identified (Selzer et al., 1997) and it is now clear that inhibition

of both types of activities Is required for parasite clearance (Mottram et al., 1997).
Progression of L. major infection in vivo could be reduced using these inhibitors
without toxicity (Selzer et al., 1999). This brings good hope that new therapeutics
against leishmaniasis will be commercially available in the future. Similar studies
have been undertaken on Trypanosoma cruzi and Plasmodium falciparum. In T.
cruzi, there are as many as 100 genes encoding cruzain. This may be a problem

in the attempt of designing specific inhibitor. Nevertheless, an effective inhibitor
has been identified and named K11777. It is a derivative of vinyl-sulfone

compounds and may be used in human clinical trails for the treatment of Chagas
disease in the near future (Jacobsen et al., 2000). In P. falciparum strains,

falcipain-2 is highly conserved (Singh and Rosenthal, 2001) and a series of

peptidyl vinyl sulfones have been demonstrated to be good falcipain-2 and -3
inhibitors of potential therapeutic use in the treatment of malaria (Shenai et al.,
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2003). Safety analysis for these different potent drugs suggest that the selectivity
may be due to lack of redundancy of parasite peptidases, higher concentration of
the host peptidases in intracellular compartments, and differential uptake of
inhibitors by parasites (McKerrow et al., 1999; Selzer et al., 1999). So it seems
that the development of ideal reversible, tight binding and very specific inhibitors
(or less specific inhibitors that still work as cysteine peptidase’ role in the parasite
differs from those in the host) of cysteine peptidases for these parasites is on the
way and there is hope that some will be commercially available in the future and
provide new chemotherapies against major parasitic diseases. Exciting findings
acquired in this area could also be applicable to other human diseases involving
cysteine peptidase activities, such a cancer.

1.2. Eimeria

The genus Eimeria (Apicomplexa phylum, subclass Coccidia) includes
more than 1700 species of obligate intracellular parasites that infect all classes of
vertebrates and some invertebrates. An eimerian species was most probably the
first protozoon ever visualised, by Antony van Leeuwenhoek in 1674 in the bile of
a rabbit. As oocysts constitute the stage that leaves the host, usually in faeces,
98% of all Eimeria species are known only from this life-cycle stage. The
diseases caused by these parasites are referred to collectively as coccidiosis,
and they vary tremendously in virulence. Some species cause diseases that
result in mild symptoms that might go unnoticed and eventually disappear, while
other species cause highly virulent infections that are rapidly fatal.

Eimeria species are both site- and host-specific. Most species develop in
the cells of the host’s gastrointestinal tract, but some exceptions can be found.
Eimeria species seem to be limited to specific locations in specific cells in a
limited organ. Most species show high host specificity too (E. tenella only infects
chickens), but some can cross genetic boundaries and infect several hosts.

There has not been any evidence that Eimeria infects humans, though
closely related genera, like Plasmodium, Cryptosporidium and Toxoplasma for
example, can do so. Eimeria infections in wild and domesticated animals are
frequent and widespread, but harmless in most cases. It is only when many
animals are confined together in a restricted area, as it is the case for chicken
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flocks infected with the species E. tenella, that the parasite becomes a problem
as animals are continually re-infected and eventually develop coccidiosis. It is
particularly a problem for young birds, as adults may become immune.
Coccidiosis is the most important death-causing agent in the poultry
industry and is a major economical issue. At least 11 species of Eimeria can
infect chickens, but the most pathogenic species is E. tenella. E. necafrix
(responsible for intestinal coccidiosis), E. acervulina (responsible for upper
digestive tract coccidiosis) and E. maxima (responsible for middle digestive tract
coccidiosis). All cause chronic intestinal coccidiosis and are responsible for
disease outbreaks, but are less significant than E. tenella. E. necaltrix produces
fewer oocysts, therefore the development of a sufficient level of environmental

contamination requires more time, whereas E. acervulina and E. maxima are less
pathogenic and mainly affect older birds. E. tenella develop in the cells of the

caeca (two blind sacs near the end of the intestine). After three days of infection,
the host chicken stops feeding, droops and by the fourth day, blood appears in
the droppings. By the eight or ninth day, the bird is either dead due to excessive
blood loss, or on its way to recovery. This type of coccidiosis is the most common
in young chickens and is therefore a major problem. Furthermore, with the rising
problem of resistance of eimerian strains to most chemicals used as anti-

coccidial agents, there is a need to identify new drug targets and develop new
drugs.

1.2.1. Life cycle, transmission and pathogenicity

Eimeria species are homoxenous; they have a direct life cycle that takes
place within the same host. The infective stage is the sporulated oocyst, the

environmentally-resistant form of the parasite which contains 4 sporocysts (Fig.

1.2, b, d) containing 2 sporozoites each. Sporulated oocysts (Fig. 1.2, a, c) can
survive In a litter for many months.
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FIG. 1.2. Eimeria sporulated oocyst structure. Line drawings of the parts of
hypothetical sporulated oocysts/sporocysts of Eimeria: a, completely sporulated oocyst showing
major structural features with four sporocysts each with two sporozoites; b, sporulated sporocyst
showing major features, including two sporozoites; ¢, end of an oocyst showing other possible
structures, a micropyle and micropyle cap, present in some oocysts, especially those of
ruminants; d, another sporulated sporocyst showing a variety of structural features, some of

which may be present on the sporocysts of different Eimeria species (a = anterior, p = posterior

refractile bodies of sporozoite) (Duszynski, 2001).

Unsporulated oocysts are released in the faeces of an infected host (Fig.
1.3, u). Under the appropriate combination of environmental factors (conditions of
moisture, temperature and direct exposure to sunlight) often optimal in a litter, the
oocyst sporulates, which means that sporocysts and sporozoites develop. This is
an aerobic process Involving high oxygen consumption and an energy source

from stored mannitol. Once sporulation is completed the metabolism is more lipid
based. The diploid sporoplasm undergoes a meiosis (Fig. 1.3, v) followed by
mitosis to form 4 sporoblasts (Fig. 1.3, w). Each sporoblast forms a sporocyst

containing 2 sporozoites each (Fig. 1.3, x). This process takes about 2 days at
room temperature.
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SPOROGONY

FIG. 1.3. Complete life cycle of Eimeria.
(http://biology.unm.edu/biology/coccidia/eimeriabiol.html).

A host is infected when it ingests sporulated oocysts from contaminated
food or water (Fig. 1.3, a). The oocyst wall is mechanically (or/and enzymatically)
broken in the stomach/gut of the host and the biochemical environment is
favourable to the active process of excystation. Sporocysts are set free and
exposed to enzymes of the bile, which leads to release of the sporozoites (Fig.
1.3, b). The sporozoites move actively and enter epithelial cells for their further
development (Fig. 1.3, c). In E. tenella, the sporozoites penetrate the villus
epithelium of the caecum at the tip of the villi. In the cell, the parasite is engulfed
in a parasitophorous vacuole where uninucleate sporozoites develop to
multinucleate schizonts (Fig. 1.3, d) and schizonts undergo cytoplasm division to
produce merozoites (around 900) (Fig. 1.3, e). The merozoites break out of the
epithelium, disrupting the host cell and are released back into the intestinal lumen
where they re-infect other epithelial cells (Fig. 1.3, f). Several cycles of asexual
multiplication (schizogony or merogony) occur and lead to the formation of a

large number of merozoites (Fig. 1.3, g-j). Merozoites of different generations

differ in size and quantity. Eimeria infections are self-limiting as asexual
generations are limited to 2 to 4 before sexual generation occurs. Then, instead

of giving a further generation of schizonts, merozoites re-enter the epithelium and
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begin the process of gametogony by which macrogametocytes (female gamete)
(Fig. 1.3, k-0) or microgametocytes (male) (Fig. 1.3, o-r) are formed. The
mechanism that triggers this developmental switch is still unknown. The
microgametocyte buds off to produce many flagellated microgametes that leave
the epithelial cells in which they were produced to enter cells containing
macrogametocytes (Fig. 1.3, s). The process of fertilisation by which a
microgamete actively enters a macrogamete, leads to the formation of an
intracellular zygote and the granules present within the macrogamete coalesce to
form the outer cyst wall. The oocyst disrupts the host's cell membrane, is
released in the intestinal lumen and is discharged in the faeces (Fig. 1.3, t). The
entire cycle from the infection to the production of oocyst lasts 6 days.

A picture of a cell-invading merozoite is shown on Fig. 1.4. and a
diagram of a sporozoite is provided in Fig. 1.5. A typical structural feature of
apicomplexan parasites is the presence of a unique apical complex, composed of
polar rings, rhoptries, micronemes, often a conoid, and other subcellular
organelles that differ from species to species (Tomley, 1997). The apical complex
is involved in cell invasion (Soldati et al., 2001; Tomley and Soldati, 2001). The
refractile bodies, typical of the sporozoite stage, are composed of lipid

components that might be Incorporated into the parasitophorous vacuole
(Entzeroth et al., 1998).

FIG. 1.4. Electron-micrograph of second generation merozoites of E. tenella.

(Courtesy of Prof D. Ferguson, Oxford). C: conoid, D: dense granules, M: micronemes, R:
rhoptry.

26



Chapter 1: General introduction

pellicle

MICroporus —;

with ._
nucleolus %= amylopectin

A\ .
by, ,) h endoplasmatic
T A/ reticulum

' J l
fatty granules —w4
dense granules ¢

posterior \,
refractile

1 um I

FIG. 1.5. Structure of a sporozoite of Eimeria species (www.saxonet.de).

The release of the merozoites induces rupture of host's epithelial cells,
destroying tissue and causing haemorrhages in epithelial capillaries. This will
lead to villous atrophy in the intestine resulting in malabsorption and
accumulation of cell debris, blood clots, and necrotic materials in the caecum of
infected birds with E. tenella causes necrosis of the organ, sometimes leading to
death. Not all species of Eimeria cause such dramatic symptoms. The
pathogenicity will very much depend on the type of species ingested, the number
of sporulated oocysts ingested, the age of the host (old chicken for example may

be immune against E. tenella), and the environmental conditions (such as

crowding effect; Williams, 2001).

1.2.2. Biochemical and molecular biology features

Studies of the biochemistry of Eimeria have been made difficult by its
intracellular location. It is therefore difficult to obtain enough material for analysis
and parasites cannot be grown outside of the host cells. It is mainly oocysts and

sporozoites, the extracellular stages of the life cycle of the parasite, that have

been biochemically characterised.
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Among the most peculiar features encountered in Eimeria, there are
plastid-like organelles, the presence of a mannitol-cycle, and pyrophosphate-
linked glycolytic enzymes involved in carbohydrate metabolism. This makes
Eimeria an interesting organism, with some biochemical characteristics of
mammals, anaerobic organisms, plants and fungi.

1.2.2.1. Genomic organisation

The genome organisation of Eimeria has been reviewed by Shirley (2000)
and Shirley and Harvey (2000). Eimena specieé have a nuclear genome of about
60 Mbp contained on about 14 chromosomes of 1 to above 7 Mbp. The genome
is currently being sequenced, and a 5-time coverage of the Houghton strain
genome has been obtained by shotgun reads
(www.sanger.ac.uk/Projects/E_tenella/). Annotation is underway and will be
available on the GeneDB database. The GC content of the genome has been

determined for a few species and is around 50% (53% for E. tenella), there is an

abundance of the tri-nucleotide repeat GCA (Shirley, 2000), the codon usage has
been determined for nine genes of E. tenella (Ellis et al., 1994) and bias was

associated with the over-representation of G- or C-rich codons. Additional to the
nuclear genome, a 6 kb mitochondrial DNA molecule and a circular plastid DNA
molecule of about 35 kb could be detected (Williamson et al., 1994). The plastid

DNA molecule is contained in a plastid-like organelle, and it has been suggested
that it could have a green algae origin (Kohler et al., 1997). The position of the

plastid-like organelle in the cells and its full biological function are unknown,
though it has been suggested for other apicomplexan parasites (7. gondii, P.
falciparum, Sarcosystis muris, and Babesia ovis) that it contains some
components of the respiratory chain (Hackstein et al., 1995), proteins involved in
haem synthesis, in Type Il fatty acid biosynthesis (Vollmer et al., 2001), tRNAs
and transcription factors (Wilson and Williamson, 1997), and proteins for

isoprenoid biosynthesis (important for protein prenylation and signal transduction
regulation) (Vial, 2000). Furthermore, spherical virus-like particles could be
revealed on electron microscopy and viral-like double-stranded RNA molecules

could be detected (Ellis and Revets, 1990), but the role of these RNA viruses In
the biochemistry of Eimeria is unknown so far.
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Further analysis of the function of the genes requires good molecular
biology tools. There is hope that transfection technologies will provide a good
method of study, as transient transfection in sporozoites of E. tenella could be

performed (Kelleher and Tomley, 1998). But no gene knock-out or RNA
interference experiments have been successful so far, as studies are mainly
limited to the extracellular non-replicative forms of the parasite and in-vitro

propagation of the life-cycle is very inefficient (Tierney and Mulcahy, 2003).

1.2.2.2. Energy metabolism

The major energy sources for Eimeria through its life cycle are
carbohydrate compounds (routinely mannitol, and glycogen and amylopectin as
storage forms), though lipids might be metabolised too (Coombs et al., 1997).
The presence of  anaerobic-specific  enzymes (like  PPI-PFK,
phosphofructokinase, Muller et al., 2001) in Eimeria suggests that the parasite
may be adapted to this metabolic mode (Denton et al., 1994). Sporozoites for
example may be facultative anaerobes. A surprising feature is the presence of
mannitol at high level in unsporulated oocysts (Schmatz et al., 1989). This is a
carbohydrate previously detected only in fungi, with mannitol-cycle associated
enzymes. The mannitol cycle occurs in stages other than the oocyst, such as
sporozoites (Michalski ef al., 1992). The function though is still uncertain, though
there is good evidence that it may be required during sporulation (Allocco et al.,
1999). Respiratory chain and other catabolic pathways are similar to the typical
eukaroytic pathways and were reviewed in detail by Coombs et al. (1997).

Interestingly, the shikimate pathway, necessary for synthesis of aromatic
amino acids and absent from mammals, is present in coccidia (Roberts et al.,
1998). This provides an additional potential target for chemotherapy and some
herbicide-like compounds have been found to have some efficacy against

enzymes of the shikimate pathway in apicomplexan parasites, like in Plasmodium
falciparum (McConkey, 1999).

29



Chapter 1: General introduction

1.2.3. Treatment and control

Avian coccidiosis is considered to be one of the most important
veterinary diseases of domestic animals. Over the years, many anti-coccidial

compounds have been shown to have efficacy and have been used as feed
additives to control the disease. The major drugs currently used against E.

tenella are polyether ionophores (Dutton ef al.,, 1995). A list of commercially
available anti-coccidial drugs and their mechanism of action is given in Table 1.2.

Table 1.2. Mechanism of action of commercially available avian anticoccidial drugs.
(From Coombs et al., 1997).

Compound class Examples Mechanism of action
Polyether ionophore Salinomycin Perturb ion gradients

lL.asalocid

Maduramicin

Semduramicin
Carbanilide/pyrimidine  Nicarbazin Oxidative phosphorylation uncoupler?
Febrifugine Halofuginone Not known
Triazine Diclazuril Pyrimidine metabolism?

Toltrazuril Mitochondrial respiration?

Chlorophyll a-D1 complex?

Quinolone Decoquinate Mitochondrial respiration/electron transport

Buquinolate Topoisomerase?
Pyridinol Clopidol Mitochondrial respiration/electron transport
Thiamine analogue Amprolium Thiamine uptake and utilisation
Nitrobenzamide Zoalene Nicotinamide antagonist?

Nitromide
Guanidine Robenidine Oxidative phosphorylation uncoupler?
Benzylpurine Arprinocid Purine salvage?

lon chelation (N-oxide active metabolite?)

Organic arsenical Roxarsone Binds protein sulphydryt groups?
Polyketide Oxytetracycline Protein synthesis?

Chlortetracycline

Sulphonamide Sulphadimethoxine  Dihydropteroate synthetase
Sulfaquinoxiline

Aminopyrimidine and Ormethoprim and Dihydrofolate reductase and
sulphonamide sulphadimethoxine  Dihydropteroate synthetase

However, resistance to these drugs has occurred (Augustine et al., 1996)
and effort has been put in attempts to understand better the parasite’s biology
and the host immune response to the parasite to find alternative ways of control,
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like the development of vaccines. The basis of this approach is the observation
that it is possible to acquire protective immunity to Eimeria species, which can be
boosted by increasing the exposure to the parasite’s antigens. Current vaccines

are composed of oocysts (usually attenuated to avoid averse effect) of various
species of Eimeria. Commercial live vaccines are already available, like

Coccivac® (1952), Immunocox® (1987), Paracox® (Shirley, 1989), Livacox®
(1993). Vaccine efficacy has been reviewed by Chapman et al. (2002).
Vaccination is the only alternative to chemotherapy at the moment, and in
practice the administration of drugs remains the easiest, most cost effective way
and probably the most effective way of controlling the disease (Waldenstedt et
al., 1999). But the intensive use of drugs in farm animals raises public health

concerns as residues of coccidiostats can be found in the meat and this might
lead to antibiotic resistance in humans. Rotating treatments involving an

alternation of the administration of drugs and vaccines, or of different vaccines, or
of different drugs can be used. Therefore, there are already methods of control
available but none seems ideal and absolutely efficient; therefore there is a
constant need for identifying new potential drug targets, developing new drugs or
new control strategies. Increasing knowledge of the parasite’s biology in
concordance with genome sequencing projects should bring useful information
for the identification and validation of better anti-coccidial agents.

31



Chapter 1: General introduction

1.3. Leishmania

The genus Leishmania belongs to the family of Trypanosomatidae, of the
order Kinetoplastida. They are flagellated parasites that occur as intracellular
amastigotes in vertebrate hosts and promastigotes in invertebrate vectors. About
21 species have been identified to date, most of them having a specific
mammalian reservoir (mainly rodents), and some of them being human
pathogens. The parasite is endemic in areas of the tropics and subtropics, in a

total of 80 countries in South and Central America, Southern Europe, Asia, the
Middle East, and Africa, with sporadic cases elsewhere (Fig. 1.6).

LEISHMANIASIS

12 million people infected

350 mithon people at risk

FIG. 1.6. Leishmaniasis distribution in the world.
(srs.wehi.edu.au/media/images/handman/world_map.jpg)

Leishmania affects 2 million people and causes about 60000 deaths a year
(Croft et al., 2002; Reithinger et al., 2002), and there has been an ever increasing

number of cases reported every year over the last 20 years. The last 10 years

have also seen an emergence of leishmaniasis as an important opportunistic

32



Chapter 1: General introduction

infection in immuno-depressed patients; in particular those infected with the
human immunodeficiency virus (HIV) (Ambroise-Thomas, 2001). Infection with
Leishmania is also a frequent cause of clinical disease in the dog, especially in
tropical, sub-tropical and temperate areas.

Different Leishmania strains are responsible for different forms of the

disease in humans, with different severity of symptoms. The four types of
diseases are: visceral, cutaneous, diffuse cutaneous and mucocutaneous
leishmaniasis. According to the human clinical criteria, canine leishmaniasis is
classified as visceral, although the term "generalized canine leishmaniasis" might
be more appropriate because it involves visceral and cutaneous tissues (Alvar et
al., 2004).

Visceral leishmaniasis is caused mainly by the Leishmania species of the
complex donovani; L. donovani chagasi (in the Middle East and Asia mainly), and
L. donovani donovani, L. donovani infantum and L. donovani archibaldi (in South
America, mainly eastern Brazil) (Desjeux, 2004). The parasite infects
macrophages throughout the reticuloenendothelial system, and eventually
reaches spleen, liver and bone-marrow cells, resulting in death of the patient if
not treated.

Cutaneous leishmaniasis is caused mainly by L. major, L. tropica, and L.
aethiopica (in Africa and Asia); and L. guyanensis, L. panamensis, and L.
mexicana (in South and Central America). In this case, parasites only multiply in
the macrophages at the site of inoculation, which results in a single lesion.
Healing can be spontaneous, resulting in immunity, in untreated patients.

Diffuse cutaneous leishmaniasis in caused by L. aethiopica in Africa, and
by L. amazonensis in Central and South America. Symptoms are the appearance

of widespread nodules in the skin, which are difficult to treat and do not heal
spontaneously.

Mucocutaneous leishmaniasis is caused by L. braziliensis and L.
panamensis in South America only. Parasites are inoculated by a sand fly bite at
any location on the body, which forms a small lesion that heals spontaneously.
But the parasites invade and erode cartilaginous tissues (nose and palate)

causing disfigurement and eventually death from secondary infections if
untreated.
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Leishmaniasis is therefore an important human disease, in constant
progression and emergence of resistance to available drugs is an increasing
problem. It is essential new drugs are identified in order to increase chances of

controlling the disease.

1.3.1. Life cycle and transmission

The life cycle of Leishmania alternates between a vertebrate and an
insect host (Fig. 1.7). The natural reservoir hosts, besides humans, include dogs
and various wild animals. The vectors are small Dipteran insects (sandflies) of

the genus Phlebotomus and Lutzomyia.

Intracellular amastigote

Transformation

Proliferation

\pt*e .
Lysis/
bursting

Altach mem e

Attachment

Mammalian host

Sandfly bite Sa ndfly Sandfly bite ’
Amastigotes
gy Al O gl @@
D—f"—“—“—”
Mutacycllc
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to the Procyclic Transformation
mouthparts promasngotea

Proluieranon in the rmdgut

FIG. 1.7. Life cycle of Leishmania species. (www.wehi.edu.au/media/images/
leishmania_cycle.gif).
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Amastigotes (in the vertebrate host) have virtually no flagellum (Fig. 1 8).
They are ingested by macrophages by phagocytosis. The parasites, resistant to
lysosomal enzymes released into the phagolysosome, multiply by binary fission
within the macrophages (Pearson et al., 1981). This makes the macrophage die
eventually and release the parasites that can infect new macrophages. The
sandfly vector (female only) ingests the infected macrophages from the blood or
skin, while having a blood meal. The parasites then transform into procyclic
promastigotes in the midgut of the insect (Walters, 1993). Promastigotes are
more elongated, flagellated forms (15-20 um in size), with the kinetoplast near
the anterior end, which multiply by binary fission too (Fig. 1.9). About 10 days
after ingestion of the parasites, the insect vector feeds again, and metacyclic
promastigotes parasites, which have migrated from the midgut to the proboscis,
are injected into the vertebrate host’'s skin. The parasites are then phagocytosed
by macrophages, and they revert to the amastigote form before dividing again
(Sacks, 1989).

FIG. 1.8. Ultrastructure of Leishmania mexicana amastigotes (from Coombs et al,
1986). The two electron microscopy images show that the lysosomes (Lys) occupy a significant
proportion of the cytoplasm, while organelles of the secretory pathway are less conspicuous. The
flagellum of the amastigote stage only just emerges from a flagellar pocket (fp). The posterior end
of the amastigotes is often intimately connected to the membrane of the macrophage

phagolysosome compartment (arrowheads). N, nucleus; M, mitochondrion; k, kinetoplast. Scale
bars: 500 nm.
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FIG. 1.9. Ultrastructure of Leishmania mexicana promastigotes (from Waller and
McConville, 2002). Tubular ‘early’ endosomes (endo) are closely associated with the flagellar

pocket (fp). A single Golgi apparatus is also proximal to the flagellar pocket and is flanked by a
transitional endoplasmic reticulum (tER). Multivesicular bodies (MVBs) can be seen arising. The
lysosome compartment, termed the multivesicular tubule (MVT) extends from near the flagellar
pocket, in close proximity to MVBs, to the posterior end of the cell. One or two microtubules (mt)

run along the length of the MVT-lysosome. Acidocalcisomes (ac) cluster principally in the

posterior of the cell (note that glutaraldehyde and osmium fixation extracts the contents of some
of the acidocalcisomes). N, nucleus. Scale bars: 500 nm.

1.3.2. Biochemical and molecular biology features

Studies of the biochemistry of Leishmania have been possible due to the
relatively easy maintenance of the promastigote form of the parasite in culture.
The promastigotes multiply by binary fission and differentiate into metacyclic

promastigotes when reaching the stationary phase of growth. This has made

genetic manipulations, and studies of particular gene’s functions possible.
Among the most peculiar features present in Leishmania, is the

kinetoplast, a unique cellular structure located within the single mitochondrion
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and possessing its genetic information. The kinetoplast is located at the base of
the flagellum near the anterior end (Fig. 1.8). At the metabolic level, glycolysis is
a regulated event that takes place in the glycosomes, which are specific
organelles related to peroxisomes (Parsons, 2004), and oxidative stress is
regulated using trypanothione, an antioxidant absent from the mammalian host,
which utilises glutathione instead.

1.3.2.1. Genomic organisation

Leishmania i1s a diploid organism. The haploid genome of Leishmania
major Friedlin (the subject of this study) is composed of 36 chromosomes, that

vary in size from 326.9 to 2821.3 kb, with a total genome size of 34.7 Mb (Zhou
et al., 2004). In terms of codon usage, the G+C content at the third codon
position represents the main source of codon usage variation (Alvarez et al.,

1994). The genome is divided into transcription units (Myler et al., 2000), which

are transcribed into polycistronic mRNAs. The control of gene expression is
mainly post-transcriptional, using trans-splicing and polyadenylation, which
require the addition of a &' cap and a 3’ poly A tail. At the 5' end of all MRNAs, a
splice leader sequence (SL) is added by trans-splicing (Graham, 1995). The SL
sequence is composed of a non-translated 39-41 nucleotide sequence, which is
well conserved between trypanosomatid species (Gibson et al, 2000). At the 3’

end no specific signal for the addition of the poly A tail has yet been described,
although polypyrimidine tracts have been identified.

Additional to the nuclear genome, the kinetoplast contains a catenated
network of DNA (kDNA), which can be divided into 2 groups: maxicircles and
minicircles, where maxicircles are found at a copy number of 20-50 per
kinetoplast, and minicircles are present at about 10000 per kinetoplast.
Maxicircles are homogeneous circular DNA molecules, 20-35 kb in size, which
have many of the characteristics of conventional mitochondrial DNA, encoding
proteins involved in energy production. Minicircles are a heterogeneous group
and 0.5-1.5 kb in size, which differ in sequence number and types from species
to species. They do not encode proteins, but encode for guide RNAs (gRNAS),
which have a role in the maturation of the mitochondrial mRNAs, a process

known as RNA editing, a process typical of trypanosomatids (Schneider, 2001).
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After transcription, U nucleotides are inserted, and create open reading frames
from non-sense sequences at the RNA level (Benne et al.,, 1986). U deletions

can also occur, but at lower frequencies. The small RNA molecules transcribed
from the minicircles and maxicircles contain the editing information (Simpson et
al., 2004). RNA editing is used as a mechanism of regulation of mitochondrial
gene expression (Worthey et al., 2003).

1.3.2.2. Energy metabolism and trypanothione

Leishmania species present a number of particular biochemical features.
First, they present a unique compartmentation of glycolysis within unusual
peroxisomes called glycosomes. Like peroxisomes, glycosomes are bounded by
a single-membrane. In Leishmania amastigotes, glycosomes comprise 1% of the
total cell volume (Coombs et al.,, 1986). Some enzymes commonly found in

peroxisomes are also found in the glycosomes (Wiemer et al., 1996). So the

glycosomes might have evolved from peroxisomes, but might also reflect
recruitment of proteins from a photosynthetic organism through lateral gene
transfer by endosymbiosis (Hannaert et al., 2003) or phagocytosis (Waller et al.,
2004). This photosynthetic organism is thought to have been an alga, as some
pathways are related to those of algae, plants and chloroplasts (Hannaert et al.,
2003), and some plastid-like proteins are found in the glycosome. Glycolysis
occurs as a result of a cooperation between the cytoplasm, the mitochondrion
and the glycosome, and purines, which the parasite cannot synthesise de novo,
are also salvaged using enzymes associated with glycosomes. Although some
enzymes of glycolysis are similar to those of the mammalian host, the glycosome
possesses unique enzymes of algal origin, which may be interesting for drug
design (Parsons, 2004).

Another interesting characteristic is that Leishmania parasites regenerate
thiols using trypanothione (a glutathione-spermidine conjugate), rather than
glutathione (Henderson and Fairlamb, 1987). This is the anti-oxidant used to
reduce hydrogen peroxide and other oxidants. Trypanothione and the enzymes
involved in its synthesis and recycling are absent from the mammalian host and

so have been proposed as suitable targets against which to develop drugs
(Fairlamb and Cerami, 1992; Chibale and Musonda, 2003).
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1.3.3. Treatment and control

As a first strategy of control of the disease, the elimination of natural
reservoirs such as dogs, rodents and insect vectors has been used. Sandfly
population control is an ongoing process and continued surveillance is required
to keep the population low. However, this is possible only under certain
environmental conditions. Therapy against leishmaniasis mainly relies upon
pentavalent antimonials, which have been used since the 1940’s, and include
sodium stibogluconate or meglumine antimonite; a prolonged course being
necessary for treatment. The mode of action is unclear, but the retention in
macrophages and conversion to more toxic trivalent derivative are important
factors (Shaked-Mishan et al., 2001). Pentamidine is used as an alternative to
antimonials, in case the latter are not effective (Amato et al, 1998). But
pentamidine resistance has been described, relying on the decrease in
mitochondrial membrane potential, which prevents the accumulation of the drug
in the mitochondrion and thus reduces its toxicity (Basselin et al., 2002).
Amphotericin B, an antibiotic, is also used, where resistance to other drugs
occurs (Olliaro and Bryceson, 1993). Many of these treatments present severe
side effects, or are too expensive for extensive use in developing countries.
Antimonials have a cumulative toxicity and parasites are increasingly becoming
resistant to these drugs (Croft et al., 2002). Pentamidine is expensive and more
toxic; amphotericin B has lower toxicity but is even more expensive. Vaccines
have not been successful so far due to the complexity of the immune response
caused by the parasite (Croft and Coombs, 2004). Recently a new compound
inhibiting various enzymes of cell signalling pathways, miltefosine, has been

registered for use against leishmaniasis (Seifert et al., 2003), but there is a need
for new drug discovery and validation of new treatments.
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1.4. Aims of this study

The overall aim of this project was to identify and characterise cysteine
peptidases as possible drug targets in the parasitic protozoa Eimeria and
Leishmania.

This project was divided into 2 parts:

- ldentification of cathepsin B-like peptidases (clan CA, family C1) in Eimeria
tenella, production of active recombinant enzyme for biochemical
characterisation and drug screening, and production of spéciﬂc antibodies to
study the localisation of the enzyme in the parasite.

- ldentification and characterisation of genes encoding a pyroglutamyi
peptidase | (cysteine peptidase of the clan CF, never described before in
parasites) in Leishmania major, production of active recombinant enzyme for

biochemical characterisation, and study of its role by gene replacement and over-
expression in the parasite.
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Chapter 2
Material and Methods

2.1. Parasites

2.1.1. Eimeria tenella sporozoite preparation

A suspension of sporulated oocysts of E. tenella (H strain) at a
concentration of 107 cells/ml in 5% (w/v) sodium hypochlorite, 1% (W/v)

amphotericin B was kindly provided by Intervet, Schwabenheim, Germany. About
10° sporulated oocysts were washed in phosphate-buffered saline (PBS) (20 mM
sodium phosphate buffer, 150 mM sodium chloride, pH 7.4), with 3 min
centrifugation at 13000 g at room temperature to sediment them between each

wash. The oocysts were resuspended in 5 ml PBS and 5 ml 3 mm sterile glass
beads (Sigma, Poole) were added. The sample was vortexed for a few minutes,

checking regularly by phase contrast microscopy for release of sporocysts. The
sporocysts suspended in the liquid phase were transferred into a fresh tube, the
beads were washed with PBS and the liquid phase containing sporocysts was
added to the first batch of sporocysts. The combined sporocyst sample was
centrifuged at 800 g for 5 min at room temperature. The cloudy supernatant was
removed and pelleted sporocysts were resuspended in 1% (w/v)
taurodeoxycholic acid containing 0.25% (v/v) trypsin (Sigma, Poole, ref. T4549)
and placed in a shaking water bath at 44°C for 1 h. Subsequently, the excystation
mixture was filtered through a non-absorbent cotton wool column and the ~95%
pure sporozoites were collected in the flow through (contaminated by some cell
debris). The sporozoites were sedimented at 3000 g for 5 min at room
temperature and used immediately or stored at -20°C. The efficiency of

excystation of 6 to 12 months old sporulated oocysts was about 50%. The

sporulated oocysts used were not older than 12 months. The overall efficiency of
sporozoite purification was 30 to 35%.

2.1.2. Leishmania major culture

Leishmania major (MHOM/IL/80/Friedlin) promastigotes were cultured in
HOMEM medium (Berens et al., 1976) (GibcoBRL, Paisley) with 10% (v/v) heat
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inactivated foetal calf serum (HIFCS) at 25°C with air as the gas phase. Cultures
were inoculated at ~10° cells/ ml and cells were sub-passaged when stationary

phase was reached (1-2 x 107 cells/ml) (after about one week).
L. major metacyclic promastigotes were purified from stationary phase

cultures as described by Da Silva and Sacks, 1987. Briefly, promastigotes were
pelleted at 1300 g for 10 min at 4°C, washed in PBS and resuspended in PBS at

10° cells/ml. Peanut agglutinin (Vector Laboratories, Burlingame, CA, US) was
added at 50 pg/ml (w/v) and the sample was incubated 25 min at room

temperature. The supernatant contained the non-agglutinated metacyclic
promastigotes.
L. major amastigotes were purified from infected BALB/c mice by Susan

Baillie (University of Glasgow) as described (Hart et al., 1981) and incubated at
25°C in presence of 30 ng/ml gentamicin (Sigma, Poole).

The densities of all cultures were determined using an improved Neubauer
haemacytometer (Weber Scientific, Hamilton, NJ, US).

2.1.3. L. major harvest and lysis

Parasites were harvested by centrifugation at 1300 g for 10 min at 4°C,
washed twice in PBS, and stored at -80°C until use. Parasites were lysed by

resuspension to a concentration in parasite equivalents of 2 x 10° cells/ml in lysis
buffer, composed of 50 mM Tris/HCI pH 8.0, 0.25% (v/v) Triton X-100, 20% (v/v)
glycerol, and, unless stated otherwise, a cocktail of peptidase inhibitors (10 uM
(2S,35)-3-(N-{(S)-1-[N-(4-guanidinobutyl) = carbamoyl]3-methylbutyl}carbamoyl)
oxirane-2-carboxylic acid [E-64], 2 mM 1,10-phenanthroline, 4 uM pepstatin A, 1
mM phenylmethylsulfonyl fluoride [PMSF]). The mixture was incubated for 10 min
on ice and centrifuged at 13000 g for 15 min at 4°C. The supernatant (designated

as the soluble fraction) was separated from the pellet, and the pellet (designated
as the membrane-bound fraction) was resuspended in the same volume as
before in lysis buffer. Both samples were either used immediately or stored at -

20°C until use.
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2.1.4. L. major cryo-preservation

Stationary phase L. major promastigotes were pelleted at 1300 g for 10
min and resuspended at 10° cells/ml in HOMEM medium with 10% (v/v) HIFCS.
One ml of cell suspension was mixed with 1 ml of HIFCS containing 30% (v/v)
glycero!l in a cryotube vial (Nunc, Roskilde, Denmark), and placed overnight at -

70°C in an isopropyl alcohol bath (for slow decrease of temperature), before

transfer to liquid nitrogen (-196°C) for long-term preservation up to several years.

2.1.5. Bioassay for leishmanicidal activity

Promastigote viability was measured using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) assay as described in Silva et al., 2000.
The assay is based on the loss of mitochondrial activity associated with cell

death, and therefore loss of the capacity of reduction of MTT (yellow) into
formazan (blue). L. major promastigotes were pelleted at 1300 g for 10 min and

resuspended at 5.5 x 107 cells/ml in PBS. 5 x 10° L. major cells were incubated in
a microtiter plate with gomesin and gomesin analogues at various concentrations
in a total volume of 100 pul. Gomesin and gomesin analogues were Kkindly
provided by Dr Antonio de Miranda (Sao Paolo, Brazil). The primary amino acid
structure of gomesin is ZCRRLCYKQRCVTYCRGR" (using the single letter
amino acid code, were Z stands for pyroglutamate and the asterisk indicates an
a-amide) (Silva et al., 2000). The gomesin analogues were [Ala']-gomesin,
where the N-terminal pyroglutamate was replaced by an alanine, and Ac-[AIa1]-
gomesin, where the N-terminal pyroglutamate was replaced by an acetylated
alanine. After an incubation of 1 h at 25°C, 100 ul of 2 mg/ml MTT dissolved in
PBS was added (final concentration of 1 mg/ml), the mixture was incubated for 1
h at 25°C, and then the absorbance at 620 nm was read using a microtiter plate
reader.
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2.2. Molecular biology techniques

2.2.1. Isolation of genomic DNA from E. tenella and L. major

1 x 10® E. tenella sporozoites or L. major promastigotes were pelleted by
centrifugation at 1300 g for 10 min at 4°C and the cells were resuspended in 150
ul of TELT buffer (50 mM Tris-HCI pH 8.0, 62.5 mM ethylenediamine tetraacetic
acid [EDTA], 2.5 M LiCl, 4% (v/v) Triton X-100) (Medina-Acosta and Cross,
1993). The suspension was incubated for 5 min at room temperature, before
addition of 150 pl of phenol-chloroform (1:1, v/v). The sample was gently mixed
by inversion and centrifuged at 13000 g for 5 min at 4°C. The aqueous phase
was transferred to a new microfuge tube and 0.1 volume of 3 M sodium acetate
and 2 volumes of 100% ethanol were added to precipitate the DNA. The mixture

was incubated 5 min on ice before centrifugation at 13000 g for 5 min at room
temperature. The DNA pellet was washed with 70% (v/v) ethanol, air dried briefly

and resuspended in 50 pul of TE buffer (10 mM Tris/HCI pH 8.0, 1 mM EDTA).
After RNAse H (Sigma, Poole) treatment (1 mg/ml) for 1 h at 37°C, the sample

was stored at 4°C.

2.2.2. Isolation of genomic DNA from Pichia pastoris

A single colony was used to inoculated 10 ml of YPD medium (1% (w/v)

yeast extract, 2% (w/v) peptone, 2% (w/v) glucose) and grown overnight at 30°C,
300 rpm shaking. Cells were pelleted at 1500 g for 10 min, washed with 10 ml of
sterile water and resuspended in 2 m! of SCED solution (1 M sorbitol, 10 mM

sodium citrate, pH 7.5, 10 mM EDTA, 10 mM dithiothreitol [DTT]). To disrupt the
yeast cell wall, 0.3 mg of lyticase (227 U/mg, Sigma, Poole) was added and
incubated without shaking at 37°C for 30 min. Then 2 ml of 1% (w/v) sodium
dodecylsulfate (SDS) were added, and the mixture was incubated for 5 min on
ice, before addition of 1.5 ml of 5 M potassium acetate, pH 8.9, and centrifugation
at 10000 g for 10 min at 4°C. Two volumes of ethanol were added to the
supernatant and the mixture was incubated for 15 min at room temperature,
before centrifugation at 10000 g for 20 min at 4°C. The pellet was resuspended in

0.7 ml of TE buffer and 1 volume of phenol/chloroform (1:1) was added, before
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centrifugation at 10000 g for 10 min at 4°C. One volume of chloroform was added

to the aqueous phase, and centrifuged as before. Then 0.5 volume of 7.5 M
ammonium acetate, pH 7.5, and 2 volumes of ethanol were added to the
aqueous phase, and the mixture was incubated for 10 min on dry ice. The

sample was centrifuged at 13000 g for 20 min at 4°C, the pellet was washed with
1 ml of 70% (v/v) ethanol, air dried and resuspended in 100 ul of TE buffer. The
DNA was stored at 4°C.

2.2.3. Isolation of total RNA

2.2.3.1. E. tenella

Total RNA from E. tenella sporulated oocysts (H strain) was isolated using
the method described in Johnston et al.,, 1998. The RNA obtained was further

DNase treated for 30 min at 37°C using 1 U/ug of RNA isolated (DNase |,
RNase-free, Sigma, Poole) before storage at —70°C.

2.2.3.2. L. major

1 x 10° L. major promastigotes were pelleted at 1500 g for 10 min at 4°C
and resuspended in 1 ml of TRIzol® reagent (GibcoBRL, Paisley). The

suspension was incubated at room temperature for 5 min, 0.2 ml of chloroform
was added and the suspension was incubated at room temperature for 2 min,
before being centrifuged at 13000 g for 15 min at 4°C. The upper aqueous phase
was transferred to a fresh tube and 0.5 ml of isopropyl alcohol was added. The
suspension was mixed vigorously and incubated at room temperature for 10 min,
before being centrifuged at 12000 g for 10 min at 4°C. The supernatant was
discarded and 1 ml of 70% (v/v) ethanol was added to the RNA pellet, mixed and
centrifuged at 7500 g for 5 min at 4°C. This step was repeated, before air-drying

of the pellet, and resuspension in 100 pl of double distilled water (ddH20). The
RNA obtained was further Dnase-treated for 30 min at 37°C using 1 U/ug of RNA
isolated (DNase |, RNase-free, Sigma, Poole) before storage at —70°C. All

equipment and reagents were made RNAse-free by treatment with
diethylpyrocarbonate (DEPC) at 0.01% (v/v).
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2.2.4. Polymerase chain reaction (PCR)

PCR was used to amplify fragments of DNA situated between two known
regions. All oligonucleotides (or primers) were synthesised by MWG-Biotech,
Ebersberg, Germany. The two primers used in each amplification had sequences

complementary to those flanking the region to amplify. The annealing
temperature and elongation time for the PCR cycles where optimised for each

reaction. A summary of all the primers used, their sequences and melting
temperatures (Tm) is presented in Table 2.1. The machine used was the

GeneAmp PCR system 2400 (Perkin Elmer, Beaconsfield). If Tm was high, the

maximum temperature used for annealing was 65°C.
For reactions using the Taq polymerase system (Promega, Southampton),

the final concentrations of the PCR reagents were 1X Thermophilic DNA buffer
(provided with the enzyme), 1.5 mM MgCl,, 0.5 mM dNTPs mix, 100 pmol of
each primer, 50-100 ng of cDNA or gDNA, 1 unit of Tagq, in a total volume of 50

ul. PCR cycles were: 94°C for 2 min, 1 cycle; 94°C for 1 min, Tm-5°C for 1 min,

72°C for 1 x (number of kb of fragment to amplify) min, 30 cycles; 72°C for 7 min.

For reactions using the High Fidelity PCR system (Roche, Lewes), the
final concentrations of the PCR reagents were 1X PCR buffer 2 (with 1.5 mM

MgClI. final concentration, provided by the manufacturer), 0.5 mM dNTPs mix,
100 pmol of each primer, 50-100 ng of cDNA or gDNA, 2.5 units of High Fidelity

enzyme, in a total volume of 100 pl. PCR cycles were: 80°C for 5 min, 1 cycle;
94°C for 2 min, 1 cycle; 94°C for 15 s, Tm-5°C for 30 s, 72°C for 1.5 x (number of
kb of fragment to amplify) min, 30 cycles; 72°C for 7 min.

For reactions using the Long Template PCR system (Roche, Lewes), the
final concentrations of the PCR reagents were 1X PCR buffer 2 (with 2.75 mM
MgCl; final concentration), 0.5 mM dNTPs mix, 100 pmol of each primer, 50-100

ng of gDNA, 3.75 units of polymerase enzyme mix, in a total volume of 50 pl.
PCR cycles were: 94°C for 2 min, 1 cycle; 94°C for 10 s, Tm-5°C for 30 s, 68°C

for 1 x (number of kb of fragment to amplify) min, 25 cycles; 68°C for 7 min.
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Table 2.1. Summary of the primers used, their sequences and Tm (melting

temperature in °C). A, adenine; T, thymine; C, cytosine; G, guanine; |, inosine.

RACEPrimers _ [Sequence(5’-3) ~~ |Tm
61.4

SL__ | TAACGCTATATAAGTATCAGTTIC |65 _
PPrace2 | GTGATGAACACGACGATGCOCG 64
GATGAGACAGAGCAGGATGCCCATG 66.3
PCRPrimers ~~ |Sequence(5-3) = |Tm
GTTGTCATATGCCCTCCGATGATTTGGG ' 66.6 |
AAGGCATATGGGTACTTACCTTTCTTTCTATTCAG 66
ATCACAGCAGCCTCGAGAAGCGGGAGGCCGAAGCTATGCCCTCCGAT
GGTGCCGCGGTTATAGGTCCTGCGCTGACGG
TACTATTGCCAGCATTGCTGC
LmPPfor | CGCTTCATATGCTGCACTCCAAGGCG 168
LmPPrev | CGATGGTCGACTCACATGGTCATCAMAG —  166.6 |
GCTTGGATCCTCACATGGTCATCAAAGACAGCAGG
AGTGGTCGACTTTAAGCGGTGCGGAACTGCGAGG 74.3

_CheckKOPPFor | CTGCGGCAGCTIGICCTGCTACTAGTG 1695
CheckKOPPRev_ | GCACCGCTCCTTCGCTGCGAACG 1696
TCTGCATATGCTCACCTGGAAGAGCAACC 68.1

TTGTAAAGCTTTCATTCTTTACGCGTCCAG
GCGGCATATGCTGAAGCCGAGTCTGTCCGCG 74.8

Mutagenesis Primers | Sequence(5-3) ~ [Tm
‘mutHPPfor | GGCATCTTCGTTAGCGTTGICGATCCG 68
‘mutHPPrev | CGGATCGACAACGCTAAGGAAGATGCC |68
GGCTCATCTGCGTTCAGGTGCAGGGCTGC
GCAGCCCTGCACCTGAACGCAGATGAGCC
CAGGGCTGCAACCAGCTCTTTTCTAGCG ' 69.5
CGCTAGAAAAGAGCTGGTTGCAGCCCTG ' 69.5 |
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2.2.5. Reverse transcription (RT)-PCR

2.2.5.1. cDNA synthesis

Five ng of total RNA from E. tenella sporozoites or L. major promastigotes
were added to 10 pmol of oligo-dT primer in a total volume of 11 pl. The mix was

incubated for 10 min at 70°C and placed on ice for 1 min. Four pl of 5X First

Strand buffer (provided with the enzyme), 2 ul of 0.1 M DTT, 1 pl of 10 mM dNTP
mix and 40 units RNase OUT (GibcoBRL, Paisley) were added and the mix was

equilibrated at 42°C for 5 min before addition of 200 units of SUPERScript Ii
(GibcoBRL, Paisley). The sample was incubated for 50 min at 42°C, then 15 min

at 70°C to terminate the reaction. After incubation on ice for a few minutes, 2
units of RNase H (Sigma, Poole) were added and the mix was incubated for 20
min at 37°C to eliminate the template RNA, before storage at -20°C. As a

negative control and to rule out that any subsequent PCR may produce
fragments from amplification on remaining gDNA, a sample of RNA was treated
as described above, except that the addition of SUPERScript || enzyme was

omitted. This sample was used as template for negative control PCRs on cDNA.

2.2.5.2. Rapid amplification of cDNA ends (RACE)
2.2.5.2.1. Gene encoding a cathepsin B-Iike enzyme In E. tenella

To confim the chosen start methionine, an experiment of rapid
amplification of cDNA ends was performed at the &' end (5 RACE system Kkit,
GibcoBRL, Paisley). Total mMRNA from sporozoites was transcribed into single-
stranded cDNA using SUPERScript |l reverse transcriptase and the specific
primer CatBGSP. Excess dNTPs and primer were removed from cDNA and a
homopolymeric tail of dCs was added to the end of the single-stranded cDNA
using terminal deoxynucleotidyl transferase, following the manufacturer's
Instructions. The & end was then amplified from dC-tailed cDNA using the
abridged anchor primer (AAP) and the specific nested primer CatBGSP1 with the
Taq polymerase, followed by a secondary amplification using the abridged
universal anchor primer (AUAP) and the catBGSP2 primer with the Taq
polymerase.
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2.2.5.2.2. Gene encoding a pyroglutamyl peptidase I-like enzyme in L. major

PCR on total cDNA was performed using a primer with a sequence
complementary to the splice leader (SL primer) and the PPrace1 primer, with the
Taqg polymerase. PCR product was diluted 1:50 (v/v) in ddH,O and 2 pl were

used as a template for a semi-nested PCR using the SL and the PPrace2
primers, with the Taq polymerase.

2.2.5.2.3. Gene encoding a glutaminyl cyclase-like enzyme in L. major

The same method as in 2.2.5.2.2. was used, with the SL and QCrace1
primers for the first PCR, and the SL and QCrace2 primers for the second PCR.

2.2.6. Site-directed mutagenesis

Site-directed mutagenesis was used to introduce site-specific mutation in
the gene encoding the cathepsin B-like enzyme of E. fenella in order to introduce
Factor Xa (with the primers mutCatBXafor and mutCatBXarev, 7 point-mutations

required) or Tabacco etch virus (TEV) protease Nla (with the primers
mutCatBTEVfor and mutCatBTEVrev, 12 point-mutations required) cutting sites
into the translated protein. The pET28a(+) construct with the sequence for the N-
terminal His-tagged E. tenella cathepsin B was used as a template.

The method was also used for generating active site mutants of the

pyroglutamyl peptidase | (PPI) of L. major. Based on the work of Le Saux and co-
workers (Le Saux et al., 1996), the choice was made to mutate cysteine-210 to

alanine (using the primers mutCPPfor and mutCPPrev), histidine-234 to serine
(using the primers mutHPPfor and mutHPPrev), glutamic acid-101 to glutamine
(using the primers mutE1PPfor and mutE1PPrev) and glutamic acid-107 to
glutamine (using the primers mutE2PPfor and mutE2PPrev) (L. major PPI

numbering). The most likely glutamic acid residue to be part of the catalytic triad
was Glu-101, but the very close Glu-107 was mutated too. One or 2 point-

mutations were required, and the pET28a(+) construct with the sequence for the
N-terminal His-tagged L. major PPl was used as a template.

The QuickChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla,
CA, US) was used. The reactions contained 1X reaction buffer (provided with the
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kit), 100 ng of plasmid DNA (expression vector carrying the gene to mutate), 2
uM of each forward and reverse primer, 1 ul of dNTP mix, 2.5 units of Pfu Turbo

DNA polymerase. Cycles were: 95°C for 30 s, 1 cycle; 95°C for 30 s, 53°C for 1
min, 68°C for 7 min, 18 cycles. Then 10 units of Dpnl enzyme (provided with the

kit) were added and incubated at 37°C for 2 h, to remove any residual methylated
template. Fifty ul of E. coli XL-1 Blue Supercompetent cells (provided with the kit)
were transformed with 1 pl of PCR using the heat shock method (see 2.2.7.5.1.)

and 250 ul were plated on Luria-Bertani (LB) agar (1% tryptone (w/v), 0.5% yeast
extract (w/v), 1% NaCl (w/v), 20% (w/v) agar) plates. The plates were incubated
overnight at 37°C. Plasmid was extracted from colonies, sequenced and re-
transformed in E. coli BL21(DE3) for expression.

2.2.7. DNA fragment cloning

Cloning of DNA fragments was done using 2 different strategies. The first
one involved digestion by restriction enzymes of both DNA insert and vector

recipient prior to ligation of the 2 fragments together. The second involved
cloning of PCR products by amplification with the Taq polymerase. Taq
polymerase adds a single A-nucleotide to the 3’ ends of the PCR product, which

can then be inserted in the pGEM-T Easy vector (Promega, Southampton),
containing a 3’ single T-nucleotide overhang.

2.2.7.1. Digestion of DNA with restriction enzymes

Typically, restriction digests used 3 units of restriction enzyme in a total
volume of 20 pl per 500 ng of DNA to digest, and reactions contained 1X buffer

(final concentration). The buffer used in each case was provided with the enzyme
by the manufacturer (Promega, Southampton). For multiple digests, compatible

buffer systems were chosen. The reactions were incubated 1-4 h at 37°C or 25°C
(depending on the enzyme).
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2.2.7.2. Isolation of DNA fragments

PCR products or DNA fragments obtained by restriction digests were
separated on 1% (w/v) agarose gels containing 0.5 pg/ml of ethidium bromide, in

0.5X TBE (45 mM Tris-borate, 1 mM EDTA). The DNA ladder 1 kb Plus
(Promega, Southampton) was used. DNA was visualized using a transilluminator
(UVP Laboratory Products, Cambridge) at 312 nm. Fragments of DNA were
purified from the gel using the QlAquick gel extraction kit (Qiagen, Crawley).

2.2.7.3. Ligations

Ligations of fragments into the pGEM-T Easy vector (Promega,
Southampton) used 50 ng of vector, 150 ng of insert, 1X buffer and 3 units of T4

DNA ligase. The reactions were incubated 16 h at 4°C. A positive control (using

the control insert DNA) and a background control (vector without insert DNA)
were used.

Ligations of gel-purified digested DNA fragments and expression vector,
or L. major transfection vectors, used 500 ng of insert, 250 ng of vector, 1X buffer
and 3 U of T4 DNA ligase (Promega, Southampton). Reactions were incubated
for 16 h at 16°C. The only E. coli expression vector used was the pET28a(+)

vector (Novagen, Nottingham) and L. major transfection vectors were derivatives
of the pXG vector, developed by Beverley and co-workers (Ha et al., 1996).

2.2.7.4. Competent cells
2.2.7.4.1. E. coli

E. coli DH5a competent cells were from Promega, Southampton.

BL21(DE3), JM109(DE3) and HMS174(DE3) cells were made competent the day
of use using the calcium chloride method described in Sambrook et al., 1989. A

single colony was picked from LB agar plate and grown overnight at 37°C in 5 ml
of LB broth. This culture was used to inoculate 100 ml of LB, and the cells were
grown at 37°C until the cell density reached an optical density (OD) at 600 nm of
0.4-0.6. Cells were then pelleted at 2500 g for 10 min at 4°C, resuspended in 10
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ml of ice-cold sterile 0.1 M CaCl,, pelleted again as before and resuspended in 2
ml ice-cold 0.1 M CaCl,, Cells were stored on ice until use.

2.2.7.4.2. Pichia pastoris

P. pastoris X-33 and KM71 cells were made electro-competent the day of
use using the sorbitol method described in the Invitrogen (Paisley) “Pichia

Expression Kit® manual (Version F, catalog no. K1710-01), with some
modifications. A single colony was used to inoculate 5 mi of YPD medium and

grown overnight at 30°C. One ml of this culture was used to inoculate 500 ml of
YPD and grown to ODggq of 1.3-1.5. Cells were centrifuged at 1500 g for 5 min at
4°C, resuspended in 100 ml YPD medium, 20 mM N-2-hydroxyethylpiperazine-
N'-2-ethanesulphonic acid (HEPES) pH 8, and 2.5 ml of 1 M DTT was added.
The mixture was incubated at 30°C for 15 min without shaking. The suspension
was brought to 500 ml with ice-cold sterile water. The cells were sedimented as
before, resuspended in 250 ml ice-cold sterile water, sedimented again as
before, resuspended in 20 ml ice-cold 1 M sorbitol, sedimented as before and

resuspended in 1 ml of ice-cold 1 M sorbitol. The cells were stored at 4°C until
use.

2.2.7.5. Transformation of competent cells

2.2.7.5.1. E. coli

E coli cells were transformed with the ligation products using a heat
shock method (Sambrook et al., 1989). Ten ng of DNA was incubated with 200 pl
of competent cell suspension on ice for 20 min, heat shocked for 50 s at 42°C,
and incubated on ice again for 2 min. One ml of LB was added and the mixture
was incubated at 37°C for 1 h before plating of 100 pl on a LB agar plate
containing the appropriate antibiotic for selection. In the case of pGEM-T Easy
ligation product transformation in DHSa, a white/blue selection was used, by
adding isopropyithio--D-galactoside (IPTG) (40 png/ml) and 5-bromo-4-chloro-3-
indolyl-B-D-galactoside (X-gal) (40 pug/ml). White colonies correspond to positive

clones containing a DNA insert in the B-galactosidase gene, which leads to the
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expression of an inactive p-galactosidase not able to act on the chromogenic

substrate X-gal.

2.2.7.5.2. Pichia pastoris

pPIC9 and plasmid derivatives were linearized with Sacl, and pGAPZoA
and plasmid derivatives were linearized with Avrl. Linearized DNA was
transformed by electroporation as described in the Invitrogen (Paisley) “Pichia
Expression Kit® manual (Version F, catalog no. K1710-01) using the Bio-Rad
(Hemel Hempstead) GenePulser at a charging voltage of 1500 V, capacitance of
25 pF and resistance of 200 Q. Eighty ul of competent cell suspension were

incubated with 10 pg of linearized DNA in an ice-cold 0.2 cm electroporation

cuvette (BioRad, Hemel Hempstead) for 5 min on ice. Reactions were pulsed
once and 1 ml of ice-cold 1 M sorbitol was immediately added to the reaction.

The reaction was transferred to a new tube and either 300 ul were directly plated
on RBD plates (1 M sorbitol, 2% (w/v) glucose, 1.34% (w/v) Yeast Nitrogen Base
with Ammonium Sulfate without amino acids [GibcoBRL, Paisley], 4 x 10°% (w/v)
biotin, 0.005% (w/v) amino acids (L-glutamic acid, L-methionine, L-lysine, L-
leucine, L-isoleucine [Sigma, Poole]), 20% (w/v) agar), in the case of
transformation of the KM71 cells with the pPIC9 and plasmid derivatives, or the
reaction was incubated for 2 h at 30°C before plating of 300 pul on YPB plates

containing 100 pg/ml of Zeocin, in case of transformation of the X-33 cells with
the pGAPZoA and plasmid derivatives. Plates were incubated at 30°C for 3-4
days.

2.2.7.6. Plasmid DNA purification

The isolation of plasmid DNA from E. coli was performed using the

QIAprep Miniprep kit (Qiagen, Crawley). The presence of the correct insert was
checked by restriction digests, which were separated by agarose gel
electrophoresis.
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2.2.7.7. DNA sequencing

Plasmid DNA was sent to GRI Genomics (Braintree, UK) for sequencing.

Sequences were analysed using the Vector NTI program (Informax, Bethesda,
MA, US).

2.2.8. L. major promastigotes transfection

2.2.8.1. Strategy for L. major pyroglutamyl peptidase | (PPl) gene cloning

for over-expression and knockout

For over-expression of the native and cysteine-210-mutated PPls in L.
major, the vector pGL102 was chosen (derivative of pXG vector [Cruz et al.,
1991a]). The restriction sites Smal (5’ end) and BamH! (3’ end) were chosen on

the vector. As another Smal site exists in the gene, the engineered site was the
one for EcoRV, cohesive end, which will religate into the Smal site on the vector

after digestion. The restriction sites were added to the ends of the fragment by
PCR on ~100 ng of either the pETLmMPP plasmid, or the pET28a(+) construct
with the sequence for the cysteine-210-mutated N-terminal His-tagged L. major
PPI, using the primers OEforLmPP and OErevLmPP.

The 834 bp excised bands were gel-purified, digested with EcoRV and
BamHl, re-gel purified and cloned into pGL102 previously digested with Smal

and BamHI to give the final plasmids pGL102LmPPI and pGL102LmPPI*. The
sequence was confirmed using the PCR primers for sequencing.

For gene knockout, the vector pGL345 was chosen (derivative of pXG
vector, hygromycin selection). Flanks at the 5’ (~ 500 bp) and 3' (~ 1 kb) ends of
the PPl gene were selected in the L. major database. Restriction sites for Hindlll
(5" end) and Sall (3’ end), or Smal (5' end) and Bglll (3' end) were, respectively,
introduced by PCR at the ends of the 5' flank and the 3’ flank. PCR used the
primers HindS'for and SalS'rev for the 5’ flank, and the primers Sma3'for and
Bgl3'rev for the 3’ flank.

The excised &' flank band was gel-purified, digested with Hindlll and Sall,
re-purified and cloned into pGL345 previously digested with the same enzymes.
The excised 3 flank band was gel-purified, digested with Smal and Bglll, re-ge!
purified and sub-cloned in the pGL345 plasmid containing the 5' flank previously
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digested with the same enzymes to give the pGLLmMmPPKO. The hygromycin
selection marker was replaced by the blasticidin resistance marker (cut from the
pGL842 vector) on the plasmid by digestion with Spel and BamHl.

2.2.8.2. DNA preparation

In the case of episomal constructs for over-expression, 20 ng of circular

plasmid was ethanol-precipitated (Sambrook et al., 1989), resuspended in 20 pl

of sterile water, and stored at -20°C.

In the case of integrative constructs for gene replacement, 40 pg of
plasmid was linearised by digestion with Hindlll and Bglll. The digested DNA
fragments were separated on ethidium bromide-free agarose gel, fragments were
revealed by gel immersion in a 6.5 x 10°%% (w/v) methylene blue solution, gel
extracted with the QIlAquick gel extraction kit (Qiagen, Crawley), ethanol
precipitated (Sambrook et al., 1989), resuspended in 20 ul of sterile water, and

stored at -20°C.

2.2.8.3. Transfection

L. major promastigotes from log-phase cultures at a density of about 0.5-
1 x 10" cells/ml were preferentially used. About 10° cells were used per
transfection. The cells were pelleted at 1300 g for 10 min at 4°C, washed twice in
sterile ice-cold electroporation buffer (120 mM KCI, 0.15 mM CaCl,, 10 mM
K2HPO4, 25 mM HEPES, 2 mM EDTA, and 5 mM MgCl;, pH 7.6), and
resuspended in electroporation buffer to a concentration of about 2 x 102 cells/ml.
Cells (0.5 mi per transfection) were put in contact with the DNA to transfect (20
ng) and incubated on ice for 15 min. A no DNA control, to check efficiency of

drug selection, and empty vector control to compare phenotypes (for episomal
expression only), were always included. The mixture was placed into an ice-cold
4 mm Gene Pulse cuvette (BioRad, Hemel Hempstead) and pulsed twice at 25
pF, 1500V, (3.75 kV/cm) on the BioRad Gene Pulser Il apparatus. At least 10 s
separated the 2 pulses. The cells were then incubated on ice for 20 min before
being transferred to 5 ml HOMEM medium with 10% HIFCS and incubated at

25°C overnight. The next day, the cells were placed in medium containing the
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appropriate selection drug (depending on the construct transfected). All selection
drugs were from Calbiochem, Nottingham. Hygromycin B was used at a final

concentration of 50 ug/ml; blasticidin S hydrochloride at 15 pug/ml; neomycin

(G418) at 50 ug/ml; and puromycin at 40 ng/mil. Clonal dilution (from 1:2 (v/v) to

1.64 (v/v), serial dilution) was performed on transfected cells in 96-well plates, in
order to isolate clonal populations. Genomic DNA was extracted from drug-
resistant clones and correct integration was confirmed using the CheckKOPPFor
and CheckKOPPRev primers.

2.2.9. Southern-blot analysis

2.2.9.1. Southern blotting of DNA fragments

Southern blotting allows detection of specific sequences within the
genomic DNA. Between 2 and 10 ug of gDNA were digested to completion using
specific restriction enzymes, and the DNA fragments were separated on a 1%
(w/v) agarose gel in 1x TBE buffer. The DNA was blotted according to the
Southern method (Sambrook et al., 1989). After electrophoresis for 8 h at 50 V,
the gel was incubated in 125 mM HCI for 30 min under gentle agitation to allow
the depurination of the DNA. The gel was then incubated for 30 min in 1.5 M
NaCl, 0.5 M NaOH (for DNA denaturation), and 30 minin 1 M Tris pH 7.5, 1.5 M
NaCl (for neutralisation). Each wash was interspersed by a 10 min wash in
ddH20. The DNA was transferred by capillarity onto a Hybond-N+ nylon
membrane (Amersham) in 20X SSC (300 mM tri-sodium citrate, 3 M NaCl, pH 7)
using standard methods (Sambrook et al., 1989). The DNA was then fixed onto

the membrane by ultraviolet (UV) cross-linking (Spectrolinker XL-1000 UV linker,
Spectronics Corporation, Westbury, NY, US).

2.2.9.2. Southern hybridisation with nucleic acid probes

Nylon membrane was pre-incubated at 65°C for 4 h in 20 ml of Church-
Gilbert hybridisation solution (340 mM Naz;HPO4, 158 mM NaH,PQ., 240 mM
SDS, 1 mM EDTA), supplemented with 0.2 mg/ml of denatured salmon sperm
DNA (GibcoBRL, Paisley). Thirty ng of nucleic acid probe was prepared from
agarose gel-purified restriction endonuclease fragments using the Prime-it II
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Random Primer kit (Stratagene, La Jolla, CA, US) according to the
manufacturer's instruction. Labeled A nucleotides were introduced using 50 uCi

of o*2dATP (Perkin Elmer, Beaconsfield) per probe, and the dATP buffer from the
kit. Probe was purified on a Microspin S-200 HR column (Amersham, Chalfont
St.Giles) and boiled for 5 min before incubation on ice for 2 min. The membrane
was hybridised by incubation with the labeled probe in 20 ml of Church-Gilbert

solution at 65°C overnight. Membranes were then washed under high stringency
2 times for 5 min in 2X SSC, 0.1% (w/v) SDS, followed by 15 min in 1X SSC,
0.1% SDS, and 2 times for 10 min in 0.1X SSC, 0.1% SDS. All wash solutions
were pre-warmed at 65°C. Membranes were sealed in polythene and exposed to
X-ray film (Konica Medical Film) for 1 to 10 days. Hybridisation signals were
detected with a film processor (X-Ograph imaging system Compact X4).

2.3. Biochemical methods

2.3.1. Recombinant protein expression

2.3.1.1.In E. coli

For all expression experiments in E. coli the pET28a(+) vector (Invitrogen,
Pailsey) was used.
For expression in E.coli of the pro-mature cathepsin B of E. fenella with a

N-terminal His-tag, the cloning was performed between the Ndel site and the
Xhol site. The recognition sequences for these restriction enzymes were firstly

added to the sequence by PCR, with the primers pETNdeCatBfor and
pETXhoCatBrev. The full-length product was cloned into pGEMT-easy and the
resulting plasmid was cut with Ndel and EcoRl, and Hindlll and Xhol. The
Ndel/EcoRI| band was gel purified and subcloned into pET28a(+). The resulting
plasmid was cut with Hindlll and Xhol and the Hindlll/Xhol band was inserted.
This construct was transformed in E. coli strains BL21(DE3), JM109(DE3), or
HMS174(DE3) competent cells for expression. Cells were grown to an ODggonm Of
0.4 to 0.6 in LB containing 50 pg/ml kanamycin (Sigma, Poole) before being
induced for 4 h with 0.5-1.5 mM IPTG at 25 or 37°C.

For expression in E. coli of the truncated pro-mature cathepsin B of E.
tenella with a N-terminal His-tag, the cloning was performed between the Ndel
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and the Xhol sites. The procedure was the same as above. The primers used
were pETCatB31for and pETCatB31rev. The protein was expressed in the
BL21(DE3) cells, by induction 4 h with 1 mM IPTG at 37°C.

For expression in E.coli of the pro-mature cathepsin B of E. tenella with a
N-terminal His-tag and carrying the mutation for the Factor Xa and the TEV
protease cleavage sites in the protein, proteins were expressed in the BL21(DE3)
cells, by induction 4 h with 1 mM IPTG at 37°C.

For expression in E. coli of the native pyroglutamyl peptidase | of L. major
with a N-terminal His-tag, the cloning was performed between the Ndel and the
Sall sites. The procedure was the same as before. The primers used were
L mPPfor and LmPPrev. The protein was expressed in the BL21(DE3) cells, by
induction 5 h with 1 mM IPTG at 20°C.

For expression in E. coli of the active site mutated pyroglutamyl peptidase

| of L. major with a N-terminal His-tag, proteins were expressed in the BL21(DE3)
cells, by induction 5 h with 1 mM IPTG at 20°C.

For expression in E. coli of the native and truncated glutaminyl cyclase
(QC) of L. major with a N-terminal His-tag, the cloning was performed between
the Ndel and the Hindlll sites. The procedure was the same as before. The
primers used for cloning of the full length QC were QCfor and QCrev. The
primers used for cloning of the truncated QC were QCshortfor and QCrev The

protein was expressed in the BL21(DE3) cells, by induction 4 h with 1 mM IPTG
at 15, 25, or 37°C.

2.3.1.2. In Pichia pastoris

2.3.1.2.1. Constitutive system

The pGAPZoA vector (Invitrogen, Paisley) was chosen for constitutive
expression. Constructs were designed for constitutive expression of the pro-

mature cathepsin B with a C-terminal His-tag (using the primers pGAPCatBfor
and pGAPCatBrev), and the pro-mature cathepsin B without a His-tag (using the
primers pGAPCatBfor and pGAPCatBrev2), with subsequent release into the
medium of the culture. The DNA fragments were cloned between the Xhol and
Sacll sites. The final constructs and control empty vector were linearised with

Avrl prior to transfection into the host Pichia pastoris cells X-33. Cells were
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spread on plates selective for Zeocin resistance (100 pg/ml) and incubated 3 to 4

days at 30°C until colonies developed, as described in the Pichia expression kit
manual (Invitrogen, Paisley). Insertions of the fragments were verified by PCR on
genomic DNA extracted from positive clones as described in the Pichia
expression kit manual, using the couples of PCR primers a-factor and 3'AOX1.

One positive colony for each of the constructs was selected and tested for
expression of the target protein as described in the manufacturer's manual (final

volume of 50 ml of YPD medium). One ml aliquots were taken a regular time
intervals, cells were separated from the supernatant of culture by centrifugation
and samples of supernatant were used for analysis using gelatin SDS-PAGE, the
azocasein assay, and either directly on Coomassie blue-stained SDS-PAGE gels
and western-blots, or after tricholoacetic acid (TCA) precipitation on Coomassie
blue-stained SDS-PAGE gels and western-blots. The cells were resuspended in
1 ml of 50 mM Tris pH 8.0 and analysed on Commassie blue-stained SDS-PAGE
gels. Once the optimum time of growth had been determined, the cells were

directly grown to that time point and harvested by centrifugation at 3000 g for 5

min, and the supernatant and cells were stored at -20°C until further treatment
and analysis.

2.3.1.2.2. Inducible system

A construct was designed for inducible expression of the pro-mature
enzyme cathepsin B-like enzyme of E. tenella, with subsequent release into the

culture medium. The pPIC9 vector (Invitrogen, Paisley) was used, and the DNA
fragment was cloned between the SnaBl and Avrll sites. The primers used for
PCR were pPIC9CatBfor and pPIC9CatBrev. The final construct pPIC9catB and
control empty vector were linearised with Sacl prior to transfection in the host
Pichia pastoris cells KM71. As the KM71 strain contains a mutation in the

endogenous AOX7 gene (encoding the alcohol oxidase enzyme), only His* Mut®

phenotypes will be generated by successful recombination (His™ refers to
histidine prototrophy, and Mut® refers to “Methanol utilization slow” caused by the
loss of the alcohol oxidase activity encoded by the AOX7 gene). Cells were

spread on plates selective for histidine prototrophy (His*) and incubated 3 to 4

days at 30°C until colonies developed, as described in the Pichia expression kit
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manual (Invitrogen, Paisley). Insertions of the fragments were verified by PCR on
genomic DNA extracted from positive clones as described in the Pichia

expression kit manual, using the couples of PCR primers a-factor and 3'AOX1, or
5A0X1 and 3'AOX1.

Positive colonies for each of the transfection were selected and tested for
expression of the cathepsin B as described in the manufacturers manual. One

positive colony for each of the transfection was selected, and used to inoculate
100 m! of BMGY medium (1% (w/v) yeast extract, 2% (w/v) peptone, 100 mM
potassium phosphate pH 6.0, 1.34% (w/v) YNB, 4 x 10°% biotin (w/v), 1% (V/V)
glycerol). The culture was grown at 30°C shaking at 300 rpm, in a 1 | flask, until
the culture reached an ODggg of 5-10 (24-48 h). The cells were then harvested by
centrifugation at 3000 g for 5 min and resuspended in 20 ml of BMMY medium

(1% (w/v) yeast extract, 2% (w/v) peptone, 100 mM potassium phosphate pH 6,
1.34% (w/v) YNB, 4 x 10°% biotin (w/v), 0.5% (v/v) methanol), placed in a 250 m!

flask and the culture was grown again at 30°C shaking at 300 rpm. The cells

were induced by addition of methanol to 0.5% (v/v, final concentration) every 24
h, 0.5 ml aliquots were taken a regular time intervals and cells were separated
from the supernatant of culture by centrifugation and samples of supernatant
were analysed using gelatin SDS-PAGE, the azocasein assay, and either directly
on Coomassie blue-stained SDS-PAGE gels, or after TCA precipitation on
Coomassie blue-stained SDS-PAGE gels and western-blots. Once the optimum

time of growth had been determined, cells were directly grown to that time point
and harvested by centrifugation at 3000 g for 5 min, and the supernatant and

cells were stored at -20°C until further treatment and analysis.

2.3.2. Protein defolding, refolding and activation procedures

A summary of the conditions tested for unfolding, refolding, purification
and activation of various preparations of recombinant cathepsin B of E. tenella is
presented in Table 2.2.

The Ni-agarose-purified soluble pro-mature cathepsin B expressed in E.
coli BL21(DE3) or in HMS174(DE3) was treated as described in Sanderson et al.,
2000, for unfolding and re-folding attempts of the enzyme.

60



Chapter 2: Material and Methods

The Ni-agarose-purified soluble pro-mature cathepsin B expressed in E.
coli BL21(DE3) was treated as described in Hellberg et al., 2002, with a few
modifications. The sample was diluted 1:10 (v/v) in 8 M urea or 6 M guanidium,
100 mM NaH,PQO4, 10 mM Tris/HC! pH 6.3 to unfold the protein. A fraction of this
sample was then diluted dropwise 1:100 (v/v) in a refolding buffer composed of
50 mM Tris/HCI pH 6.8, 300 mM NacCl, 5% glycerol (v/v), 0.1 mM EDTA, 0.5 mM
oxidised glutathione, 3 mM reduced glutathione and the mixture was incubated

overnight at 4°C. Another fraction of the sample was directly dialysed against 100

times its volume of 50 mM Tris pH 6.8 overnight at 4°C. The diluted sample In

refolding buffer was concentrated with a Centricon device through YM-10
membrane (Amicon, Watford) from 1 | to 3 ml to a final concentration of 100

ug/ml and dialysed over night against 500 ml of 50 mM Tris/HCI, pH 6.8 at 4°C.
The 2 samples treated separately with or without refolding by dilution were
diluted 1:1 (v/v) in 100 mM Tris/HCI, pH 8.8, 0.08% SDS, 20 mM DITT at 37°C.
Aliquots were taken at various time from 0 min to 1 h and subsequently analysed.

The inclusion bodies of pro-mature cathepsin B expressed in E. coli

HMS174(DE3) were treated as described in Sanderson et al., 2000, and Sijwali
et al., 2001.

Samples of Nickel-agarose purified truncated cathepsin B were diluted
1:1 (v/iv) in 0.1 M sodium acetate buffer, pH 5.0 or 0.1 M Tris/HCI buffer, pH 8.0

supplemented with 20 mM DTT and incubated at 37°C for 20 min, with or without
the inhibitor E64 (final concentration of 300 uM).

A sample of purified truncated cathepsin B was diluted 1:4 (v/v) to a final

concentration of about 100 pg/ml in 0.1 M Tris/HCI pH 8.0, 8 M urea (total volume
of 500 ul) and incubated 1 h at 37°C, to unfold the protein without rupturing the

disulfide bonds. The sample was then dialysed for 2 h at 4°C against 500 ml of
50 mM Tris/HCI, pH 8.0 and stored at -20°C for later analysis.
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Table 2.2. Summary of the conditions tested for unfolding, refolding, purification and
activation of various preparations of recombinant cathepsin B of E. tenella. BL21 and
HMS174 are E. coli strains used for expression.

Sample Expressed in :

sep\,  |Expressedin |HMS17aat | ZFERRer h UL
of protei BL21/soluble [ 25°C/ Soluble | < 1 cion bodies
preparation fraction

Unfolding/ e Sanderson et al., 2000
solubilisation of | § v Suandium Sijwali et al., 2001
inclusion bodies +/- 10 MM DTT

Dilution, pH 8.0,
Refolding =DTA, DT, X pH 8.0

GSSG/GSH, 4°C

12 h
Purification of

refoltlzled srotein Nickel-agarose - Anion-exchange

37°C
37°C 37°C pH4.0t0 7.0
Activation pH4.0t0 7.0 pH 4.0to 7.0 | protein concentration
(combinations |5 mM EDTA 5 mM EDTA | from 50 to 500 pug/mi
of the listed 100mM DTT 10 MM DTT 5 mM EDTA
components) 0.9 M NaCl 0.9 M NaCl 10 mM DTT

During1to24 h | During1to6 h | 0.9 M NaCl
During1to 7 h

2.3.3. Protein processing

2.3.3.1. Non-specific

The idea behind using non-specific peptidases in an attempt to cleave
the pro-domain from the mature domain of the cathepsin B of E. tenella was that
domains within a protein are tightly folded units (Richardson, 1981) and a
correctly folded protein will have its loops and hinges most accessible to

proteolytic cleavage. Using mild conditions, i.e. low enzyme/substrate (protein’
that requires cleavage) ratios and short incubation times might make it possible
to separate domains by limiting the number of bonds cleaved and hopefully
limiting processing to accessible bonds located in these loops between domains.
Three commercially available peptidases were chosen: trypsin-TPCK from

bovine pancreas (ref. T1426, 12700 U/mg), a-chymotrypsin-TLCK from bovine
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pancreas (ref. C3142, 57 U/mg) and subtilisin A from Bacillus licheniformis (ref.

P5380, 10.6 U/mg) (all Sigma, Poole) for their broad substrate specificity and
ease of use. A stock solution of each peptidase at a concentration of 1 mg/ml

was prepared in 50 mM Tris/HCI, pH 8.0. The Ni-agarose-purified soluble pro-
mature cathepsin B expressed in E. coli BL21(DE3) was used as the substrate.
To start with, enzyme/substrate ratios were fixed at 1:50 and 1:500 (w/w).
Reactions were in 50 mM Tris/HCI, pH 8.0 and samples were incubated at 37°C

for 2 min to 1 h. The reactions were terminated by dilution in an equal volume of
2x SDS-PAGE loading buffer (0.1 M Tris/HC! pH 6.8, 15% (v/v) glycerol, 3% (w/v)
SDS, 0.8% (v/v) B-mercaptoethanol, 0.0001% (w/v) Pyronin Y). Then ratios were

adjusted if necessary (where there was too extensive cleavage) down to 1:5000
(W/w).

2.3.3.2. Specific

A method to achieve specific cleavage at a particular location is to use a
specific peptidase that will only cut bonds in this location. As no obvious specif<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>